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ABSTRACT

The stable carbon isotopic analysis of archaeo#bgicarcoal has the potential to
provide an archive of environmental change durireggNliddle Stone Age occupation
of Sibudu Cave, KwaZulu-Natal, South Africa. A wideay of evidence from the site
suggests that profound environmental and culturahges took place in the region
through the past 75ka. The aim of this projecbidevelop a methodology to obtain
such isotopic evidence and to test the validitthadf evidence through comparison

with additional proxy environmental data from tlie s

Analogue data from modern tree specMsnusops caffraPodocarpus latifoliugand
P. falcatusprovide an absolute annual chronological isotogaord of environmental
response to prevailing climatic conditions. Higlegsion radiocarbon dating of
growth rings demonstrates that these species peaglutual growth rings.
Wholewood samples provide an accurate record wifatic conditions. Direct
comparison 06*%C value ofM. caffrafrom northern KwaZulu-Natal with the historic
climatic record, shows a strong inter-annual respdn rainfall variability. Signal
processing approaches allow the rainfall respom$e tseparated from long-term
anthropogenic influences.

Thes™C values oP. latifoliustrunk cores and corresponding branch samples, from
KwaZulu-Natal, preserve the same environmentalrieamrrelating with humidity
and temperature data from the region. It is thissiide to obtain a record of past
climatic conditions from the growth rings of braeshA P. falcatusdisc from the
Baviaans Kloof (Eastern Cape) providesiC time series for a moisture-restricted
environment, responding to annual rainfall variatgnd provides a contrasting

analogue to the KwaZulu-Natal trees.

Branch samples fror. latifolius representative of the size class of wood fuellyik
utilised by MSA inhabitants of Sibudu Cave, werenboisted under oxidising and
reducing conditions. Their respecti¥C values are more negative with respect to
the source material, but reflect the same resptmngeevailing climatic conditions.
An experiment determined the range of isotopicalality in products released

during various stages of combustion. The resntigate that combustion



temperature has a significant affect on the carboiope signature of the various
products released during combustion, but the isotmpmposition of the remaining
wood tissue remains relatively constant, presersagagonal and inter-annual isotopic
trends. These modern analyses indicate thapissible to obtain an isotopic record

of past climatic conditions from archaeological roal.

The isotopic variability of archaeologid@bdocarpusandCeltischarcoal, from the
MSA layers of Sibudu Cave reflect past environmeDtging the Howiesons Poort
(65ka-62ka) thé'C charcoal data indicate a cool, humid forestedrenment
predominateds**C data from the post-Howiesons Poort (~58ka) arelVSA
(~48ka) occupations show that conditions shifted tivy, open grassland/woodland
mosaic community with remnants of riverine for@stese interpretations were
validated through comparison with additional fayhaitanical and sedimentological

proxy data from Sibudu.

The environmental record from Sibudu Cave and palagronmental proxy data
from seven South African MSA sites provide evidefurehe local manifestation of
large scale climate events between 70ka and 5QkandpoMarine Isotope Stage
(MIS) 4 it appears that southern Africa experiencexditions similar to those during
the Last Glacial Maximum. At Sibudu the environmemanged from a
predominantly forested community to more open dgvessd land mosaic. Such
environmental change is thought to be due to a er@ak of the Agulhas Current and
eastward shift of the Agulhas Retroflection resigtin lower sea surface
temperatures and a corresponding decrease in hyrardi rainfall. Adverse
environmental conditions ultimately led to Sibudtirty abandoned from about 37ka

until approximately 1000 BP.



ACKNOWLEDGEMENTS

Primarily 1 would like to thank three influentiakpple without whom this thesis
would not have been possible, Professor Lyn Waitlegll her support, advice and
enthusiasm for the project and for allowing therd®ato spend time working on my
thesis at Moletadikgwa in the Waterberg, as wel asmber of stimulating
excavation seasons at Sibudu Cave; Professor Mangi&s for all her pertinent
advice, guidance and for getting me to China (aaaklagain) and Dr. Stephan
Woodborne for the enormous amount of time he speniting with and training me
in the operation of the mass spectrometer, asagathproving my writing skills. All
proof reading and editorial work was carried outbiythree of my supervisors and is

gratefully acknowledged.

During the initial stages of the project advice a&hehs were provided by my research
proposal committee, Dr. Lucy Allott, Dr. Amanda &$tuysen and Christine
Steininger. Robyn Pickering also gave me some grgggestions which helped to led

me into the world of stable isotopes and climatengje.

A number of individuals provided me with assistaircebtaining all the suitable
sample material needed for the project. Firstlyuid like to thank Dr. Lucy Allott
for permission to use a number of her charcoal $srfpr stable carbon isotope
analysis and for her help in understanding thedsasfi charcoal analysis and
identification. Christine Sievers was a phenomeapakrce of information with regards
finding ideal sampling locations, getting in contagth the right people and
providing a roof over my head when | was down ina&ulu-Natal on a number of
collecting trips. Phoebe and Alastair Carnegie vestteemely accommodating in
getting me access to a number of sites (HawaarsFanel Admiralty Beach) which
provided me with a wealth of material. A big thaydu to Lance Rassmussen from
the Ethikweni Municipality for granting me permigsisample a number of
Podocarpusspecimens in Seaton Park and also giving me aWwéhd chainsaw (no
one was injured...promise). Thanks goes to Dr. Edl&ely and Klaudia
Schactschneider from the Botany Department at thiedusity of Cape Town for
allowing me the use of an increment borer for ga@ples. Geoff Nicholls kindly

permitted the use of the photograph in figure &lenda Swart of the South African

\



Weather Service was instrumental in providing miall the necessary climatic data

that | requested.

| would like to thank Zenobia Jacobs for permisdimnise the currently available
Optically Stimulated Luminescence dates for SibGdwe. Marc Pienaar assisted me
with a number of complex statistical analyses aswbaiated figures for one of the
papers presented in the thesis. A final thank ymesdo all the members of the
ACACIA team (Lucy Allott, Andrew Herries, Marlizedmbard, Wayne Glenny, Ina
Plug, Jamie Clark, Chet Cain, Paolo Villa, SallyyRe&lds and others) who have
worked at Sibudu Cave producing a wealth of dat&hvhas been of invaluable use

to my research.

Support and encouragement for my endeavours fraeideuthe academic forum was
provided in ample amounts by my Mother and two \gogd friends, Arnaud and

Natasha who helped to keep me focused (most dirtied. Thanks guys!

Financial assistance is gratefully acknowledgethftbe National Research
Foundation (NRF) for providing a grant holder’s $any awarded by Professor
Wadley, the Palaeoanthropological Scientific T(FAST) provided grants from
2005 to 2007 (a big thank you to Andrea Leenerh@rhelp) and the University of
the Witwatersrand for a post-graduate merit awar2005. The Council for Scientific
and Industrial Research (CSIR) in Pretoria provifigaling in 2009 allowing me to
complete my thesis. Funding for the conferencettriBeijing, China in November
2006 was provided by the School of Animal, Plard Bnvironmental Sciences
(APES) through Professor Scholes.

Vi



VOLUME | CONTENTS

DECLARATION ...ttt s e e e e e ettt s s s e e e e e e e e e e e e e eeesssnnnnneeesssnnnnns i

F N = S ¥ A P i

ACKNOWLEDGEMENTS ... .ot sttt e e e e e e e e e e e e e e e aeneees v

LIST OF FIGURES ... oottt e e e e e e e e e e e e e nnnneeeeennnnns Xi

LIST OF TABLES ... e et e e e et e e et e e e nnaeeaaeeens XiX

CHAPTER 1. INTRODUCTION ....ccciiiiiiiiieeiiiiiii s emmmme e e e e 1
IO 1 1 o To [ 111 o o [P 1
O o (] =T ox A= 11 2
1.3, TRESIS SIIUCIUIE ....cceveeeeeeiiiiie e et s e e e e e e e e e e e e e e e eeeeaeeennnnnaannnes 2

CHAPTER 2. CHARCOAL ANALYSIS AND STABLE CARBON ISOTOPES

2.1, Charcoal @NalySIS.........uuuuuuiiiiiiiee e e s ccccmemr et s e e e e e e e e e eeeeeeeeeaaeennn————_ 7
2.2. Introduction to stable carbon iSOtOPES.........coouvvueiiiiiiiiiiiiiie s 10
2.3. The effect of photosynthesis and fractionation arbon isotopes .............. 11
2.4. Corrections currently applied 6°C data...........cccooveeoeoeeeceeeeeee e, 14
2.5. Applicable international reSearch ..........ccccccoviiiiiiiiiiiiiiiiii e 6.1
2.6. Climatic and environmental reconstruction usingoarisotopes............... 18
2.7. Wo00d tisSSueSs: What 0 USE? ......ccciiiiiieeeeeemriiie ettt 18.
2.8. Stable carbon isotope proxy data from plant fossilg charcoal ................ 19
2.9. The effect of combustion on stable isotope cOm@siL...............ccceeeeee. 20
2.10. Pilot studies and experimental research in southéroa ...................... 22
200, CONCIUSION ..ttt ettt e e e e e e e e e e e e e e e eeeeeenees 26

CHAPTER 3. BACKGROUND TO SIBUDU CAVE
3.1. Sibudu Cave location, environment and geOlOgYu mmm « veeeareeerieeeeeenenee... 28

3.2. Excavation history, stratigraphy and cultural segpge................ccvvvvennnnnn. 30

3.3. Dating of SIbudu CaVe ...........uvuiuiiiiiiiee e e e e e 32

3.4. Palaeoenvironmental research at Sibudu Cave...........ccccccvvvviiiiiinnnnnn. 33
3.4.1. FauNal data.........eeeeee e 33
3.4.2. Seed assemblage data ........cccooieeeeeeeeeiiieeeeeeee 35
3.4.3. Charcoal data.........ooooieiie e 37

Vii



3.4.4. Pollen and phytolith data............ccceemiriiiiii e 39

3.4.5. Sedimentological data ...............ccceeeeriiiieeeeeeeee e ————— 39
3.4.6. Magnetic susceptibility data ............occcvviriiiiieeiiiiiee e 40
3.5, CONCIUSIONS ...ttt e e s 41

CHAPTER 4.RAINFALL CONTROL OF THES'*C RATIOS OF MIMUSOPS
CAFFRAFROM KWAZULU-NATAL, SOUTH AFRICA

Background t0 the Paper ... 43
R AN o 1 1 > Vox (U 45
o 1 11 {0 o (3o 1o o SO 45
4.3. Stable carbon isotope cOMpPOSItIoN IN IrEES ceweeeeervviiieiieieeeiiiiiieeieiiiiiiiaes 47
4.4. Materials and Methods ........cooooiiiiiii e 50
4.4.1. High precision radiocarbon dating ... ..oooeviiiieiiieee e 50
4.4.2. Sample preparation and processing for iSDERIYSIS ........coooevieeeeeeeeeeenn. 51
4.5. Results and DiSCUSSION......ccccceieeeeiiei e e e 52
45.1. Radiocarbon dates .............uviiiieeeeee e 52
4.5.2.  §"C variability in response to enViroNMeNt ..............c.ceeeveveveeeeereeennnnns 53
T o ] o 11153 o] 1 57
A4.7. ACKNOWIEAGEMENTS ...ttt eeeaeeeee 57
S B S L= (=] (= o [T 57

CHAPTER 5.STABLE CARBON ISOTOPE RATIOS FROM
ARCHAEOLOGICAL CHARCOAL AS
PALAEOENVIRONMENTAL INDICATORS

Background t0 the Paper ... 65
5.1, ADBSIIACT .ottt e e e e e 67
L2 | 1 (oo U Tod 1 o] o TP 68
5.3. Recent stable carbon isotope research on charcoal..............ccccccoeeen. 69
5.3.1. Charcoal stable carbon isotope researabutiern Africa.............ccccvvvvveeeenennn. 17
5.4. Study area, material and Methods ..........cceeeriiiiiiiiiiiii s 73
5.4.1. Background to Sibudu Cave...........ceevveeviiiiiiiiiiiiiieeee e 73
5.4.2 Archaeological SAMPIES..........uuuitceeeeeeriiiiiiiiiii e araees 74
54.3. MOErN SAMPIES .....eiiiiiiiiiiiiiii e ceeeeee ettt e meeeeenees 75
5.4.4.  Wood and charcoal preparation and analySiS................uevvvvvivrniiinnninnnn, 77
5.5. Results and diSCUSSION............uuuuumiirieeeeeiiiiieeee e eeeeeeeeeeeeeeeeeeeeieee d 9
5.5.1. Comparison @*C values from modern trunk cores and branches........ 79
5.5.2. Charcoal experiments ..........oooo i 80

viii



5.5.3. Comparison of modern and archaeolo@ital values..................ccccvevvenee.. 83

LY T o] o Lo U151 (0] o 13T 85
5.7. ACKNOWIEAQEMENTS ...t eeeeeeeee 86
oI e T = L2 (=] (=] (o1 =1 TR 87

CHAPTER 6.PAST ENVIRONMENTAL PROXIES FROM THE MIDDLE
STONE AGE AT SIBUDU CAVE

Background t0 the Paper........coooviiiiii e ceceeee e 96
G I AN o 1 1 = To TP 98
6.2, INIFOAUCTION ... e e e e e e e e e eee e 98
6.3. Current environmental research at Sibudu Cave................cccvvvveeeeeeen. 100
6.3.1. Background t0 the Site .............. o vriiiiee e 100
6.3.2. Proxy evidence for environmental changdlaidi Cave................cevvvveneee 101
6.3.3. Howiesons Poort layers (65Ka-62Ka) ..ccxeeeeveeeeeriiiiiiiiiiiiiieeeeeeeiiiee 102
6.3.4. Post-Howiesons Poort layers (~58Ka) wen-eevvvveveeeeeeeiiiiiiiiiiineee..... 104
6.3.5. Late MSA layers (~48Ka) .......cccoeeiveeieeii e, 105
6.4. Stable carbon isotope analysis of archaeologicalodal from Sibudu .... 106
6.4.1. 27 Tod (o | o 10T o PP 106
6.4.2. Material and Methods .............uum e, 108
6.4.3. RESUILS ..t 109
6.5, DISCUSSION ...ttt ettt e e e e e e e e e e e e e eeeeeees 111
6.6, CONCIUSION....cuuuiiiiiiiii e ettt e e e e e e e e e e e e e e eeeeeees 113
6.7. ACKNOWIEAQEMENTS .....vvviiiiiii e 114
6.8. REIEIENCES ...uvuiiiiiii et ettt e e e e e e e eeee s 114

CHAPTER 7.ECOSYSTEM CHANGE DURING MIS 4 AND EARLY MIS 3:
EVIDENCE FROM MIDDLE STONE AGE SITES IN SOUTH

AFRICA

Background to the Paper .........ooiieiieiiicceeeee e 124
4% N o ] 1 = Tox PRSP 125
7.2, INTrOAUCTION ...t ee e e e e s 125
7.3, SIDUAU CAVE ... ——— 127

7.3.1. Sibudu environment during MIS 4 ..o 128

7.3.2. Sibudu environment during MIS 3 ..., 129
7.4. Archaeological evidence of environmental changefother MSA sites in
SOULN ATTICA ...ttt e e as 131

7.4.1. Palaeoenvironmental evidence from archaembgjtes during MIS 4....... 132



7.4.2. Palaeoenvironmental evidence from archaawbsjtes during early MIS 3

134
7.5. Other terrestrial records of palaeo-climate change..............cccccceeeeennn. 135
7.6. Palaeoenvironmental evidence from southern Afrobeep sea cores....... 137
7.7. Discussion and CONCIUSION ........uuuiiieiitccccm e 39
7.8.  ACKNOWIEAGEMENTS .....vvviiiiiiiie e 144
7.9, REMBIENCES ...ttt ettt e e e e e e et reeeeee s 144

CHAPTER 8. SUMMARY AND CONCLUSIONS

8.1, INtrOAUCTION ...ceeiiiieiiieie et nnnees 165
8.2. Modern tree rNG 3C reCOMAS ........ooveeeeeeeeeeeeeeeeeeeee e, 166
8.2.1. Isotopic analysis of trunk discs and comas ...........ccccceeeeeiiiiiiiiiieeenenn. 166
8.2.2. Isotopic analysis ¢fodocarpusranch samples...........ccccccvvvvevveeviaeenee 168
8.3.  CombUSHION EXPEITMENTS ....coiiiiieiiiiiee et memmm e 69l
8.4. Validation of archaeologicafC data with other palaeoenvironmental
proxies from Sibudu Cave .............oevviiiimee e 169
8.4.1. Sampling and analysis of archaeologicala@r..................cccvvvveeeeeenniinnnns 169
8.4.2. Stable carbon isotope-based palaeoenvirdiairiaterpretations................ 170
8.4.3. Comparison of Sibudu palaeoenvironmentatiPs...............ccecvvvrieeeeeenn. 172
8.5. Environmental change during the Sibudu MSA in aaegl and global
(070 01 (=) q PP 173
8.6. Avenues for further research .............ooceeeeeeiiiiii i 75
FULL REFERENCE LIST ..ot 178



LIST OF FIGURES

Chapter 2:

Figure 2.1. Cross-section of a leaf showing the main contoblsarbon isotope
fractionation (Adapted from McCarroll and Loaded02).

Figure 2.2. Environmental factors that have an influence endable carbon isotope

composition of trees (Adapted from McCarroll ancader, 2004).

Chapter 3:

Figure 3.1. A: Location of Sibudu Cave. B: The upper right fdgyaph shows the
location of the site from a south-western viewpo@it The lower right aerial
photograph shows the location of the site with eespo the Tongati River
(Photograph courtesy of G. Nichols).

Figure 3.2. Site plan of Sibudu Cave. The right-hand photolgrstpows the extent of
the excavation in March 2007.

Figure 3.3. Stratigraphic drawings of the north (left) andtdaght) faces of the trial
trench with a photograph of the trial trench in teatre. The depth of the excavation

is four metres.

Figure 3.4. Summary of the Sibudu occupation periods, formdliaformal lithic
assemblages and palaeoenvironmental conditioredatian to Marine Isotope Stages
5ato 1. OSL dates are from Jacobs, 2004; JacabRalperts, 2008; Jacobs et al.,
2008a, 2008b).

Chapter 4:

Figure 4.1. Map showing the location of the Umhlanga Rocks Admiralty Reserve

sample sites located to the north of Durban, KwaAN#tal, South Africa.

Xi



Figure 4.2. §*C annualised time series @fcellulose and wholewood from
Umhlanga 1. Variations in ring width influence timber of years sampled by each
drilling. To compensate for this, the age valuesdapicted as a constant range (6
months) which is shown by an X-error bar. Y-errardorepresent the standard

deviation.

Figure 4.3. A: Annualiseds™C values from Umhlanga 1 and Admiralty Reserve 1
(Ad Res 1) are compared with local annualised &linflore negativé'*C values are
associated with periods of high rainfall (e.g. 198 Annualised**C values from
Umhlanga 1 and Admiralty Reserve 1 are comparekl vital temperature. Isotopic
values become more negative from the mid -1980'snngverall temperature shows
an increase due to anthropogenic influences. CuAliseds'C values from
Umhlanga 1 and Admiralty Reserve 1 (Ad Res 1) aregared with local humidity.
During periods of low humidity, isotope values s negative. D: Annualiséd*C
values from Umhlanga 1 and Admiralty Reserve lcarapared witt*C values of
Pretoria air. The isotopic variability of the treerresponds to the overall pattern of
isotopic variability seen in Pretoria air, reflexithe anthropogenic influence on

atmospheric C@concentrations.

Figure 4.4. The CWT power spectra 8f°C data sets for Umhlanga 1 (A) and
Admiralty Reserve 1 (B) are presented on the [&fie CWT power spectra for local
rainfall (C), mean temperature (D) and humidity &g presented on the right. A
cone of influence is applied to the power spectdwm to errors that occur at the
beginning and end of the transform.

Figure 4.5. The cross CWT power spectrasdfC values for Umhlanga 1 and

climatic data are presented on the left. AC1 shihscross with rainfall, AD1
temperature and AE1 humidity. Corresponding pipésis are presented on the right,
rainfall AC2, temperature AD2 and humidity AE2. Ane of influence is applied to
the power spectrum and phase plot due to errot®ttar at the beginning and end of

the transform.

Xii



Chapter 5:

Figure 5.1. Map of southern Africa indicating the locationsS#aton Park and the
Middle Stone Age site of Sibudu Cave, KwaZulu-Naiiadl the Baviaans Kloof
Wilderness Area, Eastern Cape. Archaeological naigsed in this study originates
from Sibudu Cave. The modelPodocarpusamples were collected from Seaton

Park and the Baviaans Kloof.

Figure5.2. Stratigraphy of the trial trench in the northeriddrom Sibudu Cave. The
layers and ages (Jacodtsal. 2008a) from where charcoal samples for this stuelse

collected are indicated.

Figure5.3. Modernd™3C values from twd?odocarpus latifoliuspecimens from
Seaton Park plotted with the corresponding averaigéall, temperature and

humidity.

Figure 5.4. 3*C values for fiveP.latifolius branch samples showing values for

wholewood and charcoal produced under reducingpaitizing conditions.

Figure 5.5. Elemental analyser experiment: In order to deteentine isotopic value of
the volatile compounds that are driven off durihgrcoal formation a small, fresh
sample ofP.latifolius was heated in an elemental analyser by pulsedthiggdieating
and cooling cycles with a progressive temperatucesiment of 5-1C) under
reducing conditions. Volatile fractions continuede produced up to 108D and the
isotopic values for the different fractions shoveeldrge range of variability (colour
diamonds). When no further G@as produced (at 1080) the oxygen cycle in the
elemental analyser was used and the remaining cavhe oxidised. Using the mass
spectrometer peak integral, the isotopic contrdoubdf the CQ pulses were integrated
to approximate the isotopic value of the “remaintagbon fraction” at any point in
the heating experiment (colour squares). Isotolyidight volatile fractions driven off
up to approximately 65C make up a relatively small proportion of the aver
carbon, but above this temperature the “"remaimiadpon fraction” shows
progressively more negative values because of stawial and very negative

compound evolved between 900-1800The isotopic values for the specific volatile

Xiii



compounds that are driven off during burning cosgboth isotopically light and
heavy fractions, and the seemingly erratic fractimmn observed during charcoal
formation experiments is likely to relate to thegence of the different (unidentified)

volatile compounds.

Figure 5.6. The relationship betwe&i°C values of moderRodocarpus latifolius
wholewood and charcoal from Seaton Park, KwaZultaNend Baviaans Kloof
(BK), Eastern Cape and archaeological Podocarparsaal from three MSA layers
at Sibudu Cave.

Figure5.7. Mean carbon isotope values fdodocarpusandCeltis archaeological
charcoal showing changes in carbon isotope valuestone. Error bars represent the

standard deviation for each sample set.

Chapter 6:

Figure6.1. A: Plan of Sibudu Cave. B: Location of Sibudu Ca®eAerial

photograph of the Sibudu modern environment showirdocation of the shelter, the
Tongati River and orientation of the past vegetateconstruction transects presented
in Figures 6.3a-d. The aerial photograph is coyrté<seoff Nichols.

Figure 6.2. Stratigraphy of the trial trench in the northeriddrom Sibudu Cave. The
layers and available ages (Jacebal, 2008a, b) from where charcoal samples for
this study were collected are indicated.

Figure 6.3a. Schematic reconstruction of Howiesons Poort peviegetation
communities around Sibudu Cave based on botanraddce (Allott, 2006; Renaut
and Bamford, 2006; Sievers, 2006; Wadley, 2004).

Figure 6.3b. Schematic reconstruction of post-Howiesons Pesgetation

communities around Sibudu Cave based on botanrcd=ce (Allott, 2006; Renaut
and Bamford, 2006; Sievers, 2006; Wadley, 2004).

Xiv



Figure 6.3c. Schematic reconstruction of late MSA vegetatiommunities around
Sibudu Cave based on botanical evidence (Allo®62®Renaut and Bamford, 2006;
Sievers, 2006; Wadley, 2004) from layer RSp.

Figure 6.3d. Schematic reconstruction of late MSA vegetatiomcwnities around
Sibudu Cave based on botanical evidence (Allo®62®Renaut and Bamford, 2006;
Sievers, 2006; Wadley, 2004) from layer OMOD.

Figure 6.4. Mean carbon isotope values odocarpusandCeltisarchaeological
charcoal showing changes in carbon isotope valuesstone (adapted from Hadit

al., 2008). Error bars represent the standard dewidtir each sample set. The
number of samples, standard deviations, rangesangle variances for each sample
set is provided. The general sample size from saniple set is large enough to allow
meaningful inferences regarding the climatic candg during each archaeological

period.

Chapter 7:

Figure 7.1. Map of southern Africa showing the locations atitfle Stone Age
archaeological sites (black circles), deep seascamne aeolian sediments (black stars)

mentioned in the text.

Figure 7.2. Summary graph of Marine Isotope Stages 1 to heealogical
designations and occupation/hiatus periods ford&iltave and other Middle Stone

Age sites from South Africa during the last 120ka.

Figure 7.3. Southern African January insolation, 30° southrtfifleet al, 1997)
and Pretoria Saltpan (Tswaing Crater) tuned rdiffan/year) time series (Partridge
et al, 1997). The shaded area indicates the periodt@fast for this study.

Figure 7.4. High-resolutiors*?0 time series from northern and southern hemisphere
speleothems for the last 120ka. Dansgaard/Oesetgats 20-17 (numbered) and
Heinrich events 1-6 (shaded areas) are presentgd.Combined oxygen isotope

ratios from five speleothems from Hulu Cave, CHMé&nget al, 2004). Bottom:

XV



Oxygen isotope ratios from speleothems from Bota&ave, south-eastern Brazil
(Cruzet al, 2005).

Figure 7.5. Palaeoenvironmental proxy data sets from deepa@®s of the western
coast of southern Africa for the last 120ka. Agedeis and stratigraphy of the cores
are mostly created by correlatiBfO records of selected planktonic and/or benthic
foraminifera with the SPECMAP record developedipiieet al in 1984. The
shaded area indicates the period of interest ferstudy. A:'°O record for
Globorotalia inflatafrom deep sea core MD962094 (Statal, 2002). B: The
proportion of aeolian dust from deep sea core M98 Stuutet al, 2002). C:

Time series of dust grain size (um) from deep sea ®ID962087 (Picheviet al.,
2005). D: Alkenone-based sea surface temperat8&§)(for deep sea cores
MD962086 and 87 (Pichevigt al, 2005).

Figure 7.6a. Schematic diagram showing the relative positions strength of the
Agulhas, Benguela and Antarctic Circumpolar cusetite Agulhas Retroflection,
Westerlies, South East trade winds, Intertropicah@rgence Zone (ITCZ) and the
Subtropical Convergence Zone (STCZ) during MIS e Tocation of the MSA site

of Sibudu Cave is represented by a red star.

Figure 7.6b. Schematic diagram showing the relative positiard @trength of the
Agulhas, Benguela and Antarctic Circumpolar cusetite Agulhas Retroflection,
Westerlies, South East trade winds, Intertropicah@rgence Zone (ITCZ) and the
Subtropical Convergence Zone (STCZ) during earl$ il The location of the MSA

site of Sibudu Cave is represented by a red star.

Figure 7.7. High-resolutions*®0 and3D time series from northern and southern
hemisphere ice cores for the last 120ka. Dansgaasdhger events 20-17
(numbered) and Heinrich events 1-6 (shaded areagrasented. A: Oxygen isotope
ratios from GRIP, Greenland (Blunier and Brook, PO@: Oxygen isotope ratios
from GISP2, Greenland (Blunier and Brook, 2001)ORygen isotope ratios from the
Byrd ice core, Antarctica (Blunier and Brook, 2000) Deuterium isotope ratios
from the EPICA ice core, Antarctica (Joueelal, 2004). E: Deuterium isotope ratios
from the Vostok ice core, Antarctica (Petital, 2001).

XVi



Figure 7.8. Chemistry data time series from the EPICA and dosgte cores,
Antarctica for the last 120ka. The shaded areasatelHeinrich events 1-6. A: Iron
(Fe) flux from EPICA (Wolffet al, 2006). B: Non sea salt calcium (nssCa) flux from
EPICA (Wolff et al, 2006). C: Sea salt sodium (ssNa) flux from EPI@¥0lff et al,
2006). D: Non sea salt sulphate (nsgSdix from EPICA (Wolffet al.,2006). E:
Methane (CH) variability from the Vostok ice core (Chappelkizal, 1990). F: Dust
flux record from the Vostok ice core (Patital, 1990). G: Carbon dioxide (GD

concentrations from the Vostok ice core (Barreilal, 1987).

Appendix A:

Figure A.1. Sample transect across a sanded trunk distirotisops caffrdrom

Admiralty Beach, KwaZulu-Natal.

Figure A.2. A prepared core frorRodocarpus latifoliugrom Seaton Park, showing

the witness section (top) and the sampled sectiinsample and ring numbers.

Figure A.3. Three discs from a singkodocarpus latifoliudranch. From left to
right: Disc burnt under reducing conditions, un#iutisc and disc burnt under

oxidising conditions.

Figure A.4. Branch samples combusting under oxidising conastio

Figure A.5. Close-up view of samples drilled frofodocarpus falcatuom
Baviaans Kloof, Eastern Cape. The first sample (#€l9 been taken at the boundary
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Figure A.6. Trunk disc ofM. caffrafrom Umhlanga Rocks, KwaZulu-Natal showing
the removal of the central growth rings for higkegsion radiocarbon dating.

Approximately 10 rings were sampled.

Figure A.7. Soxhlet distillation apparatus for extracting nssioils and waxes from

wood samples.
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Appendix B:

FigureB.1la. Close up view of leaves and trunk dflacaffragrowing in the dune

cordon along Admiralty Beach, North Coast of Kwazilatal.

Figure B.1b. Distribution ofM. caffrain South Africa.

Figure B.2a. A specimen oP. latifoliusfrom Seaton Park, north of Durban in

KwaZulu-Natal.

Figure B.2a. Distribution ofP. falcatusin South Africa.

Figure B.2b. Distribution ofP. latifoliusin South Africa.

Figure B.2c. Moderns*C values folPodocarpus falcatusom the Baviaans Kloof

plotted with corresponding annual rainfall for tlegjion.

Figure B.3a. A large specimenf C. africanagrowing in the Hawaan Forest on the
northern coast of KwaZulu-Natal.

Figure B.3b. Distribution ofC. africana
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CHAPTER 1. INTRODUCTION

1.1. Introduction

The reconstruction of past environments from arcluagcal sites is best formulated
through the analysis of a wide range of proxy evtde Stable carbon isotope analysis
of plant material has been well established asansef obtaining such proxy
environmental evidence. Although the human inhalstaf a site select and utilise a
range of plants and animals, the isotopic signatafesuch resources are not affected
by this selection, but are influenced by the envinent in which they naturally
occurred or grew. An analysis of the stable isotopaposition, such as carbon, of
such material (e.g. bone, enamel, wood or chartaalthe potential to provide

independent proxy data on the environments fromnati¢hey came.

Archaeological charcoal assemblages are assunte/éodeveloped largely due to
anthropogenic selection of suitable woody speaes$ukel, although certain of these
species may also be used for construction purpgassdsas posts and lintels. Such
material may recovered directly from easily distirsiped hearth features or from
associated deposits of ash and charcoal that waretl during the cleaning of
hearths. These selected species are, howeveasaplartly a representation of the
vegetation communities in the site vicinity. Chasigethe species composition of
charcoal assemblages through time will thus bdlecten of either change in the
overall vegetation communities in the area in respdo climatic changes or a shift in
preference for fuel wood types. The carbon isotopimposition of archaeologically
recovered charcoals have the potential to prouwidarehive of past climates,
reflecting subtle isotope variations as the plaaspond to a changing environment.

The current trend in archaeological research &pfy a multi-disciplinary approach
as the strongest type of archaeological evidenoaii-faceted. Thus a variety of
palaeoenvironmental data providing complementaigesce is compelling. Research
at Sibudu Cave has produced a suite of environrhéata from sediments, botanical
and faunal remains. This array of palaeoenvironaiewidence has provided detailed
insights into how the local environment aroundghe has changed at various periods
during the past 75ka. Carbon isotope analysisasfesologically recovered,



identified charcoal will provide another environnedrproxy data set for the existing

compilation.

1.2. Project aims

The principal aim of this project is:

To develop a methodology to obtain palaeoenvironmental evidence from the
stable carbon isotope analysis of archaeological charcoal from the Middle Stone
Age (MSA) occupation of Sibudu Cave and to test the validity of thisevidence
with additional proxy environmental data from the site.

In order to attain this goal a number of requiretaereed to be satisfied.
These are:

» A range of analogue data from modern tree species from KwaZulu-Natal
must provide an absolute annual chronological isotopic record of
environmental response to prevailing climatic conditions.

* Anenvironmental proxy (e.g., aresponseto rainfall or humidity)
recorded in atreering sequence must be similarly reflected in the
equivalent rings of branches from the sametree.

» Thisresponse must be conserved in the branch during charcoal
formation, the processesinvolved and how these may affect the isotope

proxy must be under stood and accounted for where possible.

1.3. Thesisstructure

This PhD thesis is composed of a series of papetewduring the period of my
registration at the University of the Witwatersramtis is in accordance with
guidelines governing the submission of a thesipudylication. The four papers
included in the thesis are in various stages ofigafiion, two have been submitted to
journals and are currently under review and twoehasen published. The rationale
for the submission of a thesis by publication &s tblatively rapid dissemination of
data/results in a rapidly expanding and highly¢apfield, namely global climate

change. The four papers are presented in such agnas to provide a logical



progression of the research conducted. In orderaimtain a standardised format
throughout the thesis and for ease of reading, papbr isnot presented in the
various house styles of each journal, but rathendisidual chapters (Chapters 4-7),
linked together. A list of all relevant referendeseach paper is presented at the end
of each chapter. The associated figures and t&iniesch chapter are grouped
together in Volume Il of the thesis to allow easiecess to the relevant figures and
tables for each chapter. At the beginning of eaglepchapter a short introduction is
provided outlining the rationale for methods used the relevance of the data and

results in the greater project goal.

Chapter 2 provides an introduction and backgrouatm ¢harcoal analysis and stable
carbon isotope research and a review of recentcapipins of carbon isotope analysis
as a source of proxy palaeoenvironmental recoaois free rings and other plant
material (charcoal, fossils and leaves). Furthsculsion of the methods used in
charcoal identification and analysis are providedh& focus of this project is on the
potential of stable carbon isotope analysis of aecogical charcoal as an
environmental proxy. A literature review of a numbérelevant international stable

carbon isotope studies, as well as a review ofsvatAfrican studies is included.

Chapter 3 provides a background to Sibudu Caveaauinmary of the most recent
research carried out at the site. Sibudu is protortge one of the more significant
MSA sites in southern Africa in that it has a deepll-preserved and well-dated
sequence of material that has been subject to #-dnsdiplinary analysis providing
detailed information on environmental and cultwf@nge during the MSA. The final
occupants of the site were from local Iron Age gapons and there are no
indications of a Later Stone Age occupation. Timpleasis is not on the cultural
aspects of the MSA occupations, but rather on Wdable environmental proxy
evidence derived from a multi-disciplinary resegocbgramme. The modern local
environment, geology and dating of the site and/reus methods used to define
the environmental proxies are discussed. The emviemtal changes through time are

presented.

Chapter 4 comprises a paper publishe@iie Holocengexplaining the necessity for

modern analogue environmental data from tree rggiences to understand how
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indigenous coast forest trees from KwaZulu-Natapomnd to prevailing climatic and
environmental conditions. The paper covers applkcadmpling methods, sample
pre-treatment, the development of annually resotirad series, carbon isotope
analysis and the interpretation of the proxy envinental data obtained from
Mimusops caffraThe results allowed me to establish part of thal inethodology
that was used for the project. | was responsibi@licsample collection, preparation
and isotopic analysis, as well as preparation anding of three samples for high
precision radiocarbon dating. | generated the nitgjof the figures and the initial
draft of the paper. Dr. Stephan Woodborne assistddthe generation of the
radiocarbon dates, data interpretation and ediMagc Pienaar carried out the

spectral analysis using wavelets and produceddgdrd and 4.5 (Volume II).

In Chapter 5, a paper publisheddhemical Geologpresents additional modern
proxy environmental isotope records from tRodocarpusspeciesRodocarpus
latifolius andP. falcatu$ and the results of a series of experiments inyatsng the
alteration of carbon isotope signals during the loostion process. A coherent
environmental signal is preserved in both branchwgn rings and charcoal. The
results of this paper complete the developmentathods and they show that it is
possible to obtain meaningful environmental sigfi@m the carbon isotope
composition of modern and archaeological chardazrried out all sample
collection, preparation and analyses and generdtéidures and the initial draft. Dr.
Stephan Woodborne assisted with data interpretagditing and was responsible for
the development of some the combustion experimehitsh | carried out. Prof. Mary
Scholes and Prof. Lyn Wadley were involved in edjti

In Chapter 6, manuscript in preparation, the presyironmental evidence from the
carbon isotope composition of the archaeological@abal from Sibudu is compared
with other proxy palaeoenvironmental evidences Hlso demonstrated that there is
little or no post-depositional contamination of #irehaeological charcoal from
Sibudu Cave. The local climatic and environmenkt@nges seen during the
Howiesons Poort (65ka-62ka), post-Howiesons Pe&8Ka) and late MSA (~48ka)
occupations are presented. | put the synthesiseoSibudu proxy environmental data

together, comparing it with my charcoal isotopeaggenerated all figures and tables



to create the initial draft. Prof. Lyn Wadley, Btephan Woodborne and Prof. Mary

Scholes assisted with interpretation and editing.

Chapter 7, a paper submittedRalaeoecology of Afriggorovides a synthesis of all
the results for the project. The archaeologicalaba carbon isotope data and
associated proxy evidence from Sibudu Cave alotiy @@amplementary
environmental evidence from other MSA sites in 8Aifrica are compared with a
range of regional and global records of climatengiea This allows a demonstration
of the local manifestation of large scale climatarige reflected in terrestrial records
during Marine Isotope Stage (MIS) 4 and MIS 3. 1 ihe synthesis of the proxy
environmental data from the various MSA sites atieolocations together,
generated all figures and tables to create thalimitaft. Dr. Stephan Woodborne
provided in-depth assistance with understandingralating the non-archaeological
environmental evidence to the archaeological malteas well as editing. Prof. Lyn

Wadley and Prof. Mary Scholes assisted with intgtgiron and editing.

In Chapter 8 a summary discussion of the resuliscanclusions from the above
mentioned papers is presented. The merits andilsotibms of this research are
discussed and suggestions for further avenueseéreh are indicated. A series of
three appendices is provided in Volume II. Dueite §mitations of publications it is
not possible to include extensive details of sangpéitrategies/methods. This
supplementary information is included in AppendixvAich provides a detailed
explanation of all sampling methods, pre-treatnoéntood and charcoal samples for
carbon isotope analysis and details of the higleipi@n radiocarbon dating
techniques used. Appendix B contains detailed licdhdescriptions and
environmental information of the selected modeee gpecies used in the project.
Appendix C contains supplementary data includirgrénge of annualised weather
data used in the analyses of the various ecoplogsaal responses of the modern tree
species, as well as a summary of the global andmalgrecords of climate change

referred to in Chapter 7.

A flowchart showing the links between the variohajters follows:
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CHAPTER 2. CHARCOAL ANALYSIS AND STABLE CARBON
ISOTOPES

2.1. Charcoal analysis

With improved sampling methods, better understagndinvood anatomy and
statistical analytical methods, the contributiorcbércoal analysis to archaeological
science is increasing. Trees are both adaptedhdoresponsive to, their environment.
These adaptations and environmental responses@reled in the anatomy (e.g.
vessel size) and chemistry (e.g. isotopic compmitdf the woody tissues making up
the tree. These provide clues to the niche/enviearinm which the tree grew. There

is growing evidence that certain of these physacal chemical characteristics may be
preserved in charcoal. Charcoal may be subjectada@nge of analyses including; the
identification of taxa, anatomical variability andemical changes. The identification
of woody taxa from charcoal from both archaeololgicatexts and soil profiles may,
under ideal conditions, allow researchers to study:

* Former natural ecosystems

* Changes in vegetation communities over time

» The effect of human activities on plants

* The evolution of plant communities

* The importance of wild and anthropogenic fires egetation structure and

composition (Figueiral and Mossbrugger, 2000).

It is vital to be able to determine whether tremibcated by the charcoal analyses
represent environmental effects or are due to eaptigenic factors. In practice it is
often difficult to separate the reasons for theuandlation of charcoal and what the
assemblages represent. Improved microscopy tectsi@pd equipment have also

improved the accuracy and the speed of identibicati

There are various terms and definitions used byaretiers working with charcoal in
related fields. In keeping with the terminology di$® archaeologists, the following

definitions are used in this study:



Charcoal — the highly recalcitrant by-product of predomingmtood burning
in an oxygen-poor atmosphere (Cohen-@fral, 2006; Gundale and Deluca,
2006), but other plant material such as grasg, &nd seeds may also form
charcoal. Charcoal is formed at temperatures bet\366°C and 800°C
(Glaseret al, 2002) and is generally considered to be relbtiveert and
resistant to chemical and biochemical processabéSet al, 2006). The
formation temperatures, duration of burn and soaraterial are all factors
that affect the chemical and physical propertieshaircoal (Braadbaart, 2004;
Braadbaaret al, 2004; Czimczilet al, 2002; Gundale and Deluca, 2006;
McParlandet al, 2007; Pynet al, 1996; Scott, 2000; Turney al,, 2006).
More details on the effects of temperature on thendcal and physical
properties of charcoal are provided in sectionsa®2.10.

Carbonisation, charcoalification or charring — the heating process by which
plant material is converted to relatively stakdebon-rich blackened botanical
remains under anoxic conditions at atmosphericspres(Braadbaart, 2004;
Braadbaart and Poole, 2008; Braadbegédl, 2004; Braadbaaet al.,2009;
Sievers and Wadley, 2008). These are the termatbatidely used in the
archaeological literature, but the process may la¢gsdefined as thermal
decomposition, thermo-chemical degradation or pygiel(Braadbaart, 2004).

The majority of studies utilising charcoal outsafesouthern Africa have focused on
sites in Europe, the Americas and northern Afri¢aere are a number of research
programs in South America, particularly Brazilvesl as in Australia. The majority
of these projects are multidisciplinary in natwri#jzing a range of evidence, such as
pollen spectra, sediment analyses, phytolith sfydied charcoal analyses and,
increasingly, the use of stable carbon isotopidysea of soils and charcoals. The
focus is on environmental reconstruction and traglaf past climatic change, as well

as looking at the exploitation of woody speciesbynans.

Charcoal analysis along with palynological, biotmdiand isotopic studies has been
used to reconstruct past Holocene environmentsaaiBand Amazonia (Behling and
de Costa, 2001; Gouves al, 2002; Pessends al, 2004). Charcoal fragments and

pollen samples were collected from a range ofmafiles and sediment cores. This
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material was analysed to determine changes inggetation and climate during the
late Pleistocene and Holocene. These studieslezlvttee complexity of the past
vegetation in Brazil and indicated that fire hadiefinite effect on the various
communities, resulting in shifts in the proportiai<; versus G species. Fire effects
were either a result of drier conditions creatirgudable environment for intense
natural fires or due to human activities. A similaultidisciplinary project has been
carried out to provide a Holocene palaeoenvironaleetord for the Whitsunday
region in Queensland, Australia (Genegtal, 2003). Pollen and charcoal analyses
provided data on the vegetation and fire histaofethe area. Comparisons of
charcoals from sediment cores and archaeologieaitohls revealed that vegetation
burning by humans was not a major cause of changgggtation patterns, but the
observed changes were due to climatic change.

A number of charcoal studies have been carriednoBbuth Africa, predominately on
Later Stone Age archaeological sites, dating froenlate Pleistocene to the present
(Cartwright and Parkington, 1997; Deacon, 1979 38®eacoret al, 1983;

Dowson, 1988; Esterhuysen, 1992, 1996; Esterhugtah 1994; Esterhuysen and
Smith, 2003; February, 1994a, 1994b; Prior, 198#rRnd Price Williams, 1985;
Tusenius, 1986, 1989; Schackleton and Prins, 18&illey, 2000; Wadlegt al,

1992). The number of successful projects listéesato the suitability and usefulness
of charcoal analysis as a means of examining pastoaments of the late
Pleistocene and Holocene. One of the main redsotise concentration on this
period is the substantial amount of environmentaky data available. This includes
pollen sequences (Scott, 1982; Scott and Vogel3;198ott and Thackeray, 1987,
Scottet al, 1995, 2003) and faunal analysis (Avery, 198881 Klein, 1976, 1977,
1978, 1979, 1980, 1984). Itis clear from the wasicharcoal-based
palaeoenvironmental reconstructions that it is irtgod to correlate the results with
independent environmental proxy data. These praxg dan be obtained from a
number of sources. Several summaries of clima@ngh in southern Africa during
the Quaternary have been compiled, assimilatimgatic data from a wide range of
sources, such as pollen spectra, soil and sedipnefies, faunal analyses and oxygen
isotope analyses (e.g. Abell and Plug, 2000; DeanahLancaster, 1988; Klein,

1984; deMenocal, 1995; Scettal.,1995; Tyson, 1986; Vogel, 1984; Werger, 1978).

These summaries provide an understanding of theatik and environmental trends
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seen in southern Africa. They also are of the @pirthat there is a need to apply a
multi-proxy approach to reconstructing past enviments. If such a range of proxy
data exists, why should researchers perform chbac@dyses? The analysis of
charcoal provides another independent measurevabemental conditions, but the
validity of the proxy needs to be demonstrated.€xhes has been demonstrated,

there is an uniformitarian assumption that the @®xan be extrapolated.

2.2. Introduction to stable carbon isotopes

Stable isotopes have been used in a variety oheatbgical (e.g. Lee-Thorp and van
der Merwe, 1987, 1993; Sealy, 1986; Sponheigal, 2005), botanical (e.g. Codron
et al, 2005c; Jahren, 2004; Loader and Hemming, 2@@&aeoenvironmental (e.qg.
Brink and Lee-Thorp, 1992; Cerling and Harris, 1;998dgeset al, 2004; Schleser
et al, 1999) and zoological (Codrat al, 2005a, 2005b, 2006, 2007; Sillen and Lee-
Thorp, 1994; Sponheimet al, 2003, Wallingtoret al, 2007) studies and the
necessary methodology and equipment have beenogedeand refined over the last
four decades. The stable isotopes of carbon, oxygettogen and more recently
nitrogen and sulphur, have been used in the stiidgasystem dynamics to
determine diets, habitat preferences and watenbalée.g. Ambrose, 1991; Codron
et al. 2009; Gebrekirstost al, 2009; Martin-Benitet al.,2010; Parkeet al, 2010;
Tieszen, 1991).

The focus of this study is on stable carbon iscdaed the environmental information
that can be derived from the isotopic analysisedg, branches and charcoal, both
modern and archaeological. Early carbon isotopeares focused on the
understanding of the various physiological and émaical processes involved with
the uptake and utilisation of carbon molecules layts (e.g. Farquhat al, 1988;
Francey and Farquhar, 1982; Lajtha and Marshafl419’Leary, 1981, 1988, 1993;
O’Learyet al, 1992). Traditional use of stable isotopes franhaeological botanical
and faunal material has included the elucidatiodietfary pathways (Brink and Lee-
Thorp, 1992; Cerling and Harris, 1999, Sealy, 13tnheimeet al, 2005) and the
tracking of changes in the distribution of vegetatiypes (Codroet al., 2005c;
Loader and Hemming, 2004).
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Of particular relevance to this study are the carisotopic data that can be derived
from the analysis of tree ring sequences. The pyimalue of tree ring isotopes is
that they are sensitive bio-indicators of how carlmxygen and hydrogen have been
modified by the tree in response to the environm®table isotope ratios are subject
to climatic influences, such as temperature, rdirdail chemistry and changes in the
local vegetation communities (Hedgetsal, 2004). In order to understand the
isotopic signals from the modern tree rings anth@eological charcoals, it is
necessary to understand some aspects of plantysiolagy.

2.3. Thegéffect of photosynthesis and fractionation on carbon isotopes

Carbon is taken up from air and converted into wdbldas two naturally occurring
stable (non-radioactive) isotopes and each hasasiohiemical properties. Carbon-12
(*%C) is the most abundant, comprising approximat8l9% of the total and carbon-
13 (*C) the remaining 1.1%. The difference in their mal&sws physical, chemical
and biological processes to discriminate agairest® isotope (McCarroll and
Loader 2004). By convention where RE/*C ratio, measurements on samples are
expressed in delta notatiodi{C) as the deviation from the isotopic ratio of a
reference standard known as Vienna Pee Dee BekeititDB) (Coplen, 1995) and

using a per mille scale

8130 (%o) PDB = (RsampléRstandard_ 1) x 1000

There are three photosynthetic pathways used bys16 (Calvin cycle), G (Hatch-
Slack cycle) and CAM (Crassulacean acid metaboli€hjhese the €and G
pathways are important to this study. These patbwaxolve interaction of
atmospheric C@with different enzymes and results ig &d G plants having
significantly different*C/*°C ratios (Ehleringer and Vogel, 1993; Lajtha and
Marshall, 1994; Tieszen, 1991). It is these clefiertnces that allow one to
distinguish between two of the plant types pints havé**C values ranging from —
34%o to -23%0 and £plants havé*C values from —9%o to -17%. (Ehleringer and
Rundel, 1988). The isotopic variations seen betwkese two pathways are due to
both environmental and genetic components (Ehleriagd Vogel, 1993; O’Leary,
1993; McCarroll and Loader, 2004). Most trees anddy plants utilise the L
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photosynthetic pathway, in which atmospheric,@3converted into the three-carbon
molecule, ribulose-1, 5-biphosphate carboxylaseyergse (RuBisCO). It should be

noted that some tree species could utilise thphotosynthetic pathway (e.g. Pearcy
and Throughton, 1975). The carbon formed by theggss is transported from the

leaves to the stem, where it is stored in the plasties.

The use of stable carbon isotopes from tree seg@geaxan indicator of past climatic
conditions is based on the discrimination againsréicular carbon isotope during
the photosynthetic process, also known as fradiimmaT here is a two-step

fractionation of carbon (Fig. 2.1, Vol. Il, pg. 3).

The first occurs during the uptake of gxrough the stomata of the leaves. As,CO
diffuses through the stomata, there is a discrittonaagainst°C0O, as the*CO,
isotope diffuses more rapidly into the leaves ttrenheaviet*CO, isotope. If the
stomata are closed, such as in times of watersstites tree has to make more use of
the CQ trapped within the leaves, rather than from tineosphere. This results in an
increase in the use OIC for carbohydrate synthesis rather than the setease of

12C. Carbon isotope values will become less negatéfiecting some form of
environmental water stress. More negative valuesiaually indicative of non-
stressful (water) growing conditions. Howeversinioted that increased levels of
precipitation and excess soil moisture stress resyltin reduced stomatal
conductance reflected BYC enriched**C values (Buhagt al, 2008). Most studies
of trees from warm and drier climates relate theéatimns seen i8*°C values to
variations in moisture availability affecting stotaleconductance (Gagen al,

2008). This is seen as a negative correlation atvisotope values and relative
humidity and precipitation (Tardédt al., 2008). In colder and wetter climates it
appears that th#*C values are controlled by changes in photosynthates rather
than stomatal conductance (Gage¢ml, 2008; Tardifet al, 2008). There, variations
in carbon isotope values are related to variatiotemperature and hours of sunshine
(Gageret al, 2008).

The second fractionation takes place during cafbxation, when theC isotope is
more inclined to react with the photosynthetic eney(RuBisCO). These two key

fractionations are expressed in the following emquaFarquhaet al, 1982):
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813Cplant: 813Catmospher€ a- (b'a) Ci/Ca

The current value fa3"*CamospherdS considered to be -8%., based on the use of VPDB
standard (Coplen, 1995; McCarroll and Loader, 2004¢ values foa andb
represent the two fractionation events, whree(é%o) represents the discrimination
against*CO; during diffusion via the stomata abd27%o) is the net discrimination
due to carboxylation. The values randc, represent the intercellular and ambient
atmospheric C@concentrations respectively. Sireandb are constant values the
total fractionation is controlled by the relatioisbetweert; andc,. If the

intercellular CQ concentrationc) is higher than the ambient concentratio), then
there is an increase in the diffusion rate of,@@®ough the stomata. This results in a
strong discrimination again$iC during carboxylation, as motéC is available,
causing highe$**C values. Tree ring*>C values are clearly depleted'fic relative

to the ambient atmosphere. The magnitude of tisisridnination seen in trees is a
direct function of the ratio of intra-cellular G@oncentration in the leaves to the
concentration of C®in the atmosphere (Buha&y al, 2008). Although this ratio is
affected by environmental conditions, it may beemsbme genetic control
(Fargquhar, 1991; Farquher al1988). This allows the possibility to use
measurements of discrimination to screen variatiomater-use efficiency (WUE)
The application of WUE studies using stable isotapalysis of trees has important
ramifications, particularly for agriculture and éstry in regions where water
resources are limited. These include forest ecoldgesponses to changing climates
(e.g. Battipaglieet al, 2009), the selection of appropriate species dtination (e.g.
Cuiet al, 2009;, Tanaka-Odet al, 2010) and plantation resource management (e.g.
Forresteet al, 2009; Jassat al, 2009; Kuneret al, 2010; Martin-Benitet al,
2010).

Local environmental factors such as irradiatiormtfulity, precipitation, air pollution,
salinity, canopy cover and soil salinity may alswé an influence on trée>C values
(Livingstoneet al, 1999; Weset al, 2001). Theé**C values of a particular tree will
vary according to a variety of factors that influents stomatal conductance and
photosynthetic rates (Fig 2.2, Vol. I, pg. 4)).eTtiegree of influence of these factors

will depend on conditions at the specific site vehttre tree grows. For example, if
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water availability is the limiting factor, fractiation will largely be controlled by the
rate of stomatal conductance andH€ values may provide a record of variations in
humidity, soil moisture and rainfall (Livingston@&pittlehouse, 1993). TH&C/*C
ratios record the balance between stomatal condcetand the plant’s rate of
photosynthesis. In dry areas this balance is ateby relative humidity and soil

water states, while in wetter areas, the amoustiofmer irradiance and temperature
are responsible (McCarroll and Loader, 2004). bass of this assumption is that
during times of water stress, the stomata of thatphill close to limit loss of water

via transpiration, reducing the uptake of Gd resulting in more positive>C

values.

2.4. Correctionscurrently applied to $°C data

An important factor to note is the close link betnwehes'*C values of the tree and
the isotopic composition of the atmosphere (Aretnasl, 2001). There has been a
global anthropogenically driven increase in the;€@ncentration of the atmosphere.
This has led to a decrease in tf@ of atmospheric CE£by 1.5%o since
industrialization (~1850) (Epstein and Krishnamyth§90; Freyer and Belacy, 1983.
This trend is continually monitored and charactatige.g. Carter, 2009; Gebrekirstos
et al, 2009; Gageeet al, 2007; Loadeet al.,2007; Treydteet al, 2001; 2009).

These values then began to decrease rapidly drami950 due to a more substantial
contribution of isotopically depleted G@ the atmosphere from amplified
industrialisation (Loadegt al, 2008; Rakowsket al, 2008). The anthropogenic
alteration of atmospheric G@s a result of burning fossil fuels (Buhetyal,, 2008;
February and Stock, 1999; Gagstral, 2008; Leavitt and Lara 1994; Loadsral,
2008; Rakowsket al, 2008) is collectively known as the Suess effitatias first
identified in radiocarbon*{C) concentrations from tree rings (Suess, 1955|ikge
1979). In terms of more recent carbon isotope serées from modern trees, the
anthropogenic effect needs to be removed from jeotiata (e.g. Buhast al., 2008;
Gageret al, 2008; Kirdyano\t al, 2008; Loadeet al, 2008; Liuet al, 2004;

Tardif et al, 2008). This is accomplished by a mathematicpisahent 05" °Cpjant
values for changes B1°Camospherddetermined from ice cores and direct measurements
(Loaderet al,, 2008; McCarroll and Loader, 2004, 2006).
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In addition to the Suess effect, there is increpswidence of a physiological
response in trees to increased atmosphericdd@centrations, which may affect
fractionation. Unlike the Suess effect, this effieeeds to be statistically detrended
from time series. There are two ways that this magpchieved. The first method
implicitly assumes that all trees will demonstriite same uniform and linear
response to changing G@oncentrations. Accounting for this response neguine
addition of a fixed correction ®°C values per unit increase in @®lowever, with
an increase in the numbers of tree BM series available, there is sufficient
evidence to suggest that a tree’s response toasedeCQis heterogeneous and
nonlinear (McCarrolet al, 2009). The second method is based on the cooweosi
tree ringd'°C data into values for internal G@oncentrationd) and then on the
estimation of the values aofthat would have been obtained under pre-industrial
conditions (Loadeet al, 2008; McCarrolkt al, 2009). This correction uses
nonlinear regression, but is limited by two constiabased on the physiological
response of the tree. First, a unit increaseamtimospheric C£concentrationd,)
cannot result in more than an equivalent increaseand, second an increase in
water-use efficiency, due to an increase,irns limited to the maintenance of a

constanti/c, ratio (McCarrollet al, 2009).

As well as the above corrections, there is an asirg application of a further
correction to minimise the isotope juvenile effeot,age related influence of carbon
isotope values. During the first few decades ofrging young trees exhibit rapid
branch elongation and height gain and consistehibyv depleted, but progressively
less negativé'*C values. These initially depletétfC values are generally
considered to be as a result of exposuréQedepleted C@respired from the forest
floor and growth in a shaded environment (Bubtgl., 2008; Gageet al., 2008).
There is, however, evidence for an isotope juvesfilect in trees growing in more
open, exposed areas and this is thought to beodtleanges in hydraulic conductance
as the tree matures affecting stomatal conduct@bagenet al, 2008). There are a
variety of methods employed to remove this treodnftime series. The simplest
method is referred to as “juvenile cutting” andatwes the exclusion of data from the
first few decades of a time series taken from fmthark. This method limits the
length of a time series. An alternative methoaisge statistical methods, such as

Regional Curve Standardisation, to remove the jilw@ffect (Gageret al, 2008).
15



25. Applicableinternational research

Over the last five decades a large archive ofriregrelated data has been developed,
primarily derived from studies carried out in thertthern Hemisphere. These include
research into the improvement and testing of exgsthethodologies and
experimentation to develop new methods (Detldl, 2008; Liet al, 2005; Loadeet
al., 2003; Rinneet al, 2005; Roden, 2008; Schlestral, 1999, Van Der Water,
2002). A substantial archive of research coveriimgatic records from modern tree
ring time series provides ample evidence for theartance of such research (e.g.
Andersoret al, 2005; Edwardst al, 2000; Gucet al, 2005; Guo and Xie, 2006;
Kirdyanovet al, 2008; Leavitt, 2002; Lippt al, 1996; Liuet al, 2004; Loadeet al,
2008; Poussast al, 2004;Robertsoat al, 2004; Stuiver & Braziunas, 1987; Tardif
et al, 2008; Tarhule & Leavitt, 2004; Van Bergen & Rad2002; Weigkt al, 2008).
Additional avenues of research include genetic@ngiological responses to the
environment, reflected in the isotopic compositfery. Brendeét al, 2002;

Comstock and Ehleringer, 1992; Dupowyal, 1993; Leavitt and Long, 1982;
Penningtoret al, 1999) and the reconstruction of past environménts Andcet al,
2003; Bechtekt al, 2002; 2003; Danist al. 2006; Feng and Epstein, 1995; Hurger
al., 2006; Lockhearet al, 1998; Mazant al, 1980; Nguyen Tet al, 2002; Van

Der Wateret al, 1994). A summary of studies applicable to thiggut is provided in
Table 2.1., Vol.ll, pg. 38.

There is an increasing tendency for palaeoclimatarpretations of modern,
archaeological or fossilised material to be basecdaltiple strands of dendrological
evidence from tree rings and other plant mateea.(charcoal and branches). This
has resulted in the combination of traditional detahical data, such as ring widths,
wood density and anatomy with stable isotopic @egabon, oxygen and hydrogen)
obtained from tree ring sequences. Dating methsatapling techniques, sample
processing and mass spectrometers have been grepttyved in recent times and it
is possible to obtain large isotope data sets tesger sample sets. This has resulted
in high resolution, well-dated times series that bae statistically correlated with a
range of climatic and environmental variables. Mbmatic influences, the

anthropogenic alteration of atmospheric@Dd the juvenile effect are now better
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understood and most recent studies account foe {hrésr to further analyses
(Dongarra and Varrica, 2002; Dupoustyal, 1993; Gageet al, 2008; Liet al, 2004
2005; Rakowsket al., 2008; Zhacet al, 2006). These improvements have allowed
researchers to obtain detailed proxy records fromi¢al tree species that do not form
clear annual growth rings (Poussart and Schrady;Z@8ussaret al, 2004,
Robertsoret al,, 2004).

It has been well established tiaiC values record a plant’s response to available
moisture levels. This includes variation in pret@pon, soil moisture, water-use
efficiency and relative humidity, thereby allowitige reconstruction of past moisture
conditions. In genera*>C values become more negative during wetter pedods
less negative during more arid times (e.g. Bustagl., 2008; Comstock and
Ehleringer, 1992; Dupousest al, 1993; Feng and Epstein, 1995; Ligipal, 1996;

Liu et al, 2004). There are exceptions to this tendency foegative correlation and
they are due to additional environmental factorsdéysoret al (2005) found a
positive correlation betweeit’C and rainfall for a species that was salt wetland
adapted. It has been demonstrated that the gexttjptability of a species plays a
role in the response to changing water availabjBrendelet al, 2002; Penningtoat
al., 1999). With more sophisticated sample strategmesmass spectrometers it is
possible to creat&*C time series indicating a record of intra-annuel seasonal
response to shifts in moisture availability (e.@nizet al, 2006; Dodcet al, 2008;
Garcia-Get al, 2004; Leavitt, 2002; Let al,, 2005; Tarhule and Leavitt, 2004).
Although moisture availability is one of the dommdéactors influencing the carbon
isotope composition of tree rings, other environtakvariables also have an effect.
These include altitude (Garciagsal, 2004; Guo and Xie, 2006); latitude (Stuiver
and Braziunas, 1987) and temperature, particutarting the summer growing
season (Edwardst al, 2000; Leavitt and Long, 1982; Loadsral, 2008; Pearmaet
al., 1976; Tardifet al, 2008).
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2.6. Climatic and environmental reconstruction using carbon isotopes

The majority of tree ring-based isotope researchmfthe Northern Hemisphere has
shown that'°C time series provide a proxy record of a numbaedliafatic and
environmental variables such as precipitation, &najoire, humidity and changes in
atmospheric C® These data sets are a representative isotomodret the plant’s
ecophysiological response to long-term, low fregquyeidlecadal to centuries) and
short-term, high frequency (seasonal, inter/intratgl) variations in local and
regional climate. Low frequency trends include gfemin atmospheric GO
concentration, climatic conditions and isotopic gasition (e.g. Dongarra and
Varrica, 2002; Gageet al, 2007), while high frequency trends include seakon
shifts in moisture availability and temperature(€-eng and Epstein, 1995; Leauvitt,
2002).

2.7. Wood tissues: what to use?

Initially wholewood was used for stable isotopelgses of tree rings (Craig, 1954),
but later research revealed that there are difte®m the isotopic composition of the
tissues forming wood (Wilson and Grinsted, 1977p0od/is composed of a range of
material, including cellulose, lignin, hemicellugsesins and tannins formed by a
number of biochemical processes. These formatioogsses result in the components
having differing isotopic compositions. Cellulosetypically**C enriched and lignin

is °C depleted compared to wholewood (Bereteall, 1987; Loadeet al, 2003; Van
de Water, 2004; Wilson and Grinsted, 1977). Theonitgjof recent studies use
cellulose (e.g. Brendeit al, 2002; Buhayet al, 2008; Edwardst al, 2000;
Kirdyanovet al, 2008; Leavitt, 2002; Lippt al, 1996; Liuet al, 2004; Loadeet al,
2008; Mazanyet al, 1980; Rodewt al, 2008; Tardifet al, 2008; Zhacet al, 2006)

as this is relatively easily extracted from wholedphas a high level of
homogeneity, and can be accurately linked to aispgcowing period (McCarroll

and Loader, 2004). With regard to trees with césatywood and latewood sections
visible, the favoured portion to sample is thevated (Weiglet al, 2008) as this
provides the best annual response. However, tae@me evidence that earlywood
tissue may be used (Helle and Schleser, 2004; etesds 2009; Robertsoat al,
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2008). There is still no consensus amongst reseeg s to which chemical

constituent to use.

Although the majority of studies use cellulose, tlse of wholewood is also valid,
particularly given recent developments in on-lisenbustion methods and highly
sensitive mass spectrometers (Leuenbezgat, 1998; McCarroll and Loader, 2004;
Schleseet al, 1999). There is evidence from a number of sgatiat a strong
correlation exists between°C values of cellulose and wholewood, both showing
similar annual resolution (Cullen and Grierson, @0M®aderet al, 2003, Verheyden
et al, 2004, 2005). Cullen and Grierson (2006) sugtegtwholewood be used when
examining long term trends and cellulose is moredwhen looking at high-
frequency trends and responses to specific clineagnts such as extreme drought
and floods. Loadeet al. (2003, 2004) have shown that wholewood may pveste

strongest climatic signal.

2.8. Stablecarbon isotope proxy data from plant fossils and char coal

The use of3C/*2C ratios from tree rings to trace past climaticditons implies that
wood tissue is isotopically invariable. While tinigy be the case for modern wood, it
may not be so for fossil wood, leaves or chardoat may have undergone a number
of post-depositional changes (i.e. diagenesis).arificial aging experiment in which
four modern tree species (Schleseal, 1999) were aged in water kept at 180°C over
various times showed that changes in the isotamueposition of the wood did occur.
A two-stage isotopic change occurred during decaitipo, an initial strong

depletion of-*C and then a gradual enrichment, which slowly masks the initial
depletion. A study of archaeological and fossil ddmm Tertiary and Cretaceous
sites (Van Bergen and Poole, 2002) showed simiianges in isotope compaosition
due to molecular changes in wood structure thatrmed over time. Such change in
isotopic ratios of archaeological and fossil woe&a to be understood clearly if such
isotopic data are to be used in palaeoenvironmeatahstruction. Nevertheless the
81*C analysis of various fossilised wood, leaves drataal extracted from soil
organic matter dating to the Miocene and Plioceasedinown temporal variations in
vegetation communities and environment (Aredal, 2003; Bechteét al, 2002,

2003; Lockhearet al, 1998; Lickeet al, 1999; Nguyen-Tet al. 2002). Evidence for
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shifting proportions of gand G plants due to changes in aridity and temperature
during the Holocene in North and South Americalieean obtained fro*C data
from charcoal, wood and leaf samples (Biedenbeetat, 2004; Gouvei&t al.,
2002; Hunteet al, 2006; Van de Wataat al, 1994; Wooleet al, 2004).

Thes'3C values of archaeological charcoal have been tasgdantify changes in past
water availability (Aguileraet al, 2009; Ferricet al, 2006). Ferricet al (2006)

initially carried out a study of modeRinus halpensigAleppo pine) cores from areas
in the north-western Mediterranean Basin, withetifig water availability,

examining the effects of carbonisation on carbotojge composition over a range of
temperatures. It was established that, despitéfisignt changes i8*°C due to
carbonisation, the original climatic signal of theod was preserved. Identified
archaeological charcodP( halpensisfrom seven well-dated archaeological sites
(Bronze Age to Modern Age) in the same region aes tanalysed and th&C

values indicated that water availability in thetpaas higher than present values
(Ferrioet al, 2006). Further research using the carbon isatopgosition of
identified oak charcoaljuercus ilex/coccifepafrom 11 contemporary archaeological
sites in eastern Spain was used to create a meytwhn precipitation during the
transition between the Bronze and Iron Ages (c8-3W0 BCE) (Aguileraet al,

2009). An empirical model of seasonal changeséwipitation recorded in th#°C
values of extan®. ilexwas developed and applied to #C charcoal data from the
archaeological sites. This was done to develomtapap of past precipitation in
the region. The archaeological charc¥4C values preserved an original
environmental signal that indicated that preciptain the region was higher in the
past (Aguileraet al, 2009). This suggests that a coherent environrhsigtaal is
preserved in ancient wood and charcoal, regardliegsst-depositional changes and

the effects of carbonisation.

2.9. Thegeffect of combustion on stable isotope composition

A range of experimental work has been done to exanfie effects of charring on
wood and other plant material and how this may #fte isotopic composition of the
source material and the products of combustion Bafientineet al 1998; Poole and
Van Bergen, 2006; Czimczit al, 2002; Gundale and Deluca, 2006; Kretlal.,
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2003; McParlanet al, 2007; Poolet al, 2002; Turekiaret al, 1998; Turnet al,
2006). In most cases it was found that the combisémperature had the greatest
effect on carbon isotope values of both source mah&nd the products released
during combustion (Braadbaart, 2004; Braadbetaal, 2004; Gundale and Deluca,
2006; Pyneet al,, 1996; Scott, 2000). The length of the combusgpienod may also
affect isotopic composition, although researchasgetproduced conflicting results
(Czimcziket al, 2002; Turne¥et al, 2006).

Czimcziket al (2002) subjected modern hard and softwoods toidgaunder

pyrolitic (oxygen free) conditions at various temgiares. The mass of the wood
samples decreased from 7 to 84% depending onniygetature. Samples charred at
temperatures below 150°C had more posiiV€ values, while those charred at
temperatures above 150°C were more negative. Wamssascribed to the loss of
isotopically heavier cellulose during the charraidhigher temperatures. However, in
the case of the research carried out by Czimez#. (2002), all the material was
heavily treated prior to charring which was dondeamextremely controlled

laboratory conditions and this is not necessadjyresentative of a natural fire.

Conflicting results were obtained from a laboratstyydy conducted by Turekia

al. (1998) where no isotopic differences were seddiplants over a range of
combustion intensities, but;@lants showed a combustion-induced fractionation
effect. Analysis of charred material collected instralia from a variety of natural
fires and controlled natural fires has producetedihts*>C values for charring from
both G (grasses) andsGwoody species) (Krukt al, 2003). As opposed to charred
material produced under pyrolitic conditions, thajonity of material analysed was
charred under natural conditions, in open flaméh wxygen present. Charred
material produced under pyrolitic conditions wasoadnalysed to determine what
differences in*C/**C ratios may occur. The results showed that thvere
significant differences in the isotopic ratios bbcred wood produced by the two
methods. The fZharcoals from grasses had v&i@-depleted™*C values, which
was ascribed to the presence of highig-depleted organic carbon present in the
phytoliths found in grasses. Desal (2010) recorded similar{?C-depleted**C
values for Ggrasses combusted in laboratory experiments. Fb&’C revealed no

significant isotopic change.
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The results obtained by Krugt al. (2003) are encouraging and support the notion that
significant isotopic data can be obtained from aechogical charcoals. From the
range of identified species, it is clear that they all woody @ species that were
charred in natural oxygen rich fires. Therefdf€/**C ratios obtained from any
archaeological charcoal samples should not theattihave undergone any
significant fractionation and the results wouldeef climatic conditions, rather than

the effects of fire temperature.

2.10. Pilot studies and experimental research in southern Africa

In southern Africa and Africa as a whole, there basn limited research into the use
of tree rings and stable carbon isotopes as a @ipraxy (Table 2.2, Vol. Il, pg. 47).
High seasonal temperature variations in the tentpeegions of the Northern
Hemisphere create distinct boundaries in the greimthsequences of the various tree
species used for dendroclimatological researchly®aod tissue (lighter in colour)
laid down at the start of the growing season id\edsstinguished from the generally
denser and darker latewood, produced towards tth@f®tite growing season. This
feature greatly eases the development of chronedagnd hence the interpretation of
data obtained from either an anatomical or isotap@lysis of the tree ring sequence.
The situation in southern Africa is not as easilyalved because much of the region
is tropical or subtropical. The formation of clgarisible and coherent growth ring
sequences in tree species from tropical and sub#lo@gions is not a common
occurrence and, in those species that do haveldevigng structure, interpretation is
often difficult (Lilly, 1977). In more recent stuel a number of climate-sensitive
(particularly to rainfall) dendrochronologies hayween established for several African
tree taxa using growth ring width and density. @iotogies from two bushveld taxa,
Burkea africanaandPterocarpus angloensishowed a response to rainfall, relative
humidity and temperature in Namibia (Fichtigral, 2004). A 200-year rainfall
response chronology was obtainedRorngloensisn Zimbabwe (Therrelét al.,

2006). In addition, West African tree ring widths#vanna taxa showed a significant
correlation to annual rainfall patterns (Schéngéaal, 2006). Tree ring*C values
from several deciduous and evergreen species feomrarid AcaciaWoodland in

Ethiopia showed a significant negative correlatioth local precipitation patterns,

22



but not with temperature or relative humidity (Galortoset al, 2009). A problem
with southern African tree ring sequences is esthinlg an accurate chronology,
particularly when given the lack of clearly defingwth rings. This can be
overcome through high precision radiocarbon dadingelected rings (Vogeit al,
2001; Robertsoet al, 2004; Norstronet al, 2005).

Although some complications of interpretation exashumber of successful tree ring
studies have been carried out in southern Afrithzing both stable light isotopes
and more traditional dendrological analyses suatmngswidths and wood density.
One of the earliest studies was the establishnfeatl00-year long chronology
reflecting rainfall patterns in the southern CapmgWiddringtonia cedarbergensis
(Dunwiddie and LaMarche, 1980). Stable carbon se$an a 77-year long sequence
of annual tree rings fro. cedarbergensig-ebruary and Stock, 1999) showed a
decreasing trend i#°C values due to depleted atmospheric carbon isotope
composition, but no clear connection was demorestraetween the isotope data and
climatic factors such as rainfall, suggesting thater availability is not the major
limitation for growth of this taxon. This indicatédsat care should be taken in the
selection of suitable species for isotopic analgsid the environmental requirements

of such species needs to be understood.

The relationship between rainfall a6tfC was tested by February (1997), who
subjected two eucalyptus species to an artificetiening program over a 16-month
period. Carbon isotope ratio data from leaf tisewf, cellulose and wood cellulose
became more negative under wet conditions and pasiive under drier conditions.
The results suggest thaf’C ratios may be a useful indicator of water constionp

An earlier study by Le Rouet al. (1996) produced similar results.

A study of§*3C ratios for archaeological charcoal samples frored sites in the
Elands Bay area, from the past 4000 years, indidht there were periods of
differing rainfall during that period (February,98 February and van der Merwe,
1992). The temporal variability in charc@afC values are considered to be
climatically induced. To test the validity of thesssults, further experimental work
was carried out, using archaeological charcoal filata archaeological sites located

in the eastern part of South Africa (February, 20%} 1997). Two species of wood
23



were identified as being the dominant species tmefiel at the sites, nameBrotea
roupelliaeandCombretum apiculatumModern samples of these two species were
collected along a rainfall gradient from the summagnfall region of South Africa,
close to areas with good rainfall records. Fresbdvand charred samples were
subjected to isotopic analysis to determine wheihene was any fractionation of
carbon isotopes during pyrolysis. It was found thas>*C values foiP. roupelliag
which can occupy a range of habitats, did not saoycorrelation with rainfall, but a
significant correlation exists between xylem vesss and frequency and rainfall
(February, 1992). The results also indicate th@nhatal control is not the only
adaptive strategy, as in this case xylem vesselcsn offset any stomatal response.
C. apiculatumis more habitat-specific ardd°C values show a significant link with
rainfall (February, 1997). The differing resultayrlikely be due to the habits of the
two speciesC. apiculatums drought deciduous, losing its leaves in thessdrgson,
wheread. roupelliaetends to keep its leaves for a number of seasbhis. may
affect the isotopic composition, as the older lsavay retain ratios from previous
years, which may be distributed to the plant a@terlstage. This again indicates the
necessity to understand the habits and environtesgfairements of potential species

for isotopic analyses.

The modern charcoal isotope data did not yieldsaaggificant results and February
concluded that it would not be possible to &S€ values of archaeological charcoals
as an indicator of past climatic conditions, howewe archaeological charcoal was
analysed (February, 1997). The results from thdenocharcoal indicated that there
was some degree of fractionation during the chamrocess which increased as
temperature was raised (February, 1997). Thislmeagause for concern regarding
the reliability of any isotopic data derived frommaccoals, as the variation seen in
8'*C values may be reflecting the effects of fire tenapures rather than climate. This
problem was addressed through a series of combusstigeriments and the results are

presented in Chapter 4.

83C values from tree rings have also be used as asnealetermine past
regeneration environments in forested environmien8outh Africa (Weset al,
2001) and the values are based on differenceirstitope juvenile effect between

individual trees. Using six species from two diffiet forest types, a subtropical forest
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in Kwazulu-Natal and a temperate forest in the \&tesCape, the researchers
demonstrated the potential to distinguish betwéms-tolerant and shade-intolerant
species. These differences allow one to determirether individual trees originated
in open or closed parts of a forest. The combefégtts of shading, water-use
efficiency and C@recycling below the canopy, produces a more negétfC signal
(Westet al, 2001). Thus a tree initially growing in a closad/ironment will have
more negativé'C values as a juvenile and as the tree grows ialierand above the
canopy, thé'C values will become more positive.

The water stress history of a dry adapted speaeg;ia eriolobafrom southern
Namibia was determined through stable carbon isoémalysis (Woodborne and
Robertson, 2000, 2001; Woodboreteal, 2003). The&'C data from am\. erioloba
specimen showed that values appeared to correkdtewth rainfall patterns, rather
than exclusively with groundwater levels as wagiaslly thought (Woodborne and
Robertson, 2000, 2001). Isotopic analysis of a remabPinusspecies from two
riparian zones (Woodborre al, 2003) also showed th&’C time series from tree

rings reflected the degree of water stress andnsgpto variations in annual rainfall.

More recently3**C time series and wood anatomy from two specimémsepnadia
salicinafrom the Limpopo Province were examined for thetemtial as a record of
past water stress and rainfall response (NorstB®3; Norstronet al, 2005). The
trees were dated using high precision radiocarladimgl techniques, rather than using
ring counts as the authors claim that this spetwes not produce rings on an annual
basis. The results revealed that climate changgsiaaegional palaeoclimatic
studies were reflected in th&’C time series and wood anatomy. A link to the ahnu
rainfall patterns of the last century was alsoafd in the isotopic and anatomical
data. An additional indigenous speci@dansonia digitatgBaobab), sampled from
the subtropical Mpumulanga Province produs¥( time series from annual rings
showing a positive correlation with local rainfplitterns. These results suggest that
A. digitatahas the potential to produce long term proxy résaf past climates with

high temporal resolution (Robertsenal, 2006).
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2.11. Conclusion

The above examples indicate that there is poteiatighfrican woody taxa to provide
detailed palaeoclimatic proxy records. To imprdwve ¢urrently available archive of
proxy evidence from such species, it is necessacyeate well-resolved, high-
resolution isotope and dendrological time seriemxfmore southern African species.
The review of both local and international resedrab indicated that there are several
aspects that need to be addressed in order to dératenthe potential of
archaeological charcoal as a source of proxy palagemnmental evidence. These

are:

» Selection of suitable species for isotopic analysis

» Creation of age models for selected species armirdetation of annual
growth rings

» Selection of appropriate wood tissues for isot@pialysis (i.e. wholewood
versusu-cellulose)

» Examining the effect of local environmental fact(@gy. precipitation,
temperature, humidity) on tl#>C values of tree rings and recording of
environmental response

* Accounting and correcting for changes in the cotreéion of atmospheric
CO,, namely the Suess effect and the physiologicploese of trees to
increased C@concentrations

» Accounting for the isotope juvenile effect

* Examining the effects of combustion (temperatur langth) on the isotopic
composition of wood when converted into charcoal

» Examining the effects of burial on the isotopic gasition of charcoal in an
archaeological context

» Accurate identification of charcoal recovered framarchaeological site

» Comparison of the charcoal-derived palaeoenvironahelata with other

palaeoenvironmental proxies

These aspects are addressed in the following atsapit¢his thesis. Chapter 4 deals

with a number of key issues relating to the intetation and understanding of
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isotopic time series from modern tree species fsonthern Africa. In terms of the
selection of suitable tree species for isotopidyamis, there are only a few species that
have been well studied. The presence of annualtgromgs and a simple age model
was created for the speciddifnusops caffrainvestigated in Chapter 4 through the
use of conventional radiocarbon dating techniqlisgough experimental work, it

was demonstrated that wholewood was an approytisatge to use for further isotopic
analyses and the isotope time series fMntaffradid provide a record of local
environmental factors, particularly rainfall. TheeSs and isotope juvenile effects, as
well as any potential physiological responses tnging CQ concentrations were

dealt with using Wavelet analysis.

Having addressed these issues, additional isoepitonmental time series were
obtained from sever&odocarpusspecimens using wholewood. These results are
presented in Chapter 5. This chapter also coversffiects of combustion on the
isotopic composition of wood when converted intarcloal and demonstrates that
both modern and archaeological charcoal from Silitiale preserves a meaningful
environmental signal. In Chapter 6 a sub-sampte@Sibudu charcoal samples used
in Chapter 5 are re-analysed to determine the tsffgfqpost-depositional processes on
the carbon isotope composition. The charcoal-ddrisetope data are then compared
with additional published environmental proxy datan Sibudu Cave showing that
evidence of similar environmental change is recoiidehe charcoad*C data as well
as by the proxies. In Chapter 7 a link betweenajlocbmatic changes and a local
manifestation of such change from the MSA layerSibtuidu Cave is demonstrated

and potential causes of such change suggested.
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CHAPTER 3. BACKGROUND TO SIBUDU CAVE

3.1. Sibudu Cave location, environment and geology

Sibudu Cave is located on the eastern face ofestied sandstone cliff in KwaZulu-
Natal, approximately 40 kilometres north of they@t Durban (Fig. 3.1, Vol. Il, pg.
5). The site opens in a south-westerly directioth @verlooks the Tongati River,
about 20m below the entrance. The modern coasdlib8km away. Although the site
is known as Sibudu Cave, it is technically a laigek shelter. The shelter is 55m in
length and approximately 18m wide, sloping abrufstyn north to south (Fig. 3.2,
Vol.ll, pg. 6). The majority of the archaeologickdposit is located in the upper,

northern portion of the shelter.

The vegetation that currently surrounds Sibudu Gaitlee remnant of a mixed forest
community. The adjacent terrain is not suitablesiagarcane fields and has provided
a refuge for indigenous vegetation, although tiethe danger of encroachment by
exotic plant species. The current vegetation comiyisialso considered to be
representative of a climax community, as indicdtgdhe presence @eltis
mildbraedii(Natal Stinkwood), a species occurring in maturests (Allott, 2004;
Wadley, 2004). A climax plant community is a seagfoup of species that is self-
perpetuating under the present environmental comdi{Smith, 1980). Arich
diversity of taxa is to be found, representingregeaof vegetation types, such as
canopy species, woody lianas and climbers, foresgim species and representatives
of woodland, bushveld and thicket vegetation (Acd®88; Camp, 1999; Lubke and
McKenzie, 1998; Mucinat al. 2006; Wadley, 2004, 2006). There are indicatitias t
in the past the Sibudu environment underwent a murmbchanges in the structure of
local plant communities each culminating in a satiimax community as a result of

environmental change.

The Sibudu region falls into the Indian Ocean Cald3glt, an area of approximately
800km in length, from the Mozambique border to@reat Kei River mouth. Much
of the original vegetation has been lost due thrapiogenic activities. The region
was most recently affected by the agriculturahaingis of Iron Age inhabitants. What
remains is to be found in isolated strips and rethpatches making classification
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difficult (Mucinaet al, 2006). The Indian Ocean Coastal Belt is now ictmmed to be
a biome based on vegetation structure and clincaicacteristics that are markedly
different from the Savanna biome. The current Indieean Coastal Belt structure
was established between after the Last Glacialdmtvl5 000 and 7000 BP and is
considered to be the youngest biome in South Affibacinaet al, 2006). It has been
divided into a series of vegetation units and tiei®u region falls into the KwaZulu-
Natal Coastal Belt (Mucinat al, 2006). The area is also referred to by other
researchers as Coastal Forest and Thornveld (Ac28B8), Moist Coastal Forest
Thorn and Palm Veld (Camp, 1999) and Coastal BudrBeassland (Low and
Rebelo, 1998), in other words, a mix of coastal iawetrior ecozones. Coastal forest,
described by a variety of researchers (Lubke andeveie, 1998; Moll and White,
1978), predominantly comprises evergreen specig s alevelops between 20m to

450m above mean sea-level.

The northern portion of the Indian Ocean Coasté#l IBes marginally seasonal rainfall
with the majority falling during the hot and hungdmmer months, but due to the
influence of frontal systems from the southernwagj 30-40% of rainfall can be
received during the mild, frost-free winter montiike mean annual precipitation for
the area is 990mm with a range between 820-12708amuize, 1997). Mean annual
temperatures range from 22-25°C in summer and 1C-ROwinter. The area
experiences high relative humidity (60-70%) anchhigtes of evaporation (1500-
1800mm per year). The moist summer heat assisiteimaintenance of the
temperature sensitive and moisture dependent abpégetation. The prevailing
climatic conditions are influenced by the southwsindt of the Intertropical
Convergence Zone during the summer months andhleéaating influence of the
warm Agulhas Current flowing along the east colkidinaet al, 2006). The
summary climatic data for KwaZulu-Natal CoastaltBek derived from instrumental
records (1927 to 2005) held by the South AfricareWer Service and the Water

Research Commission.

The cliff face hosting the shelter is identifiedN&tal Group Sandstone, about 490
Ma in age (Pickering, 2006). The thick layer ofisgehts forming the sandstones is
derived from the erosion of predominantly graniticks of the Natal Metamorphic

Province (Uken, 1999). The south-western sectiah@&helter is more exposed and
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has been subject to more weathering than the sadtern portion (Pickering, 2006).
The shelter was created by the lowering of the atirigiver channel that down cut
into the cliff face during a marine regression iarivie Isotope Stage (MIS) 6 (Maud,
2000; Pickering, 2006; Wadley and Jacobs, 20069. ugper northern floor of the
shelter is composed of fine brown sediments andlan§ragments of eroded
sandstone. There are also numerous large blocdanalstone in the north-eastern
corner from the collapse of sections of the shetief. On the lower southern portion
of the shelter, the sandstone floor is exposedsasias of ledges or steps (Pickering,
2006). An intrusive dolerite dyke is exposed in ¢hi face cross cutting the

sandstone approximately 15m upstream from the mcerto the site.

3.2. Excavation history, stratigraphy and cultural sequence

The site was first excavated by Dr. Aron Mazel @83 (unpublished notes in the
Natal Museum; Wadley, 2001a). A small trial treréfapproximately one meter deep
was initially excavated. This area has subsequéettyr incorporated into the current
excavation area (Wadley and Jacobs, 2006). Themregcavations and research
programs were started in 1998 (Wadley, 2001a, lBroy. Lyn Wadley and a team
from the University of the Witwatersrand and aii# shgoing.

More than 21rhhas been excavated. The site is excavated byiiolipthe natural
stratigraphy (Fig. 3.3, Vol.ll, pg.7). Each squaretre is assigned a location (e.g. A5,
C6). The square is further divided into four 50caadyants (a-d) and material from
each is curated separately. The a-quadrant is althe@northern and eastern facing
corner of each square. Initially the deposit wasesil through 2mm mesh, but from
2003 an additional 1mm mesh was employed to ernkareapture of
micromammalian remains and small seeds (Wadleyaodbs, 2004, 2006; Wadley
2006). The layers have been given specific nanedsatie related to the character and
colour of the predominant matrix (Wadley and Jac@06€6). The names have been
given abbreviated letter designations (Table 3dl,1V pg.49). The rationale for

using such unconventional nomenclature for theougriayers is to assist excavators

to recognise and remember them.

The designations for the specific layers sampledHis project are as follows:
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a) Two layers, Grey Sand (GS) and Grey Rocky (GR)dg@ samples from the
Howiesons Poort.

b) A single layer, Spotty Camel (SPCA), yielded sarsfitem the post-
Howiesons Poort.

c) Two layers, Red Speckled (RSp) and Orange Mottlepdsit (OMOD),
yielded samples from the late MSA.

The MSA layers from Sibudu have yielded a long sege of time-related informally
and formally named lithic assemblages (Fig. 3.4,IW@@g.8). These include, from
oldest to most recent, a pre-Still Bay MSA, StidyB Howiesons Poort, post-
Howiesons Poort, a late MSA and a final MSA. Thenafacturers of the different
toolkits used a range of rocks including locallyagable dolerite, hornfels, quartz and
guartzite. The pre-Still Bay assemblage (basalr I8 is small and although not yet
fully analysed, appears to differ significantlyrndahe Still Bay material (Wadley and
Jacobs, 2006). The Still Bay Industry (layers R@8 BRGS2) is characterised by
bifacial lanceolate points (Wadley, 2007). Residnalyses on the Still Bay points
have shown that some were likely to have been kuydtmives while others were
utilised as spearheads (Lombard, 2006a). Abové&titieBay, layers PGS, GS2, GS,
GR2 and GR produced a Howiesons Poort assemblageaterised by backed
segments. Some of these were probably arrow compo(@&adley and Mohapi,
2008) and bone points (that were arrows) are aissept (Backwelkt al, 2008). The
assemblage has been partly analysed (Delagreds 2006; Wadley and Mohapi,
2008; Wadley, 2008). Use-wear and residue analysafsm that segments were
hafted as various parts of weapons (Lombard, 20Bé&kgeter, 2007). The post-
Howiesons Poort, final and late MSA are informaleasblage names, based on the
available ages and lithic characteristics and ak these names are not accorded
formal industrial status (Wadley and Jacobs, 200b¢se assemblages have been
analysed and described by a number of researchisost-Howiesons Poort
assemblage indicates no substantial change indgpar technology, but there is a
shift in the type of rocks used (Cochrane, 200@a\énd Lenoir, 2006). The late
MSA layers have produced numerous unifacial pdims based on detailed
analyses, are considered to have been utilisepeas points (Villaet al, 2005; Villa
and Lenoir, 2006). The final MSA assemblage hag bakn recovered from the

eastern portion of the excavation and it contakasrles of hollow-base points,
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bifaces and wide segments (Wadley, 2005; Wadleyandbs, 2006). Microscopic
analyses of residues from selected retouched amdoawched artefacts from the site
have provided some understanding of the haftingramding technologies employed
by the inhabitants of Sibudu Cave, for examplangular points were used as
spearheads (Lombard, 2004, 2005, 20064, b; ¥ilkl., 2005; Williamson, 2004,
2005).

3.3. Dating of Sibudu Cave

Prior to the use of optically stimulated luminesmedating techniques a number of
radiocarbon ages were obtained for Sibudu CavelrbheAge layer was dated to
960 + 25 BP (Pta-8015) (Wadley and Jacobs, 2004). fRdiocarbon’(C) dates on
charcoal from the MSA layers were obtained by Malzging his excavations at
Sibudu. The first yielded an age of 26 000 + 42&ryBP (Pta-3765) and the second
an age of 24 200 + 290 years BP (Pta-3767). Thelesnthat produced the ages have
been considered as being out of context (Wadleylandbs, 2004). A further six
radiocarbon dates (Table 3.2, Vol.ll, pg.51) wdneamed from the post-HP, late
MSA and final MSA deposits from five samples of idwal and one of bone.
However these dates are considered as unreliathess MSA deposits fall beyond
or near to conventional and internationally accefitaits for radiocarbon dating
(Reimeret al, 2004; Van der Plichdt al, 2004; Vogel and Beaumont, 1972).

Within the MSA deposits are numerous quartz gréiasare suitable for optically
stimulated luminescence (OSL) dating. A chronolabgequence has been created for
the MSA layers using optically stimulated luminesoe techniques on single grain
and single aliqguot samples (Wadley and Jacobs,, ZIW6; Jacobs, 2004; Jacais
al., 2008a). Fourteen sediment samples were takendeposits above the
Howiesons Poort layers and these are presentedhle B.2 (Vol.ll, pg. 51). On the
basis of these 14 dates, the post-Howiesons Pd8A Myers can be divided into
three broad age clusters, ~58ka (post-Howiesong)Ped8ka (late MSA) and ~35ka
(final MSA). Seven OSL dates (Table 3.2, Vol.ll,. pd) for the Howiesons Poort,
Still Bay and Pre-Still Bay industries were derivieamm additional sediment samples
(Jacobset al, 2008b; Jacobs and Roberts, 2008). Based on tbssks, the
Howiesons Poort occupation falls between 65ka-6@&iaStill Bay dates to 70ka and
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the Pre-Still Bay to between 75ka-72ka (Jacette., 2008b; Jacobs and Roberts,
2008). On the basis of the consistency of the afyistimulated luminescence dates,

the radiocarbon dates have been rejected as minages

3.4. Palaeoenvironmental research at Sibudu Cave

In addition to the detailed record of behavioudtations through time, Sibudu
provides proxy environmental evidence (Fig. 3.4l.N@g.8). The sediments and
faunal and botanical assemblages from Sibudu hese bxtensively analysed by a
range of researchers to produce a detailed redarigamges in the local environment.
A brief introduction into the various sampling aawhlytical methods used at the site
and summary of the environmental changes suggbsgttt different proxies is
provided. As the focus of the project is on chakcaanore detailed discussion on

charcoal analysis was presented in Chapter 2.

3.4.1. Faunal data

The faunal assemblages from the MSA have been &xtdy analysed and the data
serve as a proxy for the environment around tlee a#t well as a record of shifts in
the procurement and utilisation of terrestrial, imaand freshwater resources (Cain,
2004, 2005, 2006; Clark and Plug, 2008; Plug, 2@086; Plug and Clark, 2008;
Reynolds, 2006; Wadlest al, 2008; Wells, 2006). A wide variety of species ar
represented. Changes in species composition amdlabce between the MSA
divisions >60ka to 48ka provide an indication ofcges in the environment in the
vicinity of the site through time. Preliminary taptomic analyses have been carried
out on both identifiable and unidentifiable matettadetermine a number of relevant
characteristics. These include understanding pi@fegrocessing methods, the
manner of acquisition, effects of non-human accatmdg agents and indications of
post-depositional alteration (Cain, 2005, 2006 rKC&nd Plug, 2008).

On the basis of these early results it appeardtbthtbefore and after ~60ka, humans
were the primary accumulating agent of the faurer((2006; Clark and Plug, 2008;
Plug, 2004; Wells, 2006). Micromammalian materiabvalso identified (Glenny,

2006). Certain species are strongly habitat speaifd the occurrence of different
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species combinations can be used to identify diffeecozones within an area.
Fluctuations in the species composition from a®vier time can be used to track
changes in the composition of local vegetation camitres. Eleven key species
(rodents, shrews and bats) were identified in thed deposits (Glenny, 2006).

Faunal evidence also lends support to a heavibsted environment and a
perennially flowing river during the Howiesons Pooccupation. Crocodile
(Crocodylus niloticuy water mongoosefilax paludinosus water monitoraranus
niloticus), frog and fresh water mollusc species and a tyaoewaterfowl species
attest to a permanent water source (Plug, 2006; &id Clark, 2008). The
Howiesons Poort faunal assemblage is dominated¥®1by mammal species (such
as blue duikerGephalophus monticojabush pig Potamochoerus porcugnd vervet
monkey Chlorocebus aethiopsthat favour closed or semi-closed habitats (Plug
2004; Clark and Plug, 2008). A small proportioriled species identified, such as
African buffalo Syncerus caff@rblue wildebeestGonnochaetes taurinysind roan
antelope ippotragus equinys from the Howiesons Poort layers are characterdt
predominantly open environments. This suggests ithaiddition to exploiting

forests, the inhabitants of Sibudu Cave were atsessing open savanna or woodland
areas within the vicinity of the site. Further earide for humid, moist forested
environments is provided by micro-mammalian spe@ash as the Gambian giant rat
(Cricetomys gambianyisind Geoffroy’s horseshoe b&hinolephus clivosis

(Glenny, 2006). Both species require humid coadgiand the Gambian giant rat
occurs exclusively in evergreen forests and woatig®kinner and Chimimba,

2005).

The faunal assemblage from the ~58ka layers shaavkeu differences in species
composition from that of the Howiesons Poort laye8snall bovid species decrease
and much larger species dominate the assemblagseTinclude equids, giraffe
(Giraffa cameleopardaljsand other large to very large bovids, such afahufS.
caffer and elandTragelaphus oryx(Cain, 2006; Plug, 2004, Wadley al 2008).
Duiker species (blue duike€( monticold and red duiker@Gephalopus natalengis
that tend to inhabit closed habitats such as tludst/woodland persist in small
frequencies and support the interpretation of tireinual presence of a riverine

forest/woodland community in the area. Grazeré stiscequids and alcelaphines
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appear throughout the ~58ka sequence, but arenpiedggher frequencies in the
upper layers indicating a shift to more open gess$lenvironment (Cain, 2006; Clark
and Plug, 2008; Plug, 2004). Such a marked inergagrazing species points to a
major change in environmental conditions from atb&eest/woodland communities
to drier more open savanna/grassland communitiesk@nd Plug, 2008; Wadlest
al, 2008). Further evidence for a substantial shiftegetation patterns is the
presence of the Natal multimammate moldagtomys natalengisn layer MY
(Glenny, 2006). This is a pioneer species thabéistees itself in areas that have
undergone a significant environmental change, #hdwagh the species has a wide
habitat tolerance, it is not a forest dwelling spe@nd has a degree of water
independence, allowing it to occupy in dry areas (aaff, 1981; Meestet al.,
1979; Skinner and Smithers, 1990).

The species composition of the ~48ka faunal asssgelprovides evidence for a
mosaic environment, consisting of a variety of vaien communities. The RSp
layer has produced a diverse species profile vejpinasentatives from a number of
habitats. Savanna and grassland species sucbhras@zguus quaggp giraffe G.
cameleopardalis warthog Phacochoerus africaniisbuffalo §. caffey and blue
wildebeest C. taurinug occur, as well as a number of forest/woodlandllige
species such as bush pRy porcu3, blue and red duiker and bushbud@kagelaphus
scriptug (Cain, 2006; Plug, 2004; Wells, 2006). At thisdi there is an increase in
the numbers of small browsing species, a changetieelates with the increase the
number of woody taxa represented by seeds (Waadlal, 2008). The Gambian giant
rat (Cricetomys gambianjiss present again in RSp at ~48ka, indicatingpitesence
of forested areas and rainfall over 800mm per annanother ecological succession
event, prior to or during the formation of RSp, niieysuggested by the occurrence of
the Natal multimammate mouddgstomys natalensisthe pioneer micromammal

species (De Graaff, 1981), previously seen in &tgka layers (Glenny, 2006).

3.4.2. Seed assemblage data

A range of carbonized seeds, nuts and fruit stbage been recovered from the MSA
layers (Sievers, 2006; Wadley, 2004). The occueaithese materials may be the
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result of accidental carbonisation when hearthseilt over already buried seeds,
nuts and fruit stones (Sievers and Wadley, 2008¢. dnalysis of these collections has
allowed the identification of vegetation commurstia the vicinity of the site and
provided a proxy record of climatic changes indddby variation in the community
structure. Care needs to be taken to avoid intexfioeal bias due to the agents of
accumulation, site formation processes, differéptieservation, sample recovery and
identification. Sixty-five taxa are representedyiich 35 were identified to family,
genus or species level using modern comparativeatmns and a series of key
attributes (Wadley, 2004). The remaining 31 taxeehaeen described as types until
identification is possible (Sievers, 2006). Theatanclude sedges, grasses, woody
climbers, trees and shrubs. To identify tempor#dtsin vegetation communities,
Sievers (2006) examined the presence/absence ah&ger species, changes in

species abundance and variability in the co-ocoge®f certain species.

Macrobotanical evidence (seeds) from the pre-68kert indicates a predominantly
forested environment with patches of woodland. @méaronment is considered as
woodland when woody species provide up to 75% caeoger, whilst forests
comprise predominantly of evergreen tree specids acontinuous canopy, a variety
of climbing species and epiphytes and low growimgiss and ferns on the forest
floor (Rutherford and Westfall, 1986). The occunemf Cyperaceae (sedges) seeds
in these layers suggests the presence of watarghouit the year, because this family
is generally heavily dependent on water. The dontisadgeSchoenoplectys
occurring in the MSA layers, requires year-rourahding water (Sievers, 2006).
Further evidence for a permanent water sourcevengby skeletal material from
hippopotamusHippopotamus amphibiojg$Plug, 2006). A number of evergreen
forest species have been identified in the cha@es¢mblage from these pre-60ka
layers. These includ@odocarpugYellowwood), BuxusandSapium/Spirostachys
(Allott, 2005, 2006).Podocarpusappears to be the dominant forest species at this
time. These then disappear from the record, bypesr in the uppermost MSA
layers (Sievers, 2006).

Changes in the ratios of evergreen versus decidsjpeses were calculated for the
MSA sequence (Sievers, 2006; Wadley, 2004). Thentyajof identified seeds from

the woody species are evergreen, but there apfmebesan increase in the occurrence
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of deciduous species in the upper layers. The mbevidence points to an increase
in deciduous species after 60ka, accompanied lgatay variety of seed types
(Sievers, 2006). This, however, may be the regudirger sample sizes due to more
extensive excavations (Wadley, 2006). The frequenaf deciduous species increase

noticeably through the ~48ka sequence even thougitgesen species persist.

3.4.3. Charcoal data

There is abundant charcoal within the MSA layerSibludu Cave, indicative of
extensive burning events. Charcoal has been lotaididcrete hearths, as well as
scattered across layers. All the charcoal at tlieessiems to have been the result of
deliberate burning of wood by the site inhabitaBisattered charcoal outside of
hearths is probably the result of hearth mainteeavtten ash and charcoal was
scraped from disused hearths in antiquity (Cai®b20A comparison of the
mineralogical and sedimentological characterisimd burnt bone from both discrete
hearths and ashy deposits show that the ashy deposivery similar to that within
the hearths (Cain, 2005; Schieglal, 2004).

Allott (2004, 2005, 2006) has identified temporaanges in vegetation and wood-use
at the site from woody taxa identified in the clemicassemblage. During excavation
large, friable fragments of charcoal are colledigdhand to prevent damage during
sieving. The largest and best preserved fragmeeaits recovered from the post-60ka
MSA layers. Charcoal from the older layers is mioigble, less abundant and
smaller, likely as a result of post-depositionag#inesis (Allott, 2004). All other
pieces were collected and curated from sieved matirring sorting either on-site or
at the laboratory. Only charcoal from the initrghl trench, composed of squares B5
and B6, was analysed. This was done as thereath provided the longest time
sequence of the excavation at the time of analyBsremove any additional bias to
sampling, charcoal was exclusively taken from #xdireent matrix and not from
discrete hearths. The area of all seven layerst-@@ka) sampled by Allott was 2m
with the exception of the Howiesons Poort layerisere only 1rihad been excavated
at the time of analysis. One-hundred and tweragrfrents of charcoal were taken
from each layer in five size categories. |dengifiocn of the charcoal was done using
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internationally recognised methods involving a nemtf comparative wood/charcoal
collections and a series of anatomical characiesisCharcoal was identified as far as
possible, usually to family or genus, by these m@sh All charcoal samples were
split into three, providing a cross-section, trarse section and a radial section.
These were then viewed either through an incidght microscope or scanning

electron microscope and key anatomical featuresded.

Woody taxa identified from the charcoal assemblad&ate a continuous presence
of an evergreen riverine forest component. Thisrme community is maintained
throughout the MSA sequence due to the perenniaddi River providing moisture
in all the periods that were occupied by peopléat#| 2004, 2005, 2006). As
previously indicated, there are a number of hiatubkat may represent dry periods
between occupations (Wadley and Jacobs, 2006 )hasdiiere are no records of what
environmental conditions may have been like dutirege times. The charcoal
assemblage from the middle ~58ka layers does maaicd®odocarpusbut has
Acaciaspp, Ericaspp, Morellaspp andZiziphusspp Podocarpuseappears in
SPCA whereéAcaciaspecies are absent, following the trend for the genera to be
mutually exclusive (Wadley, 2006AcaciaandErica species reappear in the BSp
layers, bufPodocarpugdoes not. These changes in local woody specrapasition
most likely represent changes in environmental itwms due to shifts between

wetter and drier periods.

The ~48ka charcoal assemblage also reveals aragene deciduous woody species.
In layer RSp there is an unusual combination & §gecies, witlcaciaand
Podocarpusoccurring together. These two genera are nornmalifually exclusive.
This combination of species is not seen in anyrdth@A layer from Sibudu (Allott,
2006; Wadley, 2006). The overall species compasitiom the ~48ka charcoal
assemblage suggests deciduous savanna woodlantaxatsuch aécaciaspp,
Albiziaspp. andCeltis. There is no evidence for the presencBadocarpusn the

remainder of the charcoal assemblage (Allott, 2006)
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3.4.4. Pollen and phytolith data

Fifteen layers were assessed for their pollen cdraed composition. Pollen retrieved
from eight of the layers was identified using msxopy and comparison with
reference collections. The pollen data show chamgtee local plant communities

and the anthropogenic utilisation of plant resosi¢&naut and Bamford, 2006).

Pollen and phytolith analyses from a number of &58lyers reveal the presence of
grasses, sedges, fern sporesAacaciaspecies (Renaut and Bamford, 2006; Schiegl
and Conard, 2006; Schiegfi al, 2004). The frequency of grass phytoliths insesa

in the upper layers. This may be due to more fatuse of grasses as tinder for
fires, reflecting anthropogenic behaviour rath@ntlenvironmental change (Schiegl
and Conard, 2006; Wadley, 2006), although thetfaitmore grass was being
brought to the site at this time may reflect amease in the presence of grassland
around Sibudu.

Grass pollen is present throughout the MSA sequdnteanalysis of the phytolith
composition of sediments shows an overall decreageass phytoliths and an
increase in tree phytoliths at 50ka (Schiegl andatd, 2006).

3.4.5. Sedimentological data

The Sibudu MSA deposits are finely stratified wettmplex layering, comprising
numerous ash lenses and well-preserved hearthsa@sibetween layers are
relatively sharp and they undulate in certain a(Pakering, 2006). Sedimentological
analysis indicates that the sediment componenth,ddhropogenic and natural,
show little or no indication of water transport ahdt the deposits are almost
completely due to the presence and activities ®@htlman occupants of the site
(Goldberget al, 2009; Pickering, 2006). The lower layers aretlighedded, lie
flatter than the younger layers and are composéidtdfbrownish-grey soft silts. The
upper layers are more complex and are composedriaius, coloured ashy layers.
Archaeological cave/shelter sediments comprisexaafibiogenic, geological and
anthropogenic components that link the history sit@to changes in the local
environment (Schiegl and Conard, 2006). A detadlealysis of more than 525

39



sediment samples from most of the Sibudu stratigcdpyers and 20 samples from
hearth/ash deposits (Schieglal, 2004; Schiegl and Conard, 2006) were subjected t
Fourier Transform infrared spectroscopy, transmifelarised light microscopy and
scanning electron microscopy coupled with X-raylgsia. These techniques provide
data on the mineralogical and phytolith compositbthe deposits, which reflect

changes in local environmental conditions.

Mineralogical evidence in the form of gypsum anltita crystals within the deposits
provides an indication of changing humidity levédsough time (Pickering, 2006;
Schiegl and Conard, 2006; Schieglal, 2004). Both materials require water to form,
but calcite is less soluble than gypsum (GoldbeawycPhail, 2006; Schiegl and
Conard, 2006) and will therefore persist duringges of higher moisture

availability. During the >60ka period (Pre-Still B&5till Bay and Howiesons Poort),
there is little or no gypsum present, but calcrigstals are prevalent suggesting higher
than usual humidity during this time. In the ~58kgers (post-Howiesons Poort)
there are numerous gypsum nodules present in pesde. Gypsum accumulations
such as those in the ~58ka layers are consideradissful indicator of past arid
conditions (Goldberg and McPhail, 2006). The foliorabf such nodules would have
required a brief phase of humidity, but due tortkeiubility in water, for the nodules
to persist, conditions would have to have becomeeradd. There are both calcite
and gypsum crystals present in the ~48ka layets fSA) and this suggests

relatively dry conditions.

3.4.6. Magnetic susceptibility data

Further palaeoclimatic data were obtained from retigrsusceptibility at ~58Kka,
48ka, 35ka and AD 1100 (Herries, 2006). Sedimemipéas were collected from the
southern, northern and eastern stratigraphic fadesmagnetic susceptibility
analyses of the Sibudu sediments provide a redosdadlating climatic conditions
driven by changes in temperature and moisture degrries, 2006). Since the
deposits are largely due to anthropogenic actwitehin the site (Goldberet al,
2009; Pickering, 2006); the magnetic susceptibdaya should be interpreted with
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care. It appears that the lower magnetic suscéptiteadings correlate with periods

of reduced human activity rather than a changherenvironment.

The coldest period in the ~58ka layers occurrdtiénearliest layers, YA2 to G1,
during the transition between MIS 4 and MIS 3. lorerrecent ~58ka layers,
magnetic susceptibility results show alternatinglenand warmer conditions,
although overall temperatures were lower than pte$éerries, 2006).The upper
layers (OMOD-MOD) of the ~48ka sequence still irrdéca warming trend, but
magnetic susceptibility readings do suggest aralriboling period in OMOD
(Herries, 2006).

3.5. Conclusions

Taken together, the available evidence from the idsans Poort layers shows that at
the end of MIS 4, the environment around SibudueGaas cooler than at present,
and conditions were also humid. A substantial exseng forest was supported
although areas of slightly more open woodland comitias were also present. The
post-Howiesons Poort (~58ka) layers provide eviddoc oscillating climatic
conditions from the coldest period at the end oSMlinto MIS 3. There is an overall
warming trend with a number of cooler phases. @lsgillations have resulted in a
number of ecological successions in the Sibudwregihere substantial changes in
the composition of the various plant and animal camities took place. The forested
environment before 60ka was drastically reducedagresh woodland and grassland
communities developed in addition to forested arBag to the continual presence of
water in the Tongati River, evergreen riverine $tseanay have persisted through the
periods when MSA occupation occurred at Sibudurdeno available
environmental evidence for periods when the site m@ occupied. This suggestion
is supported by the almost continuous occurrencgyperaceae seeds and pollen, the
persistence of a number of evergreen riverine sgadentified in the charcoal
assemblage, as well as forest-dwelling species asithe blue duiker in the faunal
material (Allott, 2005, 2006; Cain, 2006; Plug, 2pRenaut and Bamford, 2006;
Sievers, 2006; Wadley, 2006). At the end of MI&l the start of MIS 3 colder than
present conditions resulted in an increase in gpasslands, indicated by higher

frequencies of grazing species and grass phytolithging the warmer phases of
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MIS 3, the grasslands decreased in size and woddiEavanna predominated. Based
on the recent OSL dates there is a hiatus of 9.8ka between the post-Howiesons
Poort and late MSA occupations (Jacebsal, 2008a). This hiatus coincides with a
period of colluviation between 56ka-52ka, an intdaraof more arid conditions or
transitional climates and reduced vegetation caeeqrded from a series of well-
dated stratigraphic sequences from erosion guti&svaZulu-Natal (Botha, 1996;
Botha and Partridge, 2000; Botbkal, 1992; Clarkest al, 2003; Wintleet al,

1995). A second hiatus of 12.6 + 2.1ka occurs betvike late and final MSA
occupations (Jacolet al, 2008a). This hiatus also coincides with a peabd
colluviation during the period 47ka-41ka, recorde&waZulu-Natal erosion gullies
(Botha, 1996; Botha and Partridge, 2000; Bahal, 1992; Clarkeet al, 2003;
Wintle et al,, 1995). Environmental conditions were likely toarsh to permit the use
of the shelter as a permanent dwelling. The praxgyrenmental data from the late
MSA layers show an initial period of warming follea/ by a cooler period. The
combined seed, phytolith and charcoal data fron¥tBe and RSp layers may
indicate an overall increase in deciduous woodlaitkin close proximity to the site.
Further environmental data are available for thalfMSA (~35ka) layers, but have
not been considered for this study, as no suitetdecoal samples were available for

isotopic analysis.
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CHAPTER 4. RAINFALL CONTROL OF THE 8°C RATIOS OF
MIMUSOPS CAFFRA FROM KWAZULU-NATAL,
SOUTH AFRICA

Paper 1: Rainfall control of theé'°C ratios ofMimusops caffrdrom KwaZulu-Natal,
South Africa

Submitted toT he Holocene in October 2007, acceptel] August 2008 with no
revisions and published February 2008g Holocene 19 (2), 251-260.

Background to the paper

In this paper we present isotopic data obtaineah oo specimens dflimusops
caffra, a subtropical forest species that occurs spatlifin Dune Forest on sandy
soils along the northern coast of KwaZulu-Natalotder to understand and interpret
potential environmental responses from the arcloggcd! charcoal it is necessary to
first understand how and what ecophysiological aigare recorded in modern tree

species from the region and develop a set of moalesiogue data.

Growth ring sequences were obtained for each tee to the manner by which
rings are laid down in subtropical/tropical spectegas necessary to determine if
growth rings are laid down on an annual basis @g ¢iten have missing or additional
growth rings. This was achieved by high precismtiocarbon dating techniques of
three samples from the largest trunk section. Bdecarbon dates obtained showed
that the growth rings were laid down on an annaaidand indicated the need for
care when counting rings as growth rings are laidrdin a lobate fashion and it may

be possible to obtain incorrect ring counts.

Thes™C values of wood samples pre-treated in two way® wempared to

determine the most time-efficient method that yaeléh meaningful climatic signal
and this would be used for the duration of thegubjWholewood samples, pre-
treated by Soxhlet distillation, were compared twd samples from the same growth
rings that were further processed to yieldellulose. The Soxhlet distillation was a
two-step process, first utilising a 2:1 tolueneagtbl azeotropic mixture and then

treated with 100% ethanol. The comparison of wholevandz-celluloses*C
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values showed a significant correlatioh<(10.75, P > 0.0001, correlation = 0.85) and
both time series preserved the same record of@mwviental responses, although
wholewood values were depleted on average by 1.2%respect ta-cellulosed™*C
values. On the basis of these results and datarecent literature, it was decided to
use wholewood samples, a more time efficient metheeh the number of samples

that were necessary for this study.

Thed'3C values for three specimens were compared witiea Elimate data set
(rainfall, humidity and temperature) to determingiei climatic factor had the most
influence or5™C values creating a temporal record of the tregsamese to local
environmental climatic conditions. This was carreed using signal processing
techniques. The results show thMatcaffrais adapted for an environment with high
moisture availability. There is also evidence forigotope juvenile effect during the
early stages of growth. In the more recent grawtys, dating from 1950 to 2004,
there is evidence for anthropogenic influenceshengotopic composition. Through
the use of signal processing techniques (wavatetss possible to account for these
influences and separate the inter-annual climasponse of the trees. The carbon
isotope time series fro. caffrashows a strong inter-annual response to rainfall
variability and allows the reconstruction of raihfzatterns beyond the instrumental
record of the region.
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Rainfall control of the 8**C ratios of Mimusops caffra from Kwazulu-Natal,
South Africa
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Witwatersrand, Private Bag 3, WITS 2050, SouthcAfri

2. Natural Resources and the Environment (NRE), EtesyProcesses and Dynamics (EPD), CSIR, P.O. Box 39
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41. Abstract

High precision radiocarbon dating of individual gtb rings demonstrates that
Mimusops caffrgroduces annual growth rings. Direct comparisotinefcarbon
isotope composition of the annual rings from twe@mens from the northern coast
of KwaZulu-Natal, South Africa, with the historitiroatic record that exists from
1927, shows a response to the amount of rainfedirded for each year. TBEC
response is particularly sensitive to extreme esuath as tropical cyclones and
droughts. It is demonstrated that wholewood sampiegide an accurate record of
climatic conditions. Although the result allows ¢pterm periodicity in rainfall to be
determined over the 134 years during which thestlttee grew, the last 20 years is
overprinted with &"°C shift of anthropogenic origin. Signal processapproaches
allow the inter-annual rainfall response to be sa&tea from the long-term

anthropogenic influences.

Keywords. Stable carbon isotopes, spectral analysis, wayétefscal cyclones,

drought, environmental record

4.2. Introduction

Scenarios for climate change rely on circulatiordeis that approximate the
dynamics of the earth system. An important teshefaccuracy of model forecasts is
the skill with which the known trajectory of clineatan be constructed. Unfortunately
historic records of climate variability are too shio southern Africa to discern

longer, multi-decadal, cycles of variability. Sommghly resolved palaeo-records do
exist (Holmgreret al, 2003; Scott, 1996; 1999; Scott and Woodborné7a02007b;
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Talma and Vogel, 1992) from southern Africa, butstrare either too widely
scattered to reconstruct spatial variability or paorly resolved in the time domain to
make synchronous inter-regional comparisons. Tinggs thold potential proxy
evidence for geographical variations in past clesgtiMcCarroll and Loader, 2004),
but the dynamics of tropical and sub-tropical regicn southern Africa have not been
as thoroughly studied as those of Northern Hemispteanperate regions (e.g. Briffa
et al, 2004, Chevillaet al, 2005; Ghosh and Brand, 2003; Kadorgal., 1999;
Leavitt, 2002; Martinelli, 2004; Van Bergen and Bp@000). One of the concerns is
that accurate dating is required and low-latituée species do not have the
distinctive growing season that leads to the foromabf annual growth rings.
However other seasonal factors, such as the ocwe@ rainfall in southern Africa,
provide a potential mechanism that might lead &ftimmation of annual rings. An
initial assessment of 108 indigenous South Africaas identified?odocarpusand
Widdringtoniaspecies as having the potential to provide clinpadies (Lilly, 1977).
However, even for these species many factors fdcathe formation of rings. Any
study of environmental proxies from tree ringshalenged first to demonstrating
that rings are annual, and second to demonstrateéhté proxy measurement from the

rings is environmentally meaningful.

Stable carbon isotope chronologies derived from ttirgg sequences are an
established means to reconstruct past environmgénéstractionation of carbon
isotopes during photosynthesis is influenced byrenmental and climatic factors
such as insolation, temperature, humidity and pietion (Ehleringeet al., 1986;
Farquhaet al, 1989; Francey and Farquhar, 1982; Leavitt amiyl.@991). The
influence of these factors are recorded in&H€ values of tree rings and the
variation seen in these values may serve as atelipraxy (e.g. Kadonget al., 1999;
Leavitt, 2002; Leuenberget al, 1998; McCarroll and Loader, 2004). Where the
environmental driver of the isotope values candterined, the constraint is in the
time dimension. The approach has only been appliedew selected species that

demonstrate annual growth patterns.

A 400-year dendrological sequence usigidringtonia cedarbergensfsom the
southern Cape linked rainfall patterns to annugg widths (Dunwiddie and

LaMarche, 1980), and stable carbon isotopes inariree rings from a 100-year old
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W. cedarbergensi§-ebruary and Stock, 1999) showed a decreasing tr5**C
values due to depleted atmospheric carbon isotopgasition. These studies are at
odds with one another as no clear connection wamdstrated between isotope data
and climatic factors (e.g. rainfall). Several trewy studies have been carried out in
southern Africa. Stable carbon isotope ratios ffoesh wood, cellulose and
carbonised wood samples@dmbretum apiculaturandProtea roupelliadrom a
climatic gradient from the summer rainfall regidnSmuth Africa were compared
(February and Van der Merwe, 1992; February, 1997apiculatumshowed a
significant correlation betweei°C values and rainfall, whil. roupelliaedid not.
The water stress history of a drought- adaptealcia eriolobatrees from southern
Namibia and the Northern Cape was elucidated thrataple carbon isotope analysis
(Robertson and Woodborne, 2001; Woodbarnal, 2003). Theé**C data appeared
to correlate with groundwater levels, and not esiglely with rainfall patterns
(Robertson and Woodborne, 2001). Variable resutiewbtained from isotopic
analyses of selected pine tree sped@sus patulas'’C variations correspond to local
rainfall patterns but those ®inus elliotiido not (Woodbornet al, 2003). Th&**C
composition and wood anatomy of two specimerBrebnadia salicinagrowing in

the Limpopo Province reflected regional palaeoctimehanges in the ring sequences
over a 600-year period (Norstrom, 2005). Annuaifedi patterns of the last century
were reflected in the isotopic and anatomical dathe most recent rings. Data from
older rings showed that the trees were also respgnid drier and wetter periods
between the mid-1500s and the 1800s.

In this paper, we presedit°C results from growth ring sequences of two spensd
Mimusops caffrdrom northern Kwazulu-Natal. THE>C data demonstrates the

potential ofM. caffrato provide evidence of climatic variability in K&alu-Natal.

4.3. Stablecarbon isotope composition in trees

During carbon fixation lighteP'CO, molecules are more readily assimilated by the
photosynthetic enzyme (RuBisCO) than hea¥i€0, molecules (Farquhat al.,
1988). This creates both a g@iffusion gradient within the stomata as well as a
isotopic gradient. Th&CO, molecules diffuse faster through the intercellsiaace
(stomates) than the heavié€0, molecules. This simplified mechanism underlies a
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dynamic fractionation response to external envirental conditions. Trees maintain
the water potential in their leaves by regulating transpiration through the stomates
(Farqguharet al, 1982). When soil moisture levels are low the sttas close and
photosynthetic pathways make more use of the @@pped within the leaves. This
results in increased use 'B6€ for carbohydrate synthesis during periods of wate
stress. Fractionation is relative to the availatiaospheric C@isotopic ratio, and

can be expressed as:

3°C o = 0°°Camospere— 2~ (0= a)% (Farquhaet al, 1982)

The current value fa"*CamospherdS considered to be -8%o, based on the use of VPDB
standard (Coplen, 1995; McCarroll and Loader, 208djl the value faa (4%o)
represents the discrimination agaitf€O, during diffusion via the stomata ahd

(27%o0) is the net discrimination due to carboxylati®he values; andc, represent

the intercellular and ambient G@oncentrations respectively. Total fractionatien i
controlled by the relationship betwegrandc, which varies in response to stomatal
closure (Farquhaat al, 1982).

It should be noted that stomatal response is ooty water regulatory mechanism
of trees, and also a stomatal response may noyalaféect CQ exchange. Short
term changes such as atmospheric relative hunmaditlysoil moisture fluctuations
may affect CQ exchange between the leaf and atmosphere. Loagerchanges
include anatomical changes (and hence the numltstowfata) and rainfall variability
may also result in complications during £€xchange. The burning of fossil fuels has
also led to a progressive decrease instfi€ values of the atmosphere and has
consequently affected tl3&°C ratios of trees (Dongarra and Varrica, 2002; iteav
and Lara, 1994; February and Stock, 1999). Lodhlksenbinations of
anthropogenically altered and natural environmédiatztbrs such as air pollution,
canopy cover and soil salinity have an influencereas'*C composition (Farquhar
et al, 1989; Livingstonet al, 1999; Weset al, 2001). It is necessary to establish if
the§'C values of a tree species are controlled by enmiental factors and not by
the other complicating adaptive responses. “Cdliméagainst known climatic

indicators is required, and while this may appéautar, the approach allows the
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extension of the climatic reconstruction back belythre time-frame of the calibration

dataset to a time frame that is limited by the aigghe tree species.

Stable carbon isotope research on woody tree rahieitially used wholewood
samples (Craig, 1954; Liblst al, 1976), but subsequently it became clear that
various components of wood differ isotopically (¥dh and Grinstead, 1977) and
studies began to focus on cellulose (Barleial, 2001; Leuenberget al, 1998) A
number of methodological concerns were addressesing cellulose. Cellulose
cannot be mobilised by the tree and so it canrtketl to a specific growth period. In
addition, there are reduced problems of inter-ahvar@ation and lignin ratios.

Greater sample homogeneity can be obtained duelhgiase purification.

The processing af-cellulose and lignin is a lengthy process anduige of
wholewood tissue ovexr-cellulose has been considered (Leuenbezgal, 1998;
Schleseet al, 1999; Barbouet al, 2001; McCarroll and Loader, 2004). Research on
the '°C values of lignin, cellulose and wholewood fronk t@e rings showed that
the 5°C values for cellulose and lignin are offset bywt®9%o. (Loaderet al, 2003).
There was no temporal offset shown in % values, with all three materials
displaying similar trends over time. Wh&HC values of the three tissue types were
correlated with a number of climatic variables (pemature, precipitation and relative
humidity), the strongest correlations detected vilene wholewood data, followed by
cellulose and lastly lignin. This suggests that ktvmod has the potential to provide
a suitable proxy of climate (Cullen and GriersodQ@, Loadeet al, 2003;

McCarroll and Loader, 2004). Additional studies da@omparingi-cellulose and
wholewood isotope values have shown that both dett@ same climatic information
and no climatic signals were lost when using wholesvovera-cellulose (Barbouet
al., 2001; Warreret al, 2001). If information on specific climatic evensuch as
significant droughts or floods is required, it m@g/pertinent to utilise-cellulose as
this tissue type may record short term events raccerately (Cullen and Grierson,
2006). All these factors are important to conselgecially when comparing data sets
(Loaderet al, 2003; McCarroll and Loader, 2004; Ringteal., 2005). These effects
are statistically more pronounced when sampleasetselatively small (Westt al,
2001).
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44. Materialsand methods

Mimusops caffrdE. May ex A.DC) is a member of the Sapotaceaedbatrs as a
small to medium tree or shrub, depending on thatioo in which it grows. It is
found in the tropics and subtropics at low altittided is restricted to the eastern
coast of southern Africa from Mozambique, alongKheaZulu-Natal coastline,
through the Transkei and into the Eastern Cipeaffratypically occurs in Dune
Forest (Lubkeet al, 1997; Lubke and McKenzie, 1998), growing abdweetigh tide
mark (Coates-Palgrave, 2003; Palmer and Pitmarg;doley, 2003; Van Wyk and
Van Wyk, 1997).

A trunk disc was collected in February 2005 frosita in Umhlanga Rocks along the
northern coast of KwaZulu-Natal (Fig. 4.1, Volpig.9). The disc (Umhlanga 1) was
obtained from a larghl. caffrafelled as part of an urban development project and
was located approximately 700 meters from the ackaecond trunk disc

(Admiralty Reserve 1) was collected from the Adrty&arine Reserve
approximately five kilometres south of Umhlanga kKo(Fig. 4.1, Vo.ll, pg.9). This
tree was located about 50 meters from the ocetireidune cordon. Although
collected in 2005, both specimens had been fetbetksime in 2004.

The trunk samples were sanded with increasingbrfgrades of sandpaper (grades
P40um to P1200um) until growth ring sequences wiealy visible. The rings were
traced around the circumference of each trunk usibmocular microscope and an
incident light source. The total number of growtbrements was established and
each ring numbered from the exterior to the ceofttbe trunk. A total of 134 rings

were counted for Umhlanga 1 and 56 rings for AdityirBeserve 1.

4.4.1. High precision radiocarbon dating

Tropical and subtropical trees often have probl@waig sequences where rings may
not form on an annual basis (Norstrom, 2005; Vegell, 2001; Woodbornet al.,
2003; Robertsort al, 2004). It is therefore necessary to establisibgervable rings
are representative of annual growth cycles. Woatlwas carefully extracted from

three separate growth rings from Umhlanga 1, takarg to avoid contamination
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from adjacent rings, was prepared for high prenisamiocarbon dating. These were
from ring 17 and ring 25 assuming they would cateelwith the years AD 1987 and
AD 1979 respectively. A third sample comprisingoanposite of the innermost part
of the disk (rings 134-124) was also prepared. 3esmg 20g to 259 from each of
these samples were split into small fragments seated with dilute acid (2% HCI)
and alkali (2% NaOH) to remove any soluble organaterials. They were washed
with distilled water, dried, combusted and the ocarHioxide gas collected and
purified. The results were then calibrated usirghigh-resolution atmospheric

radiocarbon record for Pretoria (Voglal, 2002).

4.4.2. Sample preparation and processing for isotopic analysis

The longest radial growth ring sequence was seldotensure that a maximum
number of samples for isotopic analysis could keraAn offset transect of drillings
(2mm diameter) was obtained from the intersectioih@ cambium and bark and the
most recent growth ring to the centre of the trurtke high resolution sampling
strategy allows several samples to be taken fremgie ring which highlights the
within-ring variability, provided that the ringseagreater than 2mm in width. If there
was evidence that the tree grew continuously thghtallow the testing of seasonal
variability in the environmental response of theetrand even though this seemed
promising the dating resolution cannot answer disstion. This sampling method
has proven to be successful in a number of stabtepe studies of tree ring
sequences (Norstrom, 2005; Woodbaoehal, 2003).

Due to the large number of samples that were geegra time efficient processing
method of sample pre-treatment, developed by GiE263) and adapted by Loader
et al (1997), was employed. Samples were subject atuare/ethanol Soxhlet
distillation process to remove mobile constituestsh as resins, oils and waxes.
These constituents may not be deposited duringptheation of growth rings and the
pre-treatment ensures they are not reflected biestarbon isotope values (Loadkr
al., 1997). This method allows for the rapid batabcessing of numerous small wood

samples for stable carbon isotope analysis.
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An initial test was carried out to determine whettie isotopic value odi-cellulose
or wholewood samples would respond to an envirotaherariable. A comparison
was carried out using the most recent 18 growtpsriinom the Umhlanga 1 trunk.
One-hundred and forty-two samples from two adjasampling transects were run
through a Soxhlet distillation process. Samplesnfrone of the sample transects
(n=71) were further processed twcellulose using a sodium chlorite/sodium
hydroxide bleaching (Loadet al, 1997). The results show thatellulose produced
the same inter-annual variability that is seenha wholewood (Fig. 4.2, Vol.ll,
pg.10) with an offset of 1%.. Minor variations #°C values are due to small
differences in sample position across each growit. This is in line with results
seen in studies previously mentioned (Cullen andr&won, 2006, Loadest al, 1997,
McCarroll and Loader, 2004). The carbon isotopeueslof wholewood and-
cellulose showed a significant correlatiof £r0.73, correlation coefficient = 0.85, P
< 0.00001). The rest of the results presented aereall derived from wholewood

samples.

The carbon isotope analyses were made on a TheesbgA 1110 elemental
analyser integrated with a VG Isogas SIRA 24 stedglope ratio mass spectrometer,
housed at the CSIR in Pretoria. Approximately 0.4nguots of wholewood were

run in duplicate. If the precision for each sanyé@ was unacceptable (0.30%o
variation), an additional aliquot was analysed. Twoject specific standards, a C
grass Hyparrhenia hirtg and a G tree Shorea superbjavere used to correct for any
sample size effects of the elemental analyser. €& hagicular species were selected
because they each represent average carbon is@hes for G and G plants. The
average precision for the replicates was <0.12%tof®e results are expressed in delta
(8) notation on a per mille (%o) scale relative to Yienna PeeDee Belemnite
(VPDB) standard.

45. Resultsand Discussion

45.1. Radiocarbon dates

As the Umhlanga 1 tree was felled in AD 2004, difgshould have grown in AD
1987 or AD 1988, and ring 25 should have grown ih ¥979 or AD 1980 depending
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on whether the 2004 ring had formed sufficientlyhat time of sampling. The
radiocarbon analysis of these samples (Table 4llIVjpg.53) yielded “bomb
carbon” that was calibrated against the recordemspheric-“C record from Pretoria,
South Africa (Vogekt al, 2002). The approach involves a direct compariso
between the measured radiocarbon activity of & iting, and the record of
atmospheric radiocarbon variability. Since the “tbocarbon” record shows an initial
rise (as a result of above ground nuclear bomlingstnd a subsequent drop (the
dilution of the atmospheric carbon as other reses\tarn over after bomb testing
went underground), there are typically two yeara/lmich the atmosphere matches
any tree ring value. Only one of the interceptslmamcorrect, and by comparing the
dates from several rings it is possible to deteemwhich this is. Rings 17 and 25
calibrate to AD 1987 and AD 1979 respectively imadiicg that the rings are formed
annually. The third sample comprising rings 12434, taken from the centre of the
tree, should have grown between AD1870- AD 188@& Most precise measurement
of southern Hemisphere tree rings from this timeam McCormacet al (2002), and
their data suggest that the radiocarbon date shiaud been c. 150 BP or 98.2
percent modern carbon (pmc), but it is also ndtatl there are substantial inter-
annual fluctuations that occur at this time. Theulewas 98.8 £ 0.95 pmc, which is
within 1 sigma error of the anticipated value. Taébration is based on the
INTERCAL98 dataset with a modelled 40-year southiemisphere offset (Talma
and Vogel, 1993) that corresponds very well with INTERCALO4 dataset (Reimer
et al, 2004)

On the basis of the three radiocarbon dates weuwdathatM. caffraproduces
annual rings, Umhlanga 1 started growing in AD 18X only rings formed from
AD 1927 onwards are used in the comparison witrclineate variables because of
the limits in the latter data. The isotope datadesefAdmiralty Reserve 1 spans the
period AD 1960 to AD 2004.

45.2. 8"C variability in response to environment

The growth rings fronM. caffraare extremely variable in width and between find a
seven isotope samples could be taken from the withggs, while in narrower rings

53



only one or two samples could be removed. To ab@@d arising from the sampling,
both the isotopic and climatic data were annualigélimatic data (rainfall,
temperature, humidity) were obtained from the S&dtican Weather Service for
three weather stations along the northern KwaZutaNcoast and were similarly
annualised over the presumed growing season & ime@e southern Hemisphere
(June-July). The available annual rainfall datg.(&.3, Vol.ll, pg.11) show a
number of extremely wet periods as well as sev@aperiods during this time. The
wettest years were 1951 and 1987, each with amaundéll of over 1900mm. Other
exceptionally wet years include 1950, 1975, 1988 H909. A drought occurred in
1958/9 and the driest conditions were recordechdutP92/3 where only 276mm of
rain was recorded (Dube and Jury, 2003). The memapérature record for the same
time period (1927 to 2004) shows a gradual incréase approximately 1980 (Fig.
4.3, Vol.ll, pg.11). The humidity record is limiteds consistent records were only
available from 1981 to 2004. The 1992/3 droughéfkected as a notable decrease in
humidity (Fig. 4.3, Vol.ll, pg.11).

Figure 4.3 (Vol.ll, pg.11) shows the variabilitytime §**C records for Umhlanga 1
and Admiralty Reserve 1. Both trees show evideriee“pvenile effect” in the
earliest years of growth. This manifested as megatives'C values in the oldest
rings and is due to the tree recruiting below theopy where they are subject to
lower light exposure that affects photosynthesendpy thickness, leaf area and tree
stand density will also have an influence on theénile effect” (Norstrém, 2005;
Vogel, 1978; Weset al, 2001). In Umhlanga 1 and Admiralty Reserve loeerall
downward trend iB**C values occurs after 1980. This may be a pagiionse to
anthropogenic influences such as increased Greeslgasses, atmospheric pollution
and an overall increase in mean temperature (Fepama Stock, 1999), but is almost
certainly manifest in the isotopic value of the aspheric CQ. From the mid-1980s
mean temperatures have gradually increased arwhthen isotope composition of
the atmosphere has become more negative. The chamtipe carbon isotope
composition of the atmosphere can be seen in ted®f5**C values of Pretoria air
samples from 1968 to 2001 (Vogslal, 2002) (Fig. 4.3, Vol.ll, pg.11).

The climatic response manifests in #1&C record as a negative correlation with

rainfall and temperature (Fig. 4.3, Vol.ll, pg. 1%hen rainfall deviates substantially
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from normal (e.g. during tropical cyclones or drbtsgj, this response is reflected in
the 5°C values. During periods of high rainfal’C values become more negative
and more positive in times of drier periods. Tiesponse is amplified during
extreme years such as the extremely wet 1950/51992/93 drought years (Fig. 4.4,
Vol.ll, pg.13). A similar pattern is seen wh&HC values are compared with
temperature, although the correlation is weakemfRlh, however, is the main factor
affecting the carbon isotope composition of tre@seliorating the influence of
temperature and anthropogenic factors. Due toditiisinating influence th&'*C
values fromM. caffragrowth rings provide a record of past climatic dibions,

particularly rainfall.

Based on the comparison&fC values with rainfall it is possible to predict
deviations in rainfall beyond the instrumental mekc(1927). The carbon isotope
sequence for Umhlanga 1 extends to 1870 and thetiearobserved between 1870
and 1928 suggests that there is an irregular ¢gde 7 years) of wetter and drier
than normal rainfall conditions. Historical recost®w that between 1870 and 1899
there was a rapid transition between wetter aref thiean normal states (Nicholson,
2000). These fluctuations appear to be refleatetiés*C values of Umhlanga 1
from this period (Fig. 4.4, Vol.ll, pg.13) Care sitdb be taken when examining
carbon isotope data from the earliest years of gr@s thed**C values are affected

by the “juvenile effect”.

The superposition of the short-term climatic reggofrainfall) and other long-term
effects (juvenile and anthropogenic) in the isotogEord complicates attempts to
identify longer term rainfall forcing that might logcorporated into climate models.
An approach that can be used is time series dalgsas. The data sets were subject
to Continuous Wavelet Transform (CWT) using a Mowavelet with a central
frequency of 6 (Grossman and Morlet, 1984; Mall@89). The data are decomposed
into a frequency (period) domain which de-coupléfeient underlying fundamental
drivers. In respect of the isotopic data for Umhkad and Admiralty Reserve 1 the
anthropogenic effect for example, decreases oeelast two decades of tree growth
while the juvenile effect affects approximately firet decade of growth. The result is
a wave form with a frequency (period) in the orde80-50 years (depending on the

age of the tree) that dominates both time serilbs.presence of these effects is
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manifest in the modulus of the CWT analysis (Figh#A and 4.4B, Vol.ll, pg.13) as
red shading, while blue shading indicates frequenthat do not underlie the isotope
data. A similar breakdown of the environmental ability is presented in figures
4.4C-E (Vol.ll, pg. 13). It should be noted tha thse of annualised data limits the
minimum period in the analysis to approximatelyeans, while the upper limit of the
period in the analysis is constrained to the cdnefuence by length of the time
series. As a result the inter-annual responsarifatband the anthropogenic effect do
not influence the analysis. This decoupling of drsvallows a comparison between
the environmental forcing and the isotopic respaigsbe tree without the

interference of the overprinted signals.

The cross wavelet analysis (Hudgetsal, 1993) is a direct comparison between the
underlying frequencies in two time series datadéatsure 4.5AG-4.5AE,, Vol.ll,
pg.14). The isotope data set from Umhlanga 1 (ashahifalty Reserve 1 but not
shown) is compared with the environmental drivarg] where both have the same
frequency of variation the modulus of the cross eletvanalysis is enhanced
(depicted as red in Figure 4.5ABE1, Vol.ll, pg.14). Where a frequency is not
present in either one or the other time series skitahere is no enhancement of the
cross wavelet modulus (depicted as blue). The weaaglalysis and the cross of the
isotopes with the environmental data highlight1880/51 wet period and the
1992/93 drought.

The relationship between the carbon isotope reprgslerved itM. caffraand rainfall
is further enhanced by the cross wavelet phasgsiadFigure 4.5 AGAE,, Vol.ll,
pg.14). If rainfall variability from year to yeas dominant in controlling the isotope
values, then it should also consistently apply owatti-year time scales, but the
superposition of the anthropogenic effect and tivenile effect makes this difficult to
asses. The phase relationship between the isoamgkthe environmental variables is
more coherent (the phase relationship is moressrdenstant across all periods of
variability) for rainfall than any of the other vables. This is apparent from the
dominance of near in-phase (yellow to pale blugjores of the isotope/rainfall cross
wavelet phase analysis (Figure 4.5A€o0l.1l, pg.14), which is in contrast to the high
degree of phase variability (red to dark blue)h&f isotopes/humidity or
isotopes/humidity analyses (Figures 4.5/ddd 4.5Ak, Vol.ll, pg.14).
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4.6. Conclusions

The isotopic variability inherent in wholewood sdeyofM. caffraprovides a
potential measure of past rainfall. An age moddhis species was obtained using
high precision radiocarbon dates and indicatesgirmtth rings are produced on
annual basis. During the period, 1927 to 2@3%; values oM. caffrarespond
extremely well to a number of dramatic variatiomshe regional rainfall record,
particularly during 1951 (wet), 1965 (dry), 1975}y 1987 (wet), 1992 (dry) and
1997 (wet). The use of wavelets provides an optimethod that overcomes the
seasonal and non-linear components of the datadsiaict traditional inferences
based on time series analysis. This approachmstse to extreme events such as
tropical cyclones and droughts and it is noted tihetperiodicity is apparently
random in contrast to other climate proxy data €Bgsonet al, 2002). The data
imply that longer term climate forcing in the are@haotic and a systematic seeding
of climate change models with extreme events wilyde probabilistically and not

deterministically accurate.
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CHAPTER 5. STABLE CARBON ISOTOPE RATIOS FROM
ARCHAEOLOGICAL CHARCOAL AS
PALAEOENVIRONMENTAL INDICATORS

Title: Stable carbon isotope ratios from archaeologicat@al as

palaeoenvironmental indicators

Published inrChemical Geology (2008) 247, 384-400

Background to the paper

In this paper we demonstrate that an environmenmtedy recorded in a tree ring
sequence is conserved in §1&C values of the branch and charcoal from the same
tree. The genu®odocarpusvas selected on the basis that it was the predorhin
species in certain Middle Stone Age (MSA) layemsrfrSibudu. The genus is
considered as a dominant climax species in matiyeoforest types in South Africa.

Two trunk cores and corresponding branch samplesy Seaton Park (KwaZulu-
Natal) were analysed and th&{fC values compared. A trunk disc fronPafalcatus
from the Baviaans Kloof (Eastern Cape) providéd’g time series from trees
growing in a more moisture-restricted environmenbyiding a contrasting analogue
to the Seaton Park trees. The results for thisisygecare presented in detail in
Appendix B (section B.2), and show a response mualrainfall variation. Thé°C
values of trunks and branches from Seaton Parkfregerve the same environmental
record, in this case correlating with humidity dathperature data from the region
(Table 5.1., Vol.ll, pg.54). Therefore it is pddsito obtain a short record of past
climatic conditions from the growth rings of braesh These results favourably
suggest that an environmental signal may be predernvbranch charcoal.

Branch samples from fivie. latifolius specimens were collected from Seaton Park.
These branches were in the average size rangeanf eallected for fuel, currently
utilised by firewood harvesting communities. Tharizthes are likely to be
representative of the size class of wood fuel ctdié by inhabitants of Sibudu Cave
during the MSA. Branch discs were combusted ungiglising and reducing

conditions and their respectié&’C values compared wit’C values from their
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corresponding un-burnt discs to determine if theesanvironmental record was
preserved in burnt discs, as seen in the fresh wims.5°C values for the reduced
and oxidised charcoal were depleted with respetttdsource material but reflected
the same response to prevailing climatic conditemsecorded in fresh wood. The
branch sample sets provided evidence that it isiplesto generate meaningful

environmental signals from tt3&°C values of charcoal.

An additional experiment determined the range atioigic variability in products
released during various stages of combustion eéargbranch o. falcatus This
provided a further check th&t’C values from charcoal are still representativenef
original fresh wood signal. The results indicatieat combustion temperature has a
significant affect on the carbon isotope signatfrthe various products released
during combustion, but the isotopic compositiornha remaining wood tissue
remains relatively constant. In wood-fuelled firdge temperature range of 450 to
500°C deplete8'®C values with respect to the source material, leicharcoal still
preserves the seasonal and inter-annual isot@mds$r These modern analyses
indicate that it is possible to obtain an isotagicord of past climatic conditions from
archaeological charcoal. This was demonstratedigivéhe comparison of
archaeological charcoatC values from Sibudu and the modern analogue déia.
archaeological charcoat®C values from warm and moist periods were simdar t
those from Seaton Park and those from the coolkdaer periods fell within the
range of5'°C values from the Baviaans Kloof. T&EC values of archaeological
charcoal therefore reflect environmental changesutih time at Sibudu Cave.
Additional proxy palaeoenvironmental data from s$ite have provided supporting

evidence for these changes.
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5.1. Abstract

The potential to provide environmental proxies gstable carbon isotopes from
modern and archaeological charcoal is exploredpeBments on moderfAodocarpus
(Yellowwoods) show thai'*C values of stems, branches and charcoal presesxg p
environmental conditions, including rainfall, huntydand temperature. An
additional experiment showed that combustion teatpeg affects the carbon isotope
signature of charcoal. Burning at 450°C to 500°@leless'C values with respect to
the original wood, but the charcoal retains thesgeal and inter-annual isotopic
trends recorded during the growth of the tree.

The§*C of Podocarpuscharcoal from three levels from the Middle Storgesite of
Sibudu Cave, KwaZulu-Natal, South Africa, was coregawvith modern analogues
from two different environments, Seaton Park (KwiaZNatal) and the Baviaans
Kloof (Eastern Cape). Other environmental profiem levels dated from >70ka
and ~48ka, show that environmental conditions chdrigpm warmer and wetter to
colder and drier and finally becoming warmer anérdrThe isotope data are
consistent with this reconstruction. The resultsrfithis series of experiments
indicate that it is possible to obtain meaningfallggoenvironmental information from

83C values of archaeological charcoal

Keywords. Stable carbon isotopes, Archaeological charcadgddenvironmental
signals, Middle Stone Age
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5.2. I ntroduction

The carbon isotope composition of wood varies spoase to environmental
parameters such as temperature, humidity and [tegcim (e.g. Briffaet al.,, 2004;
Edwardset al, 2000; Leavitt, 2002; McCarroll and Loader, 2084uet al., 2005;
Van Bergen and Poole, 2000). Charcoal and chaalei@ms of wood derived Black
Carbon (BC) and it is possible that the isotopiciemmental records will be
preserved. Many climate and environmental stulliége® made use of stable isotope
and other chemical data derived from burnt orgamatter. These include examining
changes in palaeovegetation (e.g. Behling and d¢#&C2001; Bendassdt al, 2002;
Biedenbendeet al.,, 2004), carbon cycling and sequestration in estesys (e.g.
Gleixneret al, 2001; Schmidt, M.W.let al; 1999; 2002; Skjemstaat al, 1996) and
changes in atmospheric carbon dioxide concentraijery. Cope and Chaloner, 1980;
Jones and Chaloner, 1991).

The processes by which charcoal is formed and pred@are well understood.
Charcoal is defined as any blackened plant-denmaterial that has been
significantly altered, chemically and structurallyrough heating via fire (Forbes
al., 2006). Itis considered to be biologically androielly inert after formation and
will undergo an extremely slow process of degramte(Cohen-Ofret al, 2006;
Forbeset al, 2006). Since charcoal has a high resistanchémical oxidants (Bird
and Grocke, 1997; Skjemstatal, 1996) it has a long residence time in deep soil
profiles (Skjemstad et al., 2002) and geologicabrds (Cope and Chaloner, 1980).

The goal of this paper is to demonstrate thatpioissible to obtain meaningful
palaeoenvironmental information from the carbonape ratios of archaeological
charcoal. First we demonstrate that an envirortahe@sponse to rainfall,
temperature and humidity is recorded in modern $esmf stems, branches and
carbonised wood tissue of the selected gelhodpcarpusWe show that a degree of
carbon fractionation occurs during the conversibwaod to charcoal. We present a
continuous record of carbon isotope values for advample combusted at a range
of temperatures under oxidizing and reducing caomaktto demonstrate the range of

isotopic variability in the products of wood tisst@mbustion. The carbon isotope
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ratios of archaeologic&odocarpusharcoal (Allott, 2004, 2005, 2006) from selected
layers representing three periods of the Middlen&tdge (MSA) sequence from the
site of Sibudu Cave, KwaZulu-Natal, South Africa #ren compared with the

modern isotopic data. Additional archaeologicatapec data fronCeltischarcoal are
provided as further evidence that a palaeoenviramahsignal is preserved in

archaeological charcoal.

5.3. Recent stable carbon isotope research on charcoal

In many environmental studies it is assumed thddacaisotope ratios derived from
naturally occurring and anthropogenic charcoalkad@ect representation of the
isotopic values of the wood tissues from which thveye formed, and hence a record
of environmental and climatic signals (e.g. Behlamgl da Costa, 2001; Bendassuli
al., 2002; Biedenbendet al, 2004; Cope and Chaloner, 1980; Gleixetal, 2001,
Jones and Chaloner, 1991; Schmidt, M.Veét.al, 1999; Skjemstadt al, 1996,).

This assumption implies that there is an insigaificor constant fractionation of
carbon isotopes during the burning process (Tuetey, 2006), but the changes that
take place in the stable carbon isotope composttigrtant material during
carbonisation are still not well understood. Wo®domposed of a range of
macromolecules such as cellulose, lignin and varpmlysaccharides. These all have
a characteristic carbon isotope composition anid taktive abundances contribute to
the overall isotopic composition of wood (Poeteal, 2002). During combustion
these macromolecules are broken down into varipesific pyrolysis products,

mostly furans and pyrans, and released (Steinbemls 2006). The removal of these
compounds is driven by their relative chemical gitgtand strength of molecular
cross bonds. Differences between how these maceauek break down during
combustion allow cross-reactions between their pectsland produce a number of

additional compounds prior to release (Steinbeisd., 2006).

Studies carried out to determine the effects oflmastion on the carbon isotope
composition of plant tissues and their productsarhbustion have produced varied
and often contradicting results. A study compafa@nd G vegetation (Turekiaet
al., 1998) showed that under laboratory conditiomsGhvegetation yielded small
differences irs"°C values between the source material and aersssldues and
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gasses produced during combustion. For then&terial there was a substantial
fractionation during combustion. TBEC values for the §fatty acids from the burnt
samples showed enrichment relative to the un-buatérial (Ballentinet al, 1998).
This is in contrast to th&"C results for the aerosols and particles collebted
Turekianet al (1998), where there was little or no differentehes'C values of the
burnt and un-burnt material. The opposite was seédata collected from sediment-
derived charcoal samples where no significant cesimgp**C values were observed
between burnt and un-burni €amples (Cachieat al, 1985; Krullet al, 2003). Bird
and Grocke (1997) found that charring wood and $eafples resulted in more
negatives'*C values when compared with the un-burnt sourceriadt An isotopic
analysis of the combustion products of cellulosg lagnin (Steinbeisgt al, 2006)
indicated that there were no significant differenbetween th&"*C values of the

bulk cellulose and lignin and the me#riC values of the volatile compounds. These
results are similar to those presented by Ture&iaat (1998). However, it should be
noted that thé'*C values of some of the individual compounds wetestantially
different from the3**C values of the bulk material (Steinbegssal., 2006).

Significant variations in the overall chemistryvabod tissues were observed at
combustion temperatures higher than 200°C (BaldmckSmernik , 2002), but
despite the variability the overall chemical conmpos of the wood tissues was fixed
within thirty minutes of combustion regardless@nperature (Turnest al, 2006).
There are indications that tA€C values of the remaining source materials terzbto
depleted, likely due to the selective removal 6iGienriched fraction and to an
extent the degree of oxidation. THEC depletion between the source material and
the products of combustion in the various experisiesnges from as little as 0.1%o to
0.4%0 (Krull et al, 2003; Turekiaret al, 1998; Turneet al, 2006; Steinbeisst al,
2006), whilst others show a more extensive chanpetween 1.0%o to 7.0%. (Leavitt
et al, 1982; Turekiaret al, 1998). There are however, exceptions to tAiset of
propagules (peas) burnt at a range of temperash@sed enrichment i81°C values
(Pooleet al,, 2002) and wood tissue subject to an artificgiag treatment using heat
and water (Schleset al, 1999) produced enriched*C values relative to the source

material.
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5.3.1. Charcoal stable carbon isotope research in southern Africa

In southern Africa research was carried out tordatee the feasibility of obtaining
climatic information from5**C analyses of archaeological charcoals by corrgati
modern data with rainfall records (February and YanMerwe, 1992; February,
1997; 2000). An initial study showed tl#&fC values of wood charcoal varied
through time and that such change was climatigatlyced (February and Van der
Merwe, 1992; February, 1994b). Archaeological cbalfrom three sites in the
Elands Bay area, Western Cape Province, identifaed the family Ebenaceae
(genusDiospyros/Eucleahad significantly differens'°C values from those of
modern charcoal values from the same genera (Fgbd@02; February and Van der
Merwe, 1992). The archaeologi@afC values also showed variability through time
with the oldest charcoal (4200 BP) having more hiegaalues than the more recent
material (460 BP). This result was attributed targe of climate-influenced plant
81*C values (February and Van der Merwe, 1992).

Further work was carried out to compare stableararfotopes in charcoal,
wholewood and cellulose and to examine their isSotoglationship to rainfall
(February, 1997). Th&"™C values from two woody speci&@pmbretum apiculatum
andProtea roupelliaevere differently affected by rainfallC. apiculatun'C values
for the wholewood and cellulose correlated sigatffity with rainfall values across a
rainfall gradient. Thé'°C values from th@. roupelliaesamples did not show any
significant correlation with the same rainfall datéebruary (1997) attributed this
difference to plant habit€. apiculatums drought deciduous with specific habitat
requirements, where&s roupelliaeis evergreen and grows in a wide range of
habitats. None of the charc@fC values of either species showed a significant
correlation to rainfall. This was thought to besasult of the loss of hemicelluloses,
cellulose and lignin during various stages of pys@. The loss of tissue during
combustion resulted i&1°C values becoming depleted on average by 0.5%.Q40
and 1.0%0 at 500°C. This fractionation is not canstwith different pieces of wood
reacting differently during pyrolysis.

It is obvious, based on the examples, that theme singular explanation for the

changes seen in carbon isotope ratios from buchuarburnt plant material. Whether
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products of combustion are depleted or enricheHeir respectivé™C values is
dependent on a number of factors. These inclugléyie of plant material burnt (e.g.
leaves, wood, seeds), size and surface area, laleagiaygen, photosynthetic pathway,
cellulose/lignin ratio and amount and concentratbwolatile compounds as well as
the temperature at which the material is combu@atiock and Smernik, 2002;
Ballentineet al, 1998; Bird and Grocke, 1997; Cachetal, 1985; Krullet al, 2003;
Leavittet al, 1982; Poolet al, 2002; Schleseast al, 1999; Steinbeisst al, 2006;
Turekianet al, 1998; Turneet al, 2006). In addition the heating temperature and
length of burn will also influenc&"C ratios. A further consideration is the various
sample pre-preparation methods employed prior mabestion and the methods of
combustion used before carbon isotope ratios aesuned (Krullet al, 2003).
Laboratory experiments may not produce results ¢etely comparable to results
derived from material produced in natural firesrliom isotope values of compounds
released from flash pyrolysis experiments will iiffrom those produced under slow
combustion conditions, such as natural burns dirapbgenic fires. This will be due
to the production of secondary reaction compounalisg a longer period of
combustion. In this study we preséhiC values from compounds and source
material produced under combustion where the oMeralperature increase is slow

and the length of burn is considerably longer tthash pyrolysis.

Notwithstanding the complexity, there have beenmlver of studies that have shown
that it is possible to obtain significant palaedesvmental information frond**C
values from charcoal (e.g. Bendasstlal, 2003; Bird and Grocke, 1997; February
and van der Merwe, 1992). It may be some time ledorall-encompassing
theoretical framework will predict tH#3C of all trees from environmental conditions
therefore we restrict ourselves to an empiricaraagh. We focus specifically on
Podocarpus.The data presented in this paper show that itssipte to obtain
meaningful environmental information from archagidal charcoal of this species

since environmental causality is demonstrated idemno specimens.
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54. Study area, material and methods

5.4.1. Background to Sibudu Cave

Sibudu Cave is located approximately 40 km nortBwifban, about 15 km inland of
the Indian Ocean, on a forested cliff overlookihg Tongati River (Fig. 5.1, Vol.ll,
pg.15). The site has a deep, well-preserved atledard MSA sequence that has
been subject to archaeological excavation sinc& {@&dley and Jacobs, 2004;
2006). Preservation of organic material, such a®poharred botanical remains and
charcoal from fireplaces is extremely good. Thegeaof additional published
environmental evidence currently available fromghe includes charcoal and seed
analyses (Allott, 2004; 2005; 2006; Sievers, 200&gdley, 2004), micro and
macrofaunal analyses (Cain, 2006, Glenny, 20063,”21004; 2006; Wells 2006),
sedimentological studies including magnetic susb#ipy, palynological and
phytolith analyses (Herries, 2006; Pickering, 20Rénaut and Bamford, 2006;
Schieglet al, 2004; Schiegl and Conard, 2006) and trackingmiporal changes in

communities through correspondence analysis (Regn2006).

The site was excavated by natural stratigraphylayets are individually named
using a nomenclature that refers to the colouhefredominant matrix (Wadley and
Jacobs, 2006). The MSA stratigraphy is complex,jdgenerally clear with
numerous thin, coloured interfingered layers arstirit well-preserved hearth
structures (Fig. 5.2, Vol.ll, pg.16). Sedimentotad) analyses of the deposit
(Pickering, 2002; 2006) indicate that sedimentsntgagtomprise anthropogenically
derived material with very little evidence of wat®rne transportation. These layers

have been given abbreviated letter designations.

Fourteen optically stimulated luminescence (OSligsidave been obtained and they
suggest that the currently excavated MSA layergegan age from >70ka to ~35ka
years ago (Jacolet al, 2008a). The cultural sequence is broadly diviéo

undated layers older than 60ka and three youngeclagters (Jacolet al, 2008a).
The undated period includes the Howiesons Poorj (iHic assemblage, the Still

Bay and several informal lithic industries. Theethage clusters have been

informally named on the basis of the lithic asseagbk within them. The ~58ka

73



assemblages are referred to as the post-Howiesms (post-HP), the ~48ka
assemblages as the late MSA and the ~35ka assesnlaaghe final MSA. The
archaeological charcoal analysed in this studytakesn from the HP, the post-HP
and the late MSA assemblages. No suitable chasamaples were available from the
final MSA.

A complex mosaic of habitats may always have edisiear the shelter because of
the influence of the Tongati River and becaus&efdombination of shaded south-
facing hill slopes and warm north-facing hill slespeBased on recent analyses of seed
(Wadley, 2004; Sievers, 2006), charcoal (AllottD202005; 2006) and
micro/macrofaunal assemblages (Cain, 2006; Gle2®d6; Plug, 2004; 2006;
Reynolds, 2006) from the site, the HP layers (G& @8) represent a period of warm,
moist conditions with a predominance of evergreeadt (dominated bjodocarpus
spp), probably on the southwest-facing hillside anothesavanna species possibly on
the north-facing slopes. During the post-HP pe(®ECA) at ~58ka, conditions were
cooler and drier than present with varied habitaas included some evergreen forest
(perhaps restricted in its extent), riverine formstl open woodland. There appears to
have been a shift to warmer (though still coolantpresent) dry conditions with
bushveld and limited forest communities duringldte MSA (RSp and OMOD) at
~48Kka.

5.4.2 Archaeological samples

The genufodocarpusvas selected for isotopic analyses because pfetsominance
in certain of the MSA layers at Sibudu Caveeltischarcoal was sampled from the
same archaeological periods asRBoelocarpuscharcoal on the assumption that the
different sensitivity of this genus to environmerigectors might provide a more
robust interpretative framework than thedocarpusalone. The charcoal was
identified using important wood anatomical featuxad a number of reference
collections (Allott, 2004; 2005; 2006). The oldksters analysed in this study, Grey
Rocky (GR) and Grey Sand (GS) (Fig. 5.2, Vol.ll,J&) are still undated, but are
older than 60 ka and probably younger than 70kad{@yaand Jacobs, 2006; Wadley,
2006). These layers are representative of the I8Pk period. One hundred and
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twenty two charcoal sub-samples (18 fragments)tifieth asPodocarpuswvere
obtained from the GR and GS layers. A small sét sxib-samples (1 fragment) of
Celtischarcoal was taken from GS. The next oldest lagerpled was Spotty Camel
(SPCA) and has an age of ~58ka. This layer repteslea post-HP period. Twenty
sub-samples (2 fragments)@bdocarpusand 12 sub-samples (1 fragmentCafitis
were taken from SPCA. It should be noted that tpecges ofPodocarpusvere
recorded for SPCAP. latifoliusandP. falcatus(Allott, 2004; 2005; 2006). The
youngest samples were taken from two layers fraridte MSA. Fifteen sub-samples
(1 fragment) oPodocarpusvere from Red Speckled (RSp) which has an OSL afate
46.6 +1.9ka (Jacobst al, 2008a). Thirty-six sub-samples (3 fragmentsLeltis

were obtained from the Orange Mottled Deposit (ON@GYer. OMOD has an OSL
date of 48.3 +1.8ka (Jacobsal, 2008a).

These sample sets were selected from layers coeditie be representative of the
different climatic and environmental conditionsttbacurred in the Sibudu region
during Oxygen Isotope Stages 3 and 4, as indidatguliblished palaeoenvironmental
data. These environmental shifts may be reflectelde carbon isotope composition

of the archaeological charcoal, if an environmesigihal has been retained.

5.4.3. Modern Samples

Podocarpuss generally a dominant climax genus in many efttiopical and
subtropical forest types in South Africa (Acock888&; Killick, 1990; Palmer and
Pitman, 1972; Pooley, 2003; Schmidt, &.al, 2002) and their adaptability allow the
genus to establish and maintain its presence.géhas is therefore potentially a
good indicator of environmental change over timiée presence dfodocarpus
implies a well-forested environment with high marst availability. An absence or
limited occurrence of the genus may imply a reduoeested environment and drier
conditions and the genus may thus be restrictstiétiered and protected portions of
the landscape. Archaeological charcoal from a stgemusCeltis,was subject to
isotopic analysis. This genus has a larger disiobuand the ability to adapt to a
wider range of environments, particularly drier i@ cocks, 1988; Coates-Palgrave
2003; Pooley, 2003; Van Wyk and Van Wyk, 1997).
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Five specimens d?odocarpus latifoliugReal Yellowwood) (Coates-Palgrave, 2003;
Pooley, 2003; Van Wyk and Van Wyk, 1997) were sautom a remnant portion

of Coastal Forest (Low and Rebelo, 1998; Lubkal, 1997; Lubke and McKenzie,
1998). This section of indigenous forest has h@eserved as a small suburban park,
called Seaton Park, located to the north of thedafiDurban, about five kilometres
from the coastline. There are about 100 speci@sdajenous trees in a fairly densely
wooded environment (Nichols and Fairall, 1992).e park is located on the lower
eastern slope of a steep-sided valley and is gextdrom winds originating from the
coast. The. latifoliustrees sampled are located on a rough transectaitiples
from the upper region of the park down to the loasa that was at one stage a
marshland (Nichols and Fairall, 1992).

Core samples (2, 3 and 4) were removed from thksrof twoP. latifolius
specimens (B and C) for comparison with correspmpbtranch samples. Branch
samples were cut from five selectedlatifolius specimens (B, C, L, M, N). The
branches range in diameter from 30 to 60mm, whatlk fvithin the size ranges
currently collected by firewood harvesting commigsit{Abbott and Lowmore.,
1999; Sekhwela, 2003; Van Wyk and Gericke, 20G0nuch of rural Africa,
branches collected for firewood would be predomilyasterived from deadwood that
had either fallen to the ground or that was easilyessible. Modern ethnobotanical
studies have shown that harvesting firewood is@redantly done on naturally
produced, dry (dead), but not rotten, wood (Arci®80; Abbott and Lowmore,
1999; Shackleton, 1998; Sekhwela, 2003; Van Wyk@adcke, 2000). Some dead
wood is cut or chopped from trees or shrubs frosy¢a-reach branches and thin

trunks.

An additional trunk sample ¢fodocarpus falcatusom the Baviaans Kloof area,
Eastern Cape Province (Fig. 5.1, Vol.ll, pg.15)ed part of the modern sample set.
This tree was analysed to provide a stable carkmtiope record from trees growing in
a moisture restricted environment as a contrasteéGeaton Park trees, which grow

in an environment with much higher moisture avaiigh
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A single green branch sample of a specimeR.datifoliuswas collected from the
grounds surrounding the laboratory in Pretoria\aad subjected to isotopic analysis
to determine the range of variability in the carlmstope values of the products
released from wood tissues during the stages obastion

5.4.4. Wood and charcoal preparation and analysis

Three discs, 15mm thick, were cut in sequence ®anh branch from Seaton Park.
These discs, core samples and the Baviaans Klogflsavere sanded with
increasingly finer grades of sandpaper (grades P4@UP1200um) until their growth
ring sequences were clearly visible. The total benof growth increments was
established for each disc/core using a binocularaacope and an incident light

source.

One disc from each sample set was left un-buretsédtond set was tightly double
wrapped in heavy duty aluminium foil to exclude ggy and was placed in a pre-
heated muffle furnace at 450°C for two hours. Theduced charcoal under a
reducing (@-limited) environment. The third set of discs vdeaced on a foil-
covered grid over an open wood fire to simulateiratourning conditions and left
until completely charred. This produced charecoaler oxidizing (@-rich)
conditions. This process took less than 15 miniatiethe largest disc (60mm in

diameter) and about five minutes for the small@8t{m in diameter).

Material for isotope analysis was drilled along tadyacent offset transects using a
2mm drill bit, from the intersection of the cambiwamnd bark with the last visible
growth ring to the centre of the disc or end of¢bee. This method of sampling
growth ring sequences has proven to be successéuhumber of stable isotope
studies (McCarroll and Loader, 2004; Norstrom, 2000dborne and Robertson,
2000; 2001; Woodbornet al, 2003). Each sample was allocated to a porti@n o
corresponding ring or rings to allow comparisorhes*C values. The growth rings
from P. latifoliusare extremely variable in width. Between three fwelsamples
could be taken from the widest rings, but in nagovings only one or two samples

could be removed. This precludes examining the@otvariability on a sub-annual
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basis in this species, and so 8% ratios for each core/branch were annualised by

averaging the results for each ring.

The method used to pre-treat the wood samples exadaped by Green (1963) and
adapted by Loadest al. (1997). This method allows for the rapid batchcessing of
small wood samples for stable carbon isotope aizalysamples were run through an
ethanol/toluene Soxhlet distillation process ineorith remove mobile constituents
such as resins, oils and waxes. The Soxhlet psoeasoves those materials that may
not coincide with the formation of the growth rirysd ensures that they are not
reflected in the stable carbon isotope values nbth{Loadekt al, 1997). The un-
burnt wood samples were run as wholewood. Sometéx@ope studies of tree ring
sequences have produced stronger climatic sigrais\wholewood samples than
those derived from eithercellulose or lignin (Loadeet al., 2003; McCarroll and
Loader, 2004).

The charcoal samples from the two burning methosl® wlaced in Pyrex test-tubes
and covered with a 1% hydrochloric acid solutidinese were placed in an oven at
70°C overnight, washed with distilled water unti peutral and dried. The
archaeological charcoal samples were pre-treatdd®b HCI overnight and washed
with distilled water until pH neutral.

Aliquots of approximately 0.2mg were combustedioe-In a Thermo Flash
Elemental Analyser (1112 series) integrated vidarmo Finnigan Con-flo llI
system with a Thermo Delta V Plus Isotope Ratio ¢agectrometer, housed at the
Ecosystem Processes and Dynamics (EPD) labor&&iR, Pretoria. Each sample
was run in duplicate. If the precision for eacimpke pair was unacceptable (0.10%o
variation), an additional sub-sample was run. aVverage precision for the modern
replicates was <0.06%o. and for archaeological sasn0e08%o.

An additional experiment was carried out usingeegrsample d?. latifolius A
10mm long piece of the branch was placed direaty the furnace of the elemental
analyser, with no pre-treatment. The temperattitbeofurnace was manually
increased in steps by between 5 and 15°C and thert&gsotope composition of the

released products were measured using the madsmpeter at each temperature
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increment. This was done under a reducing envigsrimantil a temperature of
1000°C was reached. Once the furnace reached C068§gen was introduced and
carbon isotope composition of the gasses releaseel measured at regular intervals
until the sample was completely combusted.

Two project specific standards, a @ass Kyparrhenia hirtg and Gtree Shorea
superba were used. These species were selected asdbkyapresented average
carbon isotope values fos@nd G plants. All stable carbon isotope results were
expressed in delta) notation on a per mille (%o) scale. The stabldona isotope
ratios were measured as deviations from internatistandard reference materials
and are reported relative to the Vienna PeeDeenidete (VPDB) standard (Coplen,
1995) using the following equation (Francey andjEhar, 1982):

5 — ( (Rsample - Rstandard )

sample —
Rstandard

R=C/C

j x1000

55. Resaultsand discussion

5.5.1. Comparison of **C valuesfrom modern trunk coresand branches

The annualised carbon isotope variability for threee samples (Core 2, 3 and 4) as
well as the branch data (Branch B and Branch Cgwempared with annual rainfall,
temperature and humidity records for the regiog.(6i3, Vol.Il, pg.17). A striking
feature of the data is that Core 2 and Core 3,itgegping from the same tree, show
quite substantial differences. The implicationrisfpund. At any point in time the
tree appears to have the ability to partitionésources in such a way that the isotopic
signal of the wood formed in one part of the trégeds from that in another. This
vital fractionation appears to remain relativelyisistent through the growth of the
trees, as all three cores appear to have commuaurdésghat might be anticipated on
the basis of the theoretical discourse on the obaofrcarbon isotope values in trees.
During three periods of multi-year below-averagafedl (1963-1968, 1978-1980,
and 1992-1993) the isotope values in the treesrbegogressively more positive.
During intervening years the results tend in a tiegalirection.
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There is a degree of redundancy between the emaental datasets (although the
comparison is limited to last 23 years in the aafdeumidity) and so a statistical
regression approach was adopted to determine vaffiitte environmental variables
best correlates with the isotope data. A summapyasented in Table 5.1(Vol.ll,
pg.55). Core 2 correlates with both temperatureramdidity at the >99 % and >95%
confidence levels, but core 3, from the same waby, correlates with humidity at the
>99% confidence level. This suggests that tempezatiays a role in the partitioning
of resources in the tree and will likely link teethspect of the area sampled relative to
insolation. Core 4 is also correlated with tempee(>99% confidence) but not
humidity nor rainfall. Both of the branch samples/e weak correlations with

rainfall and humidity, and none with temperature.

The correlation between carbon isotopes and huyraghpears to be common to all
the samples with the exception of Core 4. This b result of the position of this
tree within a riparian zone. The persistence oewavailability at the roots of this
tree may mean that it is not water limited and thatcontrol of photosynthesis in

then by temperature (possibly as a proxy for stt)ig

5.5.2. Charcoal experiments

Two factors that produce variation in charcoalapet signatures are the formation
temperature and the isotopic value of the origmadd. During combustion certain
moieties will volatilize and others will concentafl he rate at which the combustion
temperature increases will affect the amount obsdary reaction products formed
(Gundale and DelLuca, 2006). Secondary productsteagore thermally stable and
persist for a longer period within the source matern respect of the source material
different plant tissues contain different propamsmf chemicals (e.qg. lignin,
cellulose) and have different physical propertigserefore different woody species
will produce different qualities of charcoal bagedtheir physical and chemical
properties. In the case of archaeological chaydpaill be derived from woody
species that burn slowly and produce a large amafuong-lasting charcoal. These
species would have been selected by the origihabimants of an archaeological site.
Since fuel wood is generally collected in the fahbranches rather than tree trunks
(Archer, 1990; Abbott and Lowmore, 1999; Shackleti#98; Sekhwela, 2003; Van
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Wyk and Gericke, 2000), the charcoal from archagio# sites will likely be derived
from branches burnt as fuel. It remains to be destrated that branc#tC values

preserve the environmental signal during the pmoésharcoal formation.

Thes™C values for the charcoal experiment in which dfs&m each of 5 branches
were subject to different charcoal formation prolsare presented in Figure 5.4
(Vol.ll, pg.18). Under both reducing and oxidiziognditions the overall isotopic
trends are similar to that seen in the wholewdd@ values. In all five branch
samples thé'°C values for charcoals produced under both a radwuaid oxidizing
environment show depleted isotopic values relatvile wholewood (Fig. 5.4,

Vol.ll, pg.18). These results are consistent whid najority of findings from previous
combustion experiments (See section 5.3) wherprbaucts of combustion (gasses,
aerosols and residues) h#dC values that were more negative with respecteédzh
source material (Ballentirgt al,, 1998; Bird and Grocke, 1997; February, 1997;
Czimcziket al, 2002; Steinbeisst al, 2006; Turekiaret al, 1998; Turneet al,
2006). There were occasional exceptions to thigitrdn branch C3'°C values from
three rings showed enrichment relative to the wioted values and one ring (AD
1994) from branch M also produced an enricbég value. This occasional
enrichment seen in these two branches may beessitt of the presence of different
chemical compounds in those particular growth rin@serall the depletion ranges
between -0.02%o and -3.00%.. Branch L produg€@ values with the greatest
depletions relative to its corresponding wholewealtlies. This branch was collected
in a live state and had a higher concentratioli®fenriched volatile compounds or
simple saccharides that were released during cainbugsulting in moré>C
depleted charcoal. The other branches were cetlenta dry (dead) state and would
have lost the more easily released volatile comgsufihes**C values of the reduced
charcoals (mean = -1.4%o) are slightly more negahea the oxidized charcoals
(mean = -1.2%o).

The apparent differences $h°C between wholewood and the oxidised and reduced
BC products imply that a selective pyrolitic distilon takes place during charcoal
formation. The elemental analyser combustion erpent provides an indication of
the sequential loss of different macromoleculesassbciated secondary products

from the wood on the basis of their strength argtele of cross-linking. The degree
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of isotopic depletion or enrichment of the remagnamarcoal will depend on the
extent to which fractions are driven off during dmmstion, the compound-specific
isotope value and the absolute abundance of thestgohs. Ideally each fraction
could be identified and th#°C related back to the physiological process invalive
its formation. However our approach is limitecatoempirical quantification of the
sequential process of carbon isotope fractionatiarharcoal formation in
PodocarpusFurther research is required to identify the gechemical makeup of
the pyrolitic distillation products.

The initial measurements during the elemental aealgombustion experiment were
done without the addition of oxygen by the instratmé&he evolution of C®in the
oxidation column of the elemental analyser implfest volatile carbon containing
molecules are driven from the wood. Under reducimgditions it is clear that the
combustion temperature has a significant effedhercarbon isotope fractions driven
off. Initially *3C values are more positive, probably due to the tdsimple
saccharides andC enriched volatiles that are not thermally staBféer 200°C they
are generally more negative. A second stage of pasgive fractions is released at
about 350°C. Between 100°C and 475°C, the avermgpdrature range for a normal
wood-fuelled fire 3'°C values of released compounds are more negattheregpect
to the source material. Th&’C values between 475°C and 1000°C (Fig. 5.5, Vol.lI
pg.19) show a large range of variation, with exegnpositive values (-17.0%0) and
very negative values (-31.0%o0). This extreme valitghmay be as a result of

secondary products breaking down at higher tempersit

When the incremental increases in temperaturedfédgroduce further CQthe
elemental analyser was reprogrammed to inject axygerder to oxidise any
remaining (black) carbon. At this point the rangeariability in §*°C values was
greatly reduced.

The result of the controlled charcoal experimemhdestrate that the potential for
fractionation of the carbon isotope signal in waloding charcoal formation is high,
but that this will offset the former data set refatto the latter. The elemental analyser
experiment suggests that this mechanism involvesdaiease of particular

compounds, and that the consistency of the offgelikely be linked to the
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temperature of the fire in which the charcoal wasied. However further
experimentation is necessary to better understangrocesses. Provided the offset
during charcoal formation is consistent, the rassiliggest that archaeological

charcoal may be a source of palaeo-environmentalyptata.

5.5.3. Comparison of modern and archaeological °C values

Grouped modern and archaeologieaocarpusharcoa’C values are presented

in the form of box and whisker plots (Fig. 5.6, blpg.21). The HP (> 60ka) data
corresponds well with the modepnlatifolius charcoal data from Seaton Park and it is
likely that the Coastal Forest found in Seaton Radvides a good analogue for
environmental conditions during the HP period. @ital and faunal assemblages
from the HP levels indicate that the environmentad Sibudu was predominantly
evergreen forest with cool, moist and humid coodai (Allott, 2004; 2005; 2006;
Cain, 2006; Glenny, 2006; Herries, 2006; Picker@)6; Plug, 2004; 2006; Renaut
and Bamford, 2006; Reynolds, 2006; Schighl, 2004; Schiegl and Conard, 2006;
Sievers, 2006; Wadley, 2004; 2006).

The post-HP (SPCA) stands out clearly within thehaeological sample set because
of the mean isotopic value and also because ithteasmallest standard deviation,
sample variance and range. Furthermore the isot@hies are derived from two
different species dPodocarpusidentified by Allott (2005, 2006) (Table 5.2, Vi)
pg.55). This cannot be explained by the analogoademm isotopic data from Seaton
Park. The SPCA charcoals had to have been prodndkd same way as the other
archaeological charcoals and the material did ppear to be any less burnt than that
from the late MSA and HP. Therefore $1&C values for the SPCA charcoals must
represent an isotopic record of markedly diffelmtironmental conditions compared
to those of the HP period. The current proxy emvinental data from Sibudu Cave
(See section 5.4.1) indicate that conditions wetd and dry with restricted forested
areas and an increase in open grass and woodlanal fand floral communities.
Forest communities would have been limited to shett areas along the riverside
where moisture levels were sufficiently high Rwdocarpugo grow (Allott, 2006;
Sievers, 2006; Wadley, 2006), but overall conddiarere dry resulting in more
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positived'3C values. Positive excursions in the isotope \sabfehe modern
Podocarpusspecimens are correlated with reduced rainfalllamdidity, or with an
increase in temperature. Since the independentgeexggest that temperatures were
colder than at present we conclude that the isod@pkence points towards a drier
environment. Here the Baviaans Kloof may preserdgraiogous environment.
Although there is no data for burnt material frdme Baviaans Kloof, based on our
burning experiments, estimatdfC values for carbonised material from Baviaans
Kloof would be depleted by -2%o to -3%.. TREC values for SPCA would fall into

the range of variation seen in the Baviaans Kl@obon isotope values, but

comparing the range of variability it may imply even drier environment.

Further research will elucidate the significancehaf low variance in the SPCA
carbon isotope values f@®odocarpusbut it is possible that this reflects the dedree
which the full adaptive response of the genus t@awae in rainfall/humidity was
possible. Such a scenario may apply if conditioesavsufficiently dry that the forest
could only perpetuate in refugia such as riverexal(similar to the Baviaans Kloof).
The environmental constraint on growth would imipighly reduced interannual
variability in the rainfall/lhumidity response ofetlirees because of the persistence of

riparian water, but with a possibly over-riding degponse.

The isotopic evidence from the late MSA (RSp) lageronsistent with a warm
(cooler than present) and dry environment. Praxgrenmental data (See section
5.4.1) from RSp suggests that a major environmeshiél occurred. This resulted in
a warmer mosaic environment of grassland, woodéamtblsavanna communities with
riverine forest along the Tongati River providingamber of potential locations for
Podocarpugo establish (Allott, 2006; Glenny, 2006; Siev&@06; Wadley, 2006).

A similar trend of isotopic variation is seen iretimears'°C values ofCeltis charcoal
from the same periods (Fig. 5.7, Vol.ll, pg.22)eTeltis5*°C values from the post-
HP (SPCA) period are also markedly more positianttinose from the HP. This
suggests that this genus was responding in a simdaner a®odocarpugo drier
conditions during the post-HP. As two very differgenera are showing similar
trends in their isotopic composition over timasivery likely that an environmental

signal of local conditions is preserved in theiadoal. It is also interesting to note
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that the variability in th€eltisresults from the Grey Sand (GS) level is very $mal
(based on a small sample of 7) and that the adaptmtegy of this genus might have
been limited at this time in much the same way Batocarpusvas during the
deposition of layer SPCA. The evidence for a ma&sgérgreen forest environment

suggests thateltiswas at the wet limit of its adaptive capability.

5.6. Conclusions

A two-step process by which the carbon isotopic position changes during
combustion manifests at temperatures below 1502D@3C, when isotopic values of
the products of combustion can either become muiieheed (Czimczilet al, 2002)

or more depleted (Schlesatral,, 1999), while above 150°C to 200°C, the tendeascy
for §*°C values to become more negative. This has bekedito a pyrolitic
distillation of chemical compounds within the wobdit the chemical changes that
take place in a branch during drying must alsodresiclered. When a branch dies
certain volatile and labile compounds are easityaeed as the branch dries out.
Charcoal formation takes place under reducing catidiy, during which less volatile
components and labile compounds are removed. Bonidizing combustion,
oxygen from outside the wood will eventually oxigliznd remove the majority of
material, resulting in the formation of ash, praddhe temperature remains high
enough. In the case of an anthropogenic fire, daweill only form in the centre

regions of the fire where there is no outside oxygeailable (reducing environment).

The main factor affecting the isotope compositibolarcoal is therefore the
combustion temperature. Normal wood-fuelled flvasn at an average temperature
of 450°C to 500°C and although overifC values are depleted, this temperature
range does not obscure the environmental signasally recorded in the wood
tissue. Accordingly it is possible to obtain eovimentally meaningful carbon
isotope values from archaeological charcoal, bistritecessary to establish modern
equivalents from a number of different environmeatdetermine the full range of
possible adaptive strategies available to thatiqaar species. The comparison of
modern wood and charcoal, and archaeological chhcaobon isotope values has

shown that branches and carbonised wodelaofocarpusandCeltis preserve a record
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of local environmental conditions and it is therefpossible to us&-C data from

archaeological charcoal as a palaeoenvironmenalypr

The environmental changes reflected in the isotdpta from the archaeological
charcoal from Sibudu Cave are supported by additiproxy environmental evidence
indicating that conditions changed from warm andsina the Howiesons Poort to
cooler and drier in the ~58ka (SPCA) period and tslgghtly warmer again during
the ~48ka late MSA (RSp) (Allott, 2004; 2005; 20Q&in, 2006 Glenny, 2006;
Herries, 2006; Pickering, 2006; Plug, 2004; 200én&ut and Bamford, 2006;
Reynolds, 2006; Schiegt al, 2004; Schiegl and Conard, 2006; Sievers, 2006;
Wadley, 2004; 2006). These changes in environrheatalitions affected the
adaptive responses Bbdocarpusspecies and these responses are shown in the
carbon isotope ratios of the identified archaeaalgtharcoal. Th@odocarpusand
Celtisspecies growing during the Howiesons Poort and\t8@& periods had a wider
range of adaptive responses than those growingndrSibudu Cave during the post-
HP period. This limited adaptive response arousichiwas due to the expansion of
an open grassland environment and the restricfi@vergreen forests to the river

valley during drier conditions.
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CHAPTER 6. PAST ENVIRONMENTAL PROXIESFROM THE
MIDDLE STONE AGE AT SIBUDU CAVE

Title: Past environmental proxies from the Middle Stoge At Sibudu Cave,

KwaZulu-Natal, South Africa

Manuscript in preparation.

Background to the paper

In Chapter 5 it was demonstrated that it is posdiblobtain an environmental signal
from 5'3C values of charcoal. In this chapter the methapijslied to archaeological
charcoal from selected MSA levels at Sibudu Cavkarcoal samples from the
Howiesons Poort (62ka-65ka), post-Howiesons Pe&8Ka) and the late MSA
(~48ka), identified as eithéodocarpusor Celtiswere subjected to stable carbon
isotope analysis. In addition a subsePoflocarpusandCeltischarcoal samples were
further pre-treated using the acid-alkali-acid (AAAethod and their isotopic values
obtained. This was done to exclude the potentfattf of post-depositional
contamination on the isotopic signature of the demprhe archaeological®c

values were compared wish®C values from moderRodocarpusspecimens from
two different environments, Seaton Park and thadzens Kloof. These two areas
provided modern analogues for what past environsneaty have been like around
Sibudu Cave during the Howiesons Poort and postiesims Poort periods.

The isotopic variability seen in the archaeologicaC values of the two genera
provides a reflection of their past environmentsisvariability is not a product of the
combustion process or as a result of post-depasiticontamination. This allowed a
reconstruction of the local Sibudu environment nigithe Howiesons Poort, post-
Howiesons Poort and late MSA occupations baseti®isbtopic data. The
Howiesons Poort period was moist and humid anddabm®n was covered in
evergreen forest with patches of woodland. Dutigpost-Howiesons Poort
occupation there was a shift to drier and cooleddmns than those of the
Howiesons Poort and vegetation communities chafrged closed forest/woodlands

to more open savanna grasslands. The environmeetwent another shift during
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the late MSA to a mosaic of different vegetatiomoaunities, with savanna,
grassland and forested woodlands represented sotape data from the
archaeological charcoal provides evidence for tlieesgonmental shifts and are

supported by the additional proxy environmentatenice from Sibudu Cave.
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Past environmental proxiesfrom the Middle Stone Age at Sibudu Cave,
KwaZulu-Natal, South Africa
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6.1. Abstract

Stable carbon isotope ratios of archaeolodrmdocarpugYellowwood) andCeltis
(Stinkwood) charcoal, from the Howiesons Poort gBkka), post-Howiesons Poort
(~58ka) and late Middle Stone Age (~48ka) layerSibudu Cave, KwaZulu-Natal,
South Africa, indicate environmental shifts. Durihhg Howiesons Poort, the local
environment is thickly forested and moist and muarsid than present. The
environment changes during the post-Howiesons Raetipation into the late MSA
occupation, becoming drier and colder than presghtvegetation shifting to open
savanna grassland or woodlands. It is demonstthgedhe isotopic observations
reflect past environmental conditions and are nadréefact of the charcoal formation
process or post-depositional contamination. Eviddoc a changing environment
during these occupations is supported by envirotah@noxy data derived from
sediments, botanical collections and faunal assagels|from Sibudu. The results
suggest that both the absolute value and the \@iahthe charcoal isotope values

contain important palaeoenvironmental information.

Key words: Sibudu Cave, Middle Stone Age, Howiesons Poaahlstcarbon

isotopes, charcoal, environmental proxies.

6.2. I ntroduction

The use of fire by people who lived in the pasté@sured regular accumulations of
charcoal in archaeological sites. Good organisgmetion and well dated sequences
make such sites important archives of palaeoenwiestal data. Stable isotopic data

(8*3C) obtained from charred organic matter have beed to track changes in
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palaeovegetation (e.g. Beché&tlal, 2002, 2003; Behling and da Costa, 2001,
Biedenbendeet al.,, 2004), for carbon cycling (e.g. Gleixredral, 2001; Schmidt,
M.W.I., et al, 2002) and to determine changes in atmospheyigeaxand CQ
concentrations (Cope and Chaloner, 1980; Jone€habbner, 1991; Scott and
Glasspool, 2006). Most of the aforementioned ssibdae/e concentrated on
palaeoenvironmental changes in deep geologicaluiiiising carbon isotopic data
derived from fossil plants and coal. To date theree been relatively few studies
focusing on wood charcoal. The majority of theseligts have linked variation in the
83C values of archaeological charcoal with changeséaipitation (Aguilerat al,
2009; February, 1992, 19944, b; February and Vaieéewe, 1992; Ferriet al,
2006; Fiorentineet al, 2008), with varying degrees of success.

It is assumed that the relative change$'i values from natural and anthropogenic
charcoal directly represent t€C values of the source material (e.g. Bréfaal,
2004; February and van der Merwe, 1992; Leavitd2McCarroll and Loader,
2004; Van Bergen and Poole, 2000). This impli@s$ &m insignificant or constant
fractionation of carbon isotopes occurs during costion (Turneyet al, 2006).
However, potentially significant changes in carliotope composition can occur
during combustion resulting from the plant orgambasted, its chemical
composition, tissue ratios, surface area, the aviitly of oxygen and the combustion
temperature (Baldock and Smernik, 2002; Ballenginal., 1998; Bird and Grocke,
1997; Cahieet al, 1985; Hallet al, 2008; Krullet al, 2003; Leavitet al, 1982;
Pooleet al, 2002; Schlesest al, 1999; Steinbeisst al, 2006; Turekiaret al, 1998;
Turneyet al, 2006). This can result in either isotopicallpkited or enriched*C
values relative to the pre-combusted value. Theaages in stable carbon isotope
composition during carbonization are still notyulinderstood and recent studies
have yielded conflicting results (Krwk al, 2003; Leavitet al, 1982; Steinbeisst
al., 2006; Turekiaret al, 1998). This may be due to sample pre-preparatnch
combustion methods employed and laboratory expetisrteat may not produce
results completely comparable to results derivethfmaterial produced in natural
fires. Furthermore, although charcoal is considéodae biologically and chemically
inert after formation and undergoes an extremealy girocess of degradation (Bird
and Grocke, 1997; Cohen-O#ét al, 2006; Forbest al, 2006; Skjemstadt al.,
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1996), the effects of post-depositional contamorafe.g. humic and fluvic

contaminants) on the isotopic composition of charoeeds to be considered.

Charcoal isotopic data derived from the archaeoligite of Sibudu Cave,
KwaZulu-Natal, South Africa show interesting trertdsough time (Halkt al,, 2008).
Preliminary interpretation of this data suggest@@laeoenvironmental driver, and
did not account for the possibility that the carization processes or post-
depositional effects might be the underlying catikre, we explore the extent to
which post-depositional effects may have affechedisotopic composition of the
charcoal and examine how the combined ancient@mviental proxies from Sibudu

support each other and compare with modern envieoahindicators.

6.3. Current environmental research at Sibudu Cave

6.3.1. Background tothesite

Sibudu Cave is an important Middle Stone Age (M&&haeological site in southern
Africa (Fig. 6.1, Vol.ll, pg.23) because of the efent preservation and the long
depositional sequence. The site has a long sequétiose-related informally and
formally named lithic assemblages (Wadley and Jsca2®04, 2006). From oldest to
most recent, the assemblages represent a Pr&&tilllayers BS to LBG), Still Bay
(layers RGS, RGS2), Howiesons Poort (layers P@3RG), post-Howiesons Poort
(layers Br under YA2 to BSp), late MSA (layers Y®@PB) and a final MSA (layers
Mou to Co) (Fig. 6.2, Vol.ll, pg.24). The post-H@sbns Poort, late MSA and final
MSA are informal assemblages based on available agge lithic characteristics
(Wadley and Jacobs, 2006). The chronological sempuesas created by using
Optically Stimulated Luminescence (OSL) technigoesingle quartz grains,
yielding 21 dates for the site (Jacobs, 2004; Jaebhl, 2008a, b; Jacobs and
Roberts, 2008; Wadley and Jacobs, 2004, 2006)iée@uOSL dates were obtained
for the post-Howiesons Poort, late MSA and finalM8&yers, with weighted mean
ages of 57.5 £ 1.4ka, 47.6 £ 1.2ka and 35.1 + 1lrdkpectively. Seven OSL dates for
the Howiesons Poort, Still Bay and Pre-Still Baglustries were derived from
additional sediment samples. Based on these rethdtslowiesons Poort occupation
falls between 65-62ka, the Still Bay dates to 7&kd the Pre-Still Bay to between
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75-72ka (Jacobst al, 2008b; Jacobs and Roberts, 2008). Hiatuses3af 2.3ka and
12.6 + 2.1ka occur between the three more recentlagters, so the site was not
continually occupied (Jacoles al, 2008a; Wadley and Jacobs 2006). Due to the
hiatuses it is not possible to provide a completgsnce of environmental change,
but detailed environmental data are availableHerdccupational pulses. There are no
geological hiatuses indicated and all sedimentbud within the site is derived from
anthropological debris (Goldbeeg al, 2009; Pickering, 2006).

Multi-disciplinary research has enabled reconstoncbf palaeoenvironmental
conditions through the Howiesons Poort and postdesens Poort periods (Table
6.1, Vol.ll, pg.56). Studies include: geomagnetisceptibility (Herries, 2006),
mineralogy (Schiegét al., 2004; Schiegl and Conard, 2006), geology (Pioker
2006), charcoal (Allott, 2004, 2005, 2006), carlsediseeds (Sievers, 2006; Sievers
and Wadley, 2008; Wadley, 2004, 2006), pollen @emnd Bamford, 2006) and
macro- and micro-faunal remains (Cain, 2004, 2@086; Clark and Plug, 2008;
Glenny, 2006; Plug, 2004, 2006; Wadkgyal, 2008; Wells, 2006).

6.3.2. Proxy evidencefor environmental change at Sibudu Cave

Sibudu Cave is located in a mosaic environmenthhatprobably persisted
throughout the MSA, and care is needed when drawenglusions about past
climatic and environmental conditions. Recent maoophological analysis of
sediments from the site indicates that they ard@renantly anthropogenic in origin
(Goldberget al, 2009). This highly anthropogenic nature of thpatgts may make
the interpretation of proxy environmental evidersigh as geomagnetic
susceptibility, more complex than the authors hagegnised in their publications.
The available non-isotopic proxy environmental evice from the site is described
briefly, and a summary is presented in Table 6dl.{(V pg.56). Two key factors,
aspect and the Tongati River (Fig. 6.1, Vol.ll,28), affect the range of faunal and
botanical diversity seen throughout the MSA occigoat The ever-present river (at
least during the periods that Sibudu was occupienlld have allowed for the
localised occurrence of certain species that woatchave otherwise have survived in

drier areas surrounding the site. The followingatatgon types - forest, savanna,
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woodland and grassland - require definition bec#lusg are repeatedly used in this
study and in other publications pertaining to Sib@ahve. Forests comprise
predominantly of evergreen tree species, typically 30m in height, a variety of
climbing species and epiphytes and low growing lshiand ferns on the forest floor,
and canopy cover is continuous (Rutherford and 1akst986). Savanna is a mixed
tropical and subtropical vegetation type comprisaqyedominantly deciduous
woody species with a grass component (Scholes,)1RZan be divided into sub-
types, dependent on the distribution of woody sggecMWhen woody species provide
up to 75% canopy cover, the form of savanna magtegred to as woodland
(Rutherford and Westfall, 1986). Near Sibudu, tbhemeastern slopes and the
plateau are more exposed to sunlight than the sousiopes and are hence warmer
and, even today, these areas support deciduoudamhdavanna and grassland
communities (Fig. 6.1, Vol.ll, pg.24). The coolsheltered south-western cliffs,
where the shelter is situated, support evergremstepecies and would have
provided refugia for forest species during drieartipresent periods (Fig. 6.1, Vol.ll,
pg.24). Nevertheless some of the past palacoemagntal conditions that have been
observed (for example at ~58ka) are sufficientliyeme that they could not have
arisen under current conditions. Reconstructionsaal vegetation communities for
the Howiesons Poort, post-Howiesons Poort andMi&4 periods, based on the
available botanical evidence (seeds, pollen anccold, are presented in Figures
6.3a-d (Vol.ll, pgs. 25-28).

6.3.3. Howiesons Poort layers (65ka-62ka)

The occurrence ddchoenoplectuspp. (sedge) seeds in all the MSA layers suggests
the presence of perennial water in the Tongati Ragethis sedge requires year-round
standing water (Sievers, 2006). Aquatic reptiled mmammals, fresh water mollusc
species and a variety of waterfowl species al&satd a permanent water source
close to the shelter (Plug, 2006). A number of gnean forest taxa have been
identified in the charcoal assemblage, includfagiocarpusvhich is the dominant
genus (Allott, 2005, 2006). Other taxa suchkakia spp. (not present in the area
today), which is a dry-adapted genus, were alsatifiked, indicating the presence in
the vicinity of Sibudu of plant communities reqagidrier-than-present conditions. In
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summary, the macrobotanical evidence from the Heavie Poort layers indicates a
predominantly forested environment, but with neigining patches of
woodland/savanna (Fig. 6.3a, Vol.ll, pg.25) of adkfor which there is no modern
analogue. This interpretation is supported by ewiddrom the faunal assemblage.

Forest-dwelling mammal species suctCaphalophus natalens{gsed duiker),
Cephalophus monticol@olue duiker)Potamochoerus porcybdushpig),Tragelaphus
scriptus(bushbuck) an€hlorocebus aethioprervet monkey) are present in the
faunal assemblage (Clark and Plug, 2008). Thesgespare characteristic of modern
Podocarpusspp. forest (Cooper, 1985), although they may oiecather types of
wooded environments. The faunal assemblage atitfiesmostly comprises (91.4 %)
species inhabiting closed or semi-closed habi@ark and Plug, 2008). Only 8.6%
of species that favour open environments, su@®yasercus caffgiAfrican buffalo),
Connochaetes taurinyblue wildebeest) andippotragus equinugroan antelope) are
present in the assemblage. Nonetheless, they taditat there must have been
patches of open woodland/savanna communities igeheral area and this supports
the earlier suggestion that a mosaic of vegetdyipes probably existed throughout
the site occupations. Further evidence for humigistnforested environments in the
vicinity of the site is provided by the presencemtro-mammalian species, such as
the Gambian giant raCficetomys gambianyigind Geoffroy’s horseshoe bat
(Rhinolephus clivosiygGlenny, 2006; Skinner and Chimimba, 2005). ThenBian
giant rat also implies cooler than present cond#ibecause it cannot tolerate mean
summer temperatures above 34°C. Numerous calgistats within the deposits
indicate more humid conditions during this timertiater in the sequence where
gypsum predominates (Pickering, 2006; Schiegl amab@l, 2006; Wadley, 2006).
Both calcite and gypsum require some moisture fim fdut gypsum is more soluble
in water than calcite and is therefore a betteicatdr than calcite of locally arid

conditions.

The evidence from the Howiesons Port layers shbafsthe environment around
Sibudu Cave was cooler than present, which posaildyed for more effective
moisture retention that supported a substantiaigegen forest, probably on the
south-western slopes, with patches of open wooddamdnna within exploitation
range of the inhabitants of Sibudu (Fig. 6.3a, N,gbg.25).
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6.3.4. Post-Howiesons Poort layers (~58ka)

The changing composition of plant and animal comitresin the post-Howiesons
Poort layers provides evidence for oscillating eiim conditions from the coldest
period at the end of MIS 4 into MIS 3. Corresporaeanalysis of the seed and
faunal data (Reynolds, 2006) from this period sstgthat these changes were time-
related fluctuations in response to a changingrenment. Magnetic susceptibility
readings imply that the coldest conditions in titeu8u sequence occurred in the
earliest of the post-Howiesons Poort layers atrdngsition between MIS 4 and MIS
3. In more recent layers, magnetic susceptibigguits show alternating cooler and
warmer conditions with an overall warming trendhaligh temperatures remained
lower than present (Herries, 2006). The deposédaagely due to anthropogenic
activities within the site (Pickering, 2006); thiene the magnetic susceptibility data
should be interpreted with care. The lower magraigreptibility readings may
correlate with periods of reduced human activitheathan a change in the

environment.

The post-Howiesons Poort seed assemblage comprisedure of sedges and woody
tree and shrub species (Fig. 6.3b, Vol.ll, pg.E8)peraceous nutlets (including
Schoenoplectuspp.) occur in the lower layers indicating the pre of open or
semi-permanent water (Sievers, 2006). The majofitgentified seeds originate from
woody evergreen species, but deciduous speciesageln the upper, more recent
layers that coincide with the warming trend. Polad phytoliths include
representatives of grasses, sedges and fern gi@eaut and Bamford, 2006;
Schiegl and Conard, 2006; Schieglal, 2004). The frequency of grass phytoliths
increases in the upper layers and this may redlechcrease in grasslands around
Sibudu, but this interpretation must be made castiobecause grass seems to have
been used for tinder in some of the fireplacesigglet al, 2004). Woody species
from the charcoal assemblage indicate a continpoesence of an evergreen riverine
forest component (Allott, 2004, 2005, 200Bhdocarpugeappears in the post-
Howiesons Poort layer called SPCA whA&ciaspecies are absent, following the
general trend for the two genera to be mutuallyusiee (Wadley, 2006).eucosidea
sericea which can be a pioneer, was identified in thecba assemblage of two

post-Howiesons Poort (~58ka) layers (Allott, 2006)is species does not occur near

104



to the coast under modern environmental conditiregcupies high altitudes and is

often in areas with cold winters with frost (Kilkic1990, Pooley, 2003).

The faunal assemblage of the youngest post-HowseBoort layers is markedly
different in species composition from the earli@wiksons Poort layers. Small bovid
species decrease through the oldest post-Howiddoms layers, until they are almost
absent in the youngest post-Howiesons Poort laybese large species dominate the
assemblage, including equids and large to verelaayids (Cain, 2006; Plug, 2004).
Grazers appear throughout, but they are presdmgler frequencies in the upper
layers (Cain, 2006; Clark and Plug, 2008; Plug,208uggesting a shift from
exploiting fauna in closed forest/woodland comntiesito those in drier, more open
savanna/grassland communities. The Natal multimammause Nlastomys
natalensi$, a pioneer species, is found in layer My (Gler2806). Although the
species has a wide habitat tolerance, it is notest dwelling species and has a
degree of water independence, allowing it to odculrier areas (De Graaff, 1981,
Meesteret al, 1979; Skinner and Smithers, 1990).

After an initial bitterly cold phase during the pd$owiesons Poort, a warming trend
is observed in the combined proxy evidence. Inrastto the afforestation that
existed in the Howiesons Poort period, open woatllmd grassland communities
seem more common by ~58ka. There is an intriguossipility that the initial post-
Howiesons Poort occupations may have taken plagegian early phase of
succession; this is implied by the presence optbeeer specielseucosidea sericea
(shrub) andviastomys natalensisodent).

6.3.5. Late MSA layers (~48ka)

Proxy environmental evidence from the late MSA taygiggests an initial period of
warming followed by a cooler period. Cyperaceadetsi{Sievers, 2006) and the
presence of hippopotamudippopotamus amphibioy$Plug, 2006) attest to the
presence of a permanent water source. Seeds fremgreen species persist, but the
frequencies of deciduous species increase throughelate MSA sequence (Sievers,
2006). The charcoal assemblage also reveals agasein deciduous woody species
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(Allott, 2006) and the vegetation profile can btemreted as deciduous savanna
woodland with common taxa includidgaciaspp.,Albizia spp. andCeltisspp. (Fig.
6.3c, d, Vol.Il, pgs.27-28). In layer RSp (Fig36. Vol.ll, pg.27) there is an unusual
combination ofAcaciaandPodocarpus This species combination is not seen in any
other MSA layer at Sibudu (Allott, 2006; Wadley,08). RSp is the youngest Sibudu
layer to contaifPodocarpusthere is no evidence for its presence in morenec
layers (Allott, 2006). The phytolith compositionthis time shows an overall
decrease in grass and an increase in trees (Sehialgl2004) and the general

impression is that grassland patches were redudée axpense of woodland.

The faunal species composition of the late MSAlageiggests a mixed environment.
The RSp layer has produced a diverse faunal sppméte with savanna, grassland
and forest/woodland dwelling species present (C2006; Plug, 2004; Wells, 2006).
The Gambian giant raC( gambianukis represented again in layer RSp, indicating
the presence of forested areas and rainfall ov@m&® per annum (Glenny, 2006;
Skinner and Chimimba, 2005). A substantial envimental change prior to or during
the formation of RSp at 46.6ka, is suggested byeakmccurrence of the Natal
multimammate mousé. natalensiy (Glenny, 2006). Indirect evidence for a
dramatic climate change between the post-HowieBowst and late MSA is also
suggested by a hiatus of 9.8 + 1.3ka between tfmeseccupational phases (Jacabs
al., 2008a). Environmental conditions were likelysuitable for the use of the shelter
as a permanent dwelling during the hiatus, perbapause of a particularly arid
phase (Jacolet al, 2008a). Magnetic susceptibility readings suggeshitial

cooling period in OMOD (Herries, 2006), followedMOD by a further warming

trend.

6.4. Stable carbon isotope analysis of archaeological charcoal from Sibudu

6.4.1. Background

Stable carbon isotope values from wood are seerdiin-indicators and can elucidate
a tree’s response to changes in external envirotaheonditions such as temperature,
rainfall, humidity, soil chemistry and changesacadl vegetation (Hedges al.,

2004). An important question is whether the envimental response is preserved in
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charcoal? In keeping with other archaeologicalaegebased on charcoal and other
burnt plant material, we define charcoal as a @uwhor carbonised product of wood
burning in an oxygen-poor atmosphere (Braadba@®4 2Braadbaast al, 2004;
Cohen-Ofriet al, 2006; Sievers and Wadley, 2008).

Hall et al (2008) showed that ti&>C values of moderRodocarpus latifoliugReal
Yellowwood) from a remnant patch of Coastal FoneSeaton Park, KwaZulu-Natal
preserved the equivalent overall response to emviemtal conditions under different
combustion conditions (reducing and oxidising). Aaliseds**C values of fresh
wood and charcoal from trunks and cores from tineesspecimen were compared
with annual rainfall, temperature and humidity nelsofor the region. During periods
of below normal mean annual rainfall isotope valbesame progressively
isotopically enriched, whereas they became depieatpdriods of higher rainfall. A
statistical regression showed that there is a gtragative correlation of isotope
values with humidity and temperature and a weakgative correlation with rainfall
(Hall et al, 2008). These results indicate that an envirotahaignalis preserved in
charcoal under constant combustion conditions (etal., 2008), and that, in the
case ofPodocarpusthe signal associated with humidity changes iiqdarly

reliable.

A detailed analysis of the Sibudu charcoal assegelites been carried out by Allott
(2004, 2005, 2006). All charcoal examined by Alletts derived from ashy deposits
rather than discrete hearths to avoid sample Giagrcoal from a discrete hearth may
only represent a limited range of species. Thrahghanalysis of sediments (Schiegl
et al, 2004; Goldbergt al,, 2009) and burnt bone (Cain, 2005) from the agodlits,
it has been demonstrated that they are clearlthrealated deposits, possibly
representing multiple hearth cleaning episodes.arbleaeological charcoal was
identified using a range of documented anatomeatures visible under an incident
light microscope. These key features were comparttdidentified charcoal samples
from modern reference collections to allow identtion to family, genus, species or
type (Allott, 2006).
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6.4.2. Material and methods

One-hundred and twenty-two charcoal samples idedtdsPodocarpusvere

obtained from the Grey Rocky (GR) and Grey Sand) (&grs, both of which occur
within the Howiesons Poort (62ka-65ka) suite oklsy Seven samples Geltis
charcoal were taken from GS. Twenty sampleBadocarpusand 12 samples of
Celtiswere taken from Spotty Camel (SPCA, ~58ka), wischithin the post-
Howiesons Poort suite of layers. It should be ndted two species d?odocarpus
were tentatively recorded in SPCR, latifoliusandP. falcatus(Allott, 2004, 2005,
2006). Fifteen samples Bodocarpusvere from Red Speckled (RSp) (46.6 £ 1.9ka).
Thirty-six samples o€eltiswere obtained from the Orange Mottled Deposit
(OMOD) (48.3 + 2.0ka). These samples are represeataf the late MSA suite of

layers.

The archaeological charcoal samples were pre-tteatd 1% HCI overnight and
washed with distilled water until pH neutral. Aliogs of approximately 0.2mg were
combusted on-line in a Thermo Flash Elemental Asealy1112 series) integrated via
a Thermo Finnigan Con-flo 11l system with a TherDelta V Plus Isotope Ratio
Mass Spectrometer, housed at the Ecosystem Preaass®ynamics (EPD)
laboratory, CSIR, Pretoria. Each sample was ruduplicate. If the precision for
each sample pair was unacceptable (0.10%. variaonadditional sub-sample was
run. The average precision for the replicatehefarchaeological samples was
<0.08%o (Hallet al., 2008).

In order to account for the potential effects o$tpdepositional contaminants, such as
humic substances and/or ground water carbonatesetsuofPodocarpusandCeltis
charcoal from each period were further pre-treatgdg the acid-alkali-acid (AAA)
method. The charcoals were treated with a 0.5%usotiydroxide (NaOH) solution
overnight in a refrigerator, washed with distilledter until pH neutral and then
treated again with a 1% HCI solution, washed amedddiThese samples were
combusted in precisely the same manner as thenatigamples. The average

precision for replicates of the subsets was <0.09%o.
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6.4.3. Results

The mears™*C values for the archaeological charcoal analysegresented in Figure
6.4 (Vol.ll, pg.29) and summarised in Table 6.21(Wpopg.58). The data are
composed of the original*C values presented in Halt al (2008) and new**C

values for the archaeological charcoal sampledrpetded by the AAA method.

When the3™*C values of the original charcoal samples are coetpaith their
equivalent AAAS™C values, they indicate that there is relativetyelipost-
depositional contamination of the Sibudu charc@al.average there is 0.2%o
difference between theodocarpus$'*C AAA and original values and a 0.5%o
difference between th@eltis5'*C AAA and original values. The AAA isotopic
values for botlPodocarpusandCeltis are slightly more negative than the original
values, with the exception of samples from the M8A layer RSp (Fig. 6.4, Vol.ll,
pg.29). The standard deviation, range and varigatees from the AAA samples are
very similar to those of the original samples (Bal2, Vol.ll, pg.58). On the basis of
these results, the observed isotopic values ddittigaeological charcoal from Sibudu
can be considered to reflect an environmental sigather than post-depositional
contamination. It is important to note that theréegof post-depositional

contamination must be assessed on a site-by-sts.ba

In layer GR (Howiesons Pooodocarpus’>C values have a range of 5.03%d a
variance of 1.23%o.. Samples from Howiesons Poorr&S have a range of 2.17%o
and variance of 0.35%.. ThRodocarpussotope values are dependent on
environmental variables. Thus the variability sgethe3™C values oPodocarpuss
due to variations in environmental conditions &t tilme. The physiological response
of the tree is, however, adaptive and the tree @ar@spond to all states of the
environment. When environmental conditions, suctoadittle or too much moisture
availability can no longer be met by the adaptesponse of the tree becomes
limited. Podocarpusgpopulations in the region were not restrictechigit adaptive
response by prevailing environmental conditionsrduthe Howiesons Poort. In the
post-Howiesons Poort SPCA layeodocarpus™>C values are less negative than the
Howiesons Poort values, with a very narrow rang@.5%.and the variance is very

low (0.02%o0). This suggests that the local distridntof Podocarpusvas highly
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restricted during the post-Howiesons Poort anditretisted at the limit of its
adaptive responses to the local environment. IhateeMSA (layer RSp);
Podocarpus*®C values are again more negative than the post-¢tmmis Poort
values, with a range of 1.3%#d variance of 0.18%.. This suggests thRbdocarpus
population utilising a wider range of adaptive i@sges to local environmental
conditions was again established, but that thegafgesponses was not as varied as
that seen during the Howiesons Poort. The chaftd@lvalues from the Howiesons
Poort and late MSA layers fall within the rangenaddernPodocarpusharcoal
values (-28.07%o to —23.42%o) for trees from Seatark PKwaZulu-Natal. In
contrast thé*C values for the post-Howiesons Poort charcoats feyer SPCA fall
within the range of modern values (-25.32%o to -Z&4) of aPodocarpusspecimen
from a refuge forest community from the Baviaansd{] Eastern Cape where

Podocarpuss restricted to river margins due to lower maistavailability.

The mean absolu@&C values forCeltis charcoal from contemporary MSA layers
show a similar isotopic distribution pattern tottbhPodocarpugFig. 6.4, Vol.Il.
pg.29). Celtis5'3C values are more negative during the HowiesonstRod late
MSA and more positive during the post-HowiesonsrRatowever when the range
and variance of th€eltisdata are considered, these show very low valugsglthe
Howiesons Port compared to those of Boelocarpusamples, suggesting a limited
adaptive response to the local environmental cmmdit During the post-Howiesons
Poort and late MSA th€eltisdata have higher range and variance atocarpus
This suggests that both genera could have beettedfen different ways by a change
in the environment. In dry areas/conditions carisotope compositions are affected
by relative humidity and soil water status. Undenditions of high moisture
availability, sunlight and temperature are respaedior changes in isotopic
composition (McCarroll and Loader, 2004). The mpositives*°C values for
charcoal samples therefore suggest dry, warm donditluring the post-Howiesons
Poort to whichCeltisis better adapted th&odocarpusThe more negative values
seen in the Howiesons Poort are more indicativagifer moisture availability and

cooler conditions favourable f&®todocarpus
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6.5. Discussion

Podocarpuss considered to be a dominant climax genus inynedthe tropical and
subtropical forest types in South Africa (Acock888&; Killick, 1990; Palmer and
Pitman, 1972; Pooley, 2003; Schmidt, &.al, 2002) and adaptability to different
environmental conditions (which may affect #1&C signature) allows the genus to
establish and maintain its presence. The genuwsreschigh moisture availability and
it grows from sea-level to 2150m. The presenceddocarpusommunity implies
a forested environment with effective precipitatianile an absence or limited
occurrence of the genus implies reduced foresdaied conditionsCeltis species are
more widespread and are adaptable to a larger regevironments than
Podocarpusparticularly drier extremes (Acocks, 1998; Codtedgrave, 2003;
Pooley, 2003; Van Wyk and Van Wyk, 1997).

The &' C values of a particular tree or woody shrub vamyoading to local site

specific factors, such as aspect, soil type angipity to water sources. The isotopic
values ofPodocarpugeflect a physiological response to the environtalen
conditions: when water stress increases isotopiesabecome less negative. Where
the isotopic values oscillate between more andriegstive values it implies that the
tree has a physiological response to the implicdtgdnd moist environmental
conditions. This indicates that both the absolatee of the isotopes and their
variance have environmental implications. A lowigace suggests that the trees are
using a limited range of their physiological adeptresponses to cope with prevailing
environmental conditions. This implies that envir@ntal conditions changed

sufficiently that the trees could only exist at theer limit of their range.

Proxy environmental data from Sibudu Cave, sumredrearlier in this paper, imply
that during the Howiesons Poort (62ka-65ka), emwirental conditions were cool
and humid favouring the presence of evergreen tofesth Podocarpu¥on the
southern slopes surrounding the site (Fig 6.3a,IVph.25). Here, the meait°C
values forPodocarpusare the most negative (GR =-24.62%0. and GS = 724/}
suggesting that there was high moisture availgtalitthis time. Thé**C values have
a high sample variance and wide range indicatiagttie genus was growing in a

variety of habitats. AlthougBeltisis also present, i&-C values have a low sample
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variance and range, suggesting a limited adapéispanse to the open, dry north-

eastern hillside opposite the shelter.

Thed**C values folPodocarpusharcoal from the post-Howiesons Poort (~58ka)
have very low sample variance and range, and treeleas negative values than those
of the Howiesons Poort sample. The low variancegesig thaPodocarpusvas
exceedingly constrained by the prevailing environtakconditions and was limited

in its adaptive responses. The less negative @lesohlues suggest that the genus
was responding to more arid conditioBeltis 5*°C values from the same period have
a higher variance and range, suggesting a widarhiison and adaptive response
favouring the more arid conditions at this timeh@tproxy data from the post-
Howiesons Poort imply that forested areas weretlygreeduced and conditions were

drier and with less moisture availability than thewiesons Poort.

During the late MSA (~48ka) occupation, changesnmironmental conditions
resulted in a mosaic vegetation around Sibudu Gaoraprising a mixture of
grassland, savanna, woodland, evergreen and revéarest communities (Figs. 6.3c,
d, Vol.ll, pgs.27-28). The sheltered south-westaeas would have favoured
evergreen forest species, suchiPagdocarpus Stable carbon isotope values of
Podocarpusharcoal from the late MSA (RSp layer) show a biglariance and
range than those from the post-Howiesons Poortmoeh lower than those of the
Howiesons Poort charcoal. This suggests that diuhi@date MSA only microhabitats
were suitable foPodocarpusMeand'’C values folPodocarpusandCeltisare more
negative again in the late MSA, suggesting thatlavie@ moisture levels were higher
than those during the post-Howiesons Poort.Qgtiis charcoal was available from
RSp, but™*C values forCeltischarcoal from OMOD (also with an age of ~48ka)
suggest that the genus was able to establish isal§imilar fashion as seen at ~58ka
(Fig. 6.3d, Vol.ll, pg.28). The sample variance aange for the OMOD data are
similar to those of the SPCA data suggesting thairenmental conditions during

both periods were suitable fGeltis
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6.6. Conclusion

Stable carbon isotope values from archaeologicaioctal samples of two genera,
PodocarpusandCeltis, from MSA layers at Sibudu Cave, have providedkpro
environmental data that support those from othelna@ological sources. The
consistencies in the environmental interpretatibthe'*C charcoal data and the
other palaeoenvironmental proxies from Sibudu Ghx@ugh time, implies that the
patterns in the isotopic data are not an artefacharcoal formation at different

burning temperatures. Nor are they an artefacbef-gepositional contamination.

Carbon isotope values were more negative duringithveiesons Poort than the post-
Howiesons Poort, when drier conditions are impliedtope values became more
negative again during the late MSA occupation sstygg greater moisture
availability once more. Stable carbon isotope v&luem Podocarpusharcoals
suggest that the genus was widespread during tiageldons Poort when evergreen
forests were more prominent than later, at leagtenmmediate vicinity of Sibudu,
but during the post-Howiesons Poort these foreste weduced to sheltered refuge
areas and the genus showed a very limited adagtpponse. Th€eltisisotopic data
show a similar trend with*3C values in the forested Howiesons Poort period
indicating a limited adaptive response. Duringpbst-Howiesons Poort and late
MSA, the genus shows a wider range of adaptivéesjies suited for woodland and

savanna environments.

Stable carbon isotope data from archaeologicalcdadihave the potential to provide
a useful source of proxy evidence for localisediremvental changes. It is, however,
necessary to account for potential sources, sustigaepositional contamination of
charcoal, which may adversely affect observed gotsignals. This needs to be
carried out on a site by site basis. In the castilmidu Cave, a suite of environmental
proxy evidence from isotopic, botanical, faunal aedimentological data provides a
detailed picture of how the local environment crethgetween the Howiesons Poort,
post-Howiesons Poort and late MSA occupations.
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CHAPTER 7. ECOSYSTEM CHANGE DURING MIS 4 AND EARLY
MIS 3: EVIDENCE FROM MIDDLE STONE AGE SITES
IN SOUTH AFRICA

Paper 4. Ecosystem change during MIS 4 and early MIS 3d&nce from Middle

Stone Age sites in South Africa

Submitted tdPalaeoecology of Africain August 2009, currently in press, publication
is due in October 2010.

Background to the paper

In this paper we provide a link between global dlilt changes and a local
manifestation of such change from the MSA layerSibtuidu Cave. Climatic records
from a number of sources, both in the Northern @odthern Hemispheres indicate
that around 60ka there was a significant changgoipal climate patterns, with
conditions becoming cooler and drier than preséhis change had an effect on the
local climate around the site of Sibudu. Evidefwehis global change is derived
from a number of sources, including the Vostok@oee, the Greenland Ice Sheet
Project (GISP, GISP2) and from Hulu Cave in ChiAdaround 60 ka there was a
significant Heinrich Event (HE6), a period of exdese ice-rafting, which affected
climatic patterns. This event appears to have hmmily manifested at Sibudu Cave
where the environment around the site underweigrafisant change. Evidence for
this is seen in changes in the local fauna and flecorded from MSA layers at
Sibudu. Stable carbon isotope data from archaembgharcoal from this time
period indicates a retreat of the forest commuaiitgt an increase in more open

savanna grassland around the site.
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Ecosystem change during MIS 4 and early MIS 3: Evidence from Middle Stone
Agesitesin South Africa

G. Hall*2?and S. Woodborrie

1. ACACIA Programme, School of Geography, Archaeology and Environmental Studies, University of the
Witwatersrand, Private Bag 3, WITS 2050, South Africa
2. Environmental Processes and Dynamics (EPD), CSIR, P.O. Box 395, 0001 Pretoria, South Africa

7.1. Abstract

Several Middle Stone Age (MSA) site in southerniédrpresent evidence of
environmental changes during Marine Isotope StégéS) 4 and 3 between 70ka
and 50ka. Of these, Sibudu Cave, KwaZulu-Natal yielded a detailed record of
how global-scale climate change events manifesiljpodDuring MIS 4 (70ka to
60ka) conditions were similar to those during tlstGlacial Maximum. During the
transition between MIS 4 and MIS 3 at around 6@ieaSibudu environment changed
from a predominantly forested community to morerogeass/woodland mosaic.
Other MSA sites from across South Africa providenptementary
palaeoenvironmental proxy data but imprecise dginegents a cross-correlation
challenge. Archaeological sites on the westernqof South Africa appear to have
been abandoned earlier and for longer than sitdeeifast, most likely as a result of
adverse climatic conditions. Regional scale clineatents in southern Africa are
driven by ocean/atmosphere interactions, and sitithie weakening of the palaeo-
Agulhas Current and an eastward shift of the AgailRatroflection resulted in lower

sea surface temperatures and a corresponding deagreumidity and rainfall.

Key words: Middle Stone Age, palaeoenvironmental proxy distts 4,

environmental change

7.2. Introduction

The planet is currently warming (Trenbeethal, 2007) and climate change
modelling is the means by which the future impddhes warming is determined. The
high level of complexity in ecosystems reducesstkik of models to forecast the

future impact of these changes. An alternative @ggr is to examine past records of
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global climates where the associated ecosystenomesp are documented. Evidence
for past global warming change is derived fromagetanalysis of marine cores and
polar ice cores. The most recent of these glokaksevents took place at the end of
the last glaciation commencing approximately 204@a @and is known as Marine
Isotope Stage 2 (MIS 2). The penultimate warming ixatween MIS 4 (70ka to
60ka) and early MIS 3 (60ka to 50ka), and is tHgexi of this analysis. While the
warming is known to have taken place, little evicehas been presented for the
associated terrestrial ecosystem response tolthigge.

Through multi-disciplinary analysis of culturalological and geological material
from middle and lower latitude terrestrial sitessipossible to reconstruct local
environmental conditions through time. Eight SoAthcan Middle Stone Age

(MSA) archaeological sites (Fig. 7.1, Vol.ll, pg)3ovide environmental evidence
for MIS 4/early MIS 3. These are Sibudu Cave, Bofdave, Rose Cottage Cave,
Klasies River Mouth, Boomplaas Cave, Blombos C@&epkloof Rockshelter and
Wonderwerk Cave. Between ~75ka-55ka there wasaafaental change in
technological and cultural features compared wattier and later MSA assemblages
(Mellars, 2006; Mitchell, 2002, pp.71-106). Therstdool industries of this time
include the distinctive Still Bay and Howiesons R@ssemblages. Although the Still
Bay has ages of ~75ka-70ka (Jacebal, 2008a, b; Tribol@t al, 2005) and the
Howiesons Poort dates to between 65ka-60ka (Jatalls 2008a, b; Tribolet al.,
2005) depending on the site and dating methodsStiieBay is the older of the
assemblages and always underlies the Howiesons. Hbere is associated evidence
for modern human behaviour such as the use of csitepstone tools, sophisticated
hunting techniques and symbolic expressions (Mel2006; Mitchell, 2002). The
appearance of the Still Bay and Howiesons Pooraiious MSA sites across South
Africa is thought to be a response to sharply taoilg climatic conditions during

MIS 4 and early MIS 3 (Mellars, 2006, Mitchell, Z)0

The ecosystem responses that took place at thaewnidgical sites in southern Africa
are indicated by several lines of evidence inclgdive macro-faunal, micro-faunal,
botanical and sedimentological evidence that a@eewed. It is possible that the
environmental proxies themselves may be biasechrdpogenic influences (e.g.

choice of firewood), excavation, sampling methoad the differential preservation
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of material may complicate the situation (Allotgd). Nevertheless where
distinctive environmental shifts are shown to oc¢tley should have regional

manifestations, and they should be recorded imother sites.

In this analysis the local and regional recordscarapared with palaeoclimatic data
from a number of sites around the world to obtagihodal perspective of climate
change at this time. Lake sediments, speleothesafiaa deposits and archaeological
sites have become a source of palaeoenvironmeaatakp at a local terrestrial scale.
This paper compares records of climate changeénéopériod 70ka to 50ka (MIS 4
and early MIS 3) from a number of ocean cores dsasearchaeological, geological

and other types of research sites from southercafr

7.3. Sibudu Cave

Sibudu Cave, located in KwaZulu-Natal, was the mesént of the MSA sites to be
excavated in southern Africa, and has the advastafjeeing well-dated and the
subject of multi-disciplinary studies. It has an M8&ultural sequence that contains
pre-Still Bay, Still Bay, Howiesons Poort, post-Hesons Poort, late and final MSA
stone tool assemblages (Cochrane, 2006; Delagras 2006; Villaet al, 2005;

Villa and Lenoir, 2006; Wadley, 2005, 2007, 2008ptically Stimulated
Luminescence (OSL) ages for 14 sediment sampldsgTal, Vol.ll, pg.60) from
the three youngest lithic phases are availableofla@2004; Jacolet al, 2008a, b;
Wadley and Jacobs, 2004, 2006); these have weighted ages of 57.5 + 1.4ka
(post-Howiesons Poort), 47.6 £ 1.2ka (late MSA) 8BdL + 1.4ka (final MSA)
(Jacob=t al, 2008a). Ages for the Pre-Still Bay, Still Baydddowiesons Poort
layers are based on seven OSL dates derived frdimamhl sediment samples
(Jacobset al, 2008a, b; Jacobs and Roberts, 2008). Basedese tlesults, the
Howiesons Poort occupation falls between 65ka-6@ieaStill Bay dates to 70ka and
the Pre-Still Bay to between 75ka-72ka (Jacetta., 2008a, b; Jacobs and Roberts,
2008). The three broad age clusters, ~58ka, ~4@#ta-a5ka and the Howiesons
Poort are distinguished by differences in lithisexablages, environmental
characteristics and long hiatuses of 9.8 + 1.3khl1#h6 + 2.1ka (Jacoles al, 2008a,
b; Wadley and Jacobs 2006). A third hiatus occuafegl ~35ka occupation, lasting
until about 1000 BP.
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7.3.1. Sibudu environment during MIS 4

Sedimentological and mineralogical analyses ofStiéBay and Howiesons Poort
layers show relatively high percentages of calaitd this suggests higher humidity
(Pickering, 2006; Schiegl and Conard, 2006; Wad€{6). Magnetic susceptibility
data from layers deposited at the end of MIS 4 kab8nply a cold, glacial climate
(Herries, 2006). The cold ~58ka layers contain gypgrowth within the sediments.
However, the magnetic susceptibility data shouldibered with caution, as
sedimentological analysis of the deposits inditlaée the majority of the sediment is
anthropogenic in origin and this may complicatenptetation (Goldbergt al, 2009;
Pickering, 2006).

Tree species richness is well correlated with etrapspiration across a wide range of
ecosystems. Changes in evapotranspiration will llaye an influence on tree species
composition and distribution on a localised siteeleas well as on a broad
community level (Stephenson, 1998). Local levelmofsture availability at a site are
dependent on effective evapotranspiration whiatotsonly affected by precipitation,
but a number of factors including aspect, slopaperature, humidity, wind speed
and direction, soil moisture content, depth ane tgpd the presence of rivers
(McDowell et al,, 2008; Verstraeteat al. 2008). The carbonised seed assemblage
prior to 58ka from Sibudu Cave is predominantly posed of evergreen taxa,
implying the presence of closed forested envirortséievers, 2006; Wadley,

2004). This interpretation is supported by the cosifpon of woody taxa identified in
the charcoal assemblage. Taxa sucRa@ocarpusBuxusandCurtisia, evergreen
forest species are noted. The presence of thesesmeiggests that available
moisture was high during this period, but not neagky higher than present (Allot,
2006). Although the assemblage at this time is dateid byPodocarpusspecies
(Allott, 2004, 2005) and the area appears to haean predominantly a forested one,
there is evidence for a woodland/savanna commumitye vicinity (Allott, 2006).
Throughout the MSA occupations at Sibudu therevidesmce that a mosaic
environment existed around the site, partly dudédocation of the site and the
continual presence of the Tongati River (Wadley)&0Carbonised Cyperaceae
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(sedges) are present throughout the MSA sequerdgeS grow in moist conditions
and the occurrence 8fchoenoplectuspp. seeds indicates open water, demonstrating
that the Tongati River, which flows in front of te#e, was perennial during site
occupations. Carbon isotope analyseBadocarpusandCeltischarcoal from
Howiesons Poort layers (65ka-62ka) indicate coodgiof elevated levels of water
availability and humidity (Halét al., 2006, 2008).

The extensive faunal assemblage provides furthderge of environmental change
through time in the Sibudu area. The Howiesons tHaanal assemblage is
dominated (91.4%) by small species preferring seosed or closed habitats, such as
blue duiker, bushbuck, bush pig and vervet monk¥srk and Plug, 2008). This
supports the botanical evidence for the presenea efvergreen forested
environment. In addition, a small suite of spe¢86%), including buffalo and blue
wildebeest show the occurrence of open savannaladdear the site (Clark and
Plug, 2008), supporting the charcoal data (Al@0)6). This provides further
evidence for a mosaic of vegetation types in tiea.ah large variety of aquatic
species including mammals, reptiles, water bings, amphibians and molluscs have
been identified (Plug, 2004, 2006) and these, tagewith the presence of
Schoenoplectuspp. seeds, demonstrate that the Tongati Rivepesmanial, even in
the past.

The micromammal species composition provides furthr@ence for a cooler, humid
forested environment. Two key speci€sicetomys gambianu$iant rat) and
Rhinolophus clivosu&eoffroy’s horseshoe bat) both require humid domak. In

additionC. gambianugannot tolerate high overall temperatures (Gle2096).

7.3.2. Sibudu environment during MIS 3

Palaeoenvironmental evidence from the post-Howe&wort layers (58.5 + 1.4ka)
indicates a general trend of oscillating warm/qawdses and drier conditions than
seen during the Howiesons Poort. Magnetic susdbtittata suggest an initial
(~58ka) very cold environment which became progvebswarmer through MIS 4,
alternating with brief cool phases (Herries, 20@®dimentological and
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mineralogical analyses reveal a high proportiogygfsum nodules in many of the
layers (Pickering, 2006; Schiegl and Conard, 20U&dley, 2006). Such gypsum
accumulations may be considered an indicator af@nditions (Goldberg and
MacPhail, 2006).

The vegetation patterns show a reduction of fodeateas and an increase in more
open woodland and grassland communities, refle¢chagrevious trend of a mosaic
environment around the site. Pollen and phytolétadalthough limited, reveal the
presence of a grass-dominated community and tisepce of savanna taxa such as
Acacia(Renaut and Bamford, 2006; Schiegl and Conard6286hieglet al, 2004).
The seed assemblage is still dominated by everdogest taxa, but it also reveals an
increase in the number of deciduous savanna/woddéa (Sievers, 2006; Wadley,
2004). The composition of the charcoal assemblhge/s a similar trend with the
presence of dry-adapted genera sucAaig CeltisandZiziphusand cooler climate
indicators such aSrica spp. (Allott, 2005, 2006). The presence of riveriarest taxa
attests to the continued presence of a mosaicg#tagon communities around the
site. A substantial change in the local environmg&stuggested by the occurrence of a
pioneer shrub specidsgucosidia serice@wvhich at present does not occur near the
coast) (Allott, 2006).

Micromammal evidence for a significant environméstaft at the same time is
derived from the identification of another habgpecific pioneer speciellastomys
natalensigNatal multimammate mouse) which does not inhimbésted areas
(Glenny, 2006). Carbon isotope values frBodocarpusandCeltischarcoal from
~58ka layers are less negative than those froredHeer Howiesons Poort layers,
suggesting that both species were responding te araat conditions at ~58ka (Hall
et al, 2006, 2008).

The faunal species composition of the ~58ka lagwst-Howiesons Poort) shows a
dramatic shift in response to the changing enviremmAt this time the highest
proportion of large grazing species is recordedtatthg an open environment with
increased grass cover (Wadktyal, 2008). Small bovid species are less frequent and
larger savanna/woodland species such as giratbeazblue wildebeest and red
hartebeest dominate the assemblage (Cain, 2006; @0&rk and Plug, 2008; Plug,
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2004; Wadleet al,, 2008; Wells, 2006). A recent analysis of thena(Clark and
Plug, 2008) shows that during the youngest postieleons Poort layers there was
predominantly open savanna/woodland with largeegsaZrior to this, there was still
a riverine forest community, along with the savawa@dlands. The occurrence of a
riverine forest faunal community during the earhape of the post-Howiesons Poort
suggests that the transition between forest argsignad during MIS 4 and MIS 3 was

gradual, rather than abrupt.

7.4.  Archaeological evidence of environmental change from other MSA sites
in South Africa
Improvements in OSL, electron spin resonance (EB®)uranium-series (U-Th)
dating should allow correlations between avail@veironmental proxies from
Sibudu and other MSA sites. However there are cmaijpbns. When comparing the
chronologies for the distinctive stone tool teclhimomplexes between sites, it is
clear that there are some discrepancies. An undgrassumption is that these stone
tool assemblages would be ubiquitous and autocbtimrand that the timing of their
rise and demise should be well matched. The tianditom Still Bay to Howiesons
Poort is not synchronous across MSA sites, andseemblage that precedes the
Howiesons Poort is not always designated Still Bdys may be because the Still
Bay is of very short duration and does not alwag@ioin all sequences. However, it
is likely that the problem lies with the precisiand accuracy of the dating
techniques. This is as a result of MSA sites beimgd through a variety of methods
at a number of dating laboratories, creating annsistent array of ages, particularly
for the Howiesons Poort and Still Bay Industriesc@bs and Roberts, 2008; Jacebs
al., 2008b). The dating conundrum complicates attenaplisie-tune
palaeoenvironmental evidence across space or thitoug. In order to resolve this
conundrum, Jacolet al. (2008b) dated nine MSA sites using a single laiooyaa
single operator and maintaining constant experiaigrgrameters and a common set
of procedures using the single quartz grain OShrigpie. For consistency in this
study, the most recently published luminescences ageused (where available), but
earlier published dates based on other methodslearenoted (Table 7.2, Vol.ll,

pg.61).
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A summary of palaeoenvironmental evidence from &ibGave and these sites is
presented in Figure 7.2 (Vol.ll, pg.31) and Taht2 (Xol.ll, pg.61). The majority of
these sites are located on or near to the coasigarly in the southern Cape.
Exceptions are Rose Cottage Cave, Border Cave amtigvwerk Cave which are

located in the South African interior.

7.4.1. Palaeoenvironmental evidence from archaeological sitesduringMI1S 4

Evidence from Border Cave, northern KwaZulu-Naalgests fluctuating
environmental conditions between 80ka and 60kaxyPdata from cave sediments
(Butzeret al, 1978), microfauna (Avery, 1982, 1992) and maauof (Deacon and
Lancaster, 1988; Klein, 1977) indicate that condisi were cooler and moister than
present. Local vegetation communities comprisedresitePodocarpusdominated
forest and thick bush towards the end of MIS 4with Sibudu Cave there is
evidence for a hiatus from about 58ka. Evidencgpoihg activity and rock spalling
from the Howiesons Poort sediments of Rose Cottaye, eastern Free State
Province, suggest that conditions in this area \a&y@ colder and moister than
present (Deacon and Lancaster, 1988). Charcogbalieh analyses indicate that
there were complex changes in the vegetation. Ryitire Howiesons Poort
occupation the local vegetation comprised rivedand other well-watered
communities. Vegetation diversity decreased duttegHowiesons Poort suggesting
a drying trend (Wadlegt al, 1992). Wonderwerk Cave, in the Northern Cape
Province, has yielded non-archaeological evidermma sedimentary (Beaumont and
Vogel, 2006; Butzer, 1984a, b; Butadral, 1979) and faunal (Avery, 2006;
Beaumont, 1990) analyses of the cave depositssitdn@as not occupied from 70ka
until 12.5ka, but sediment layers were formed hiyired processes. These non-
archaeological data suggest that prior to 30kddied environment was drier and
colder than present, with grazers present througtheusequence. This is thought to
be due to very low rainfall conditions in the inderof South Africa between MIS 4
and MIS 2, when it has been estimated that raimfatl about 60% lower than present

values (Johnsoet al, 1997).
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Klasies River Mouth, a complex of caves and ovegam the southern Cape coast
has provided faunal, botanical and geological ewsddrom the MSA II, Howiesons
Poort and post-Howiesons Poort levels, suggeststgfafrom cooler in MSA 11 to
more moderate conditions in the post-HowiesonstP&orvironmental interpretations
from this site are complicated by rising and fajlsea levels under interstadial and
stadial conditions, respectively, and there areesmmoonsistencies amongst the ages
and cultural designations of the various leveldnserpretations should be made with
care. The MSA Il faunal assemblage is dominatedrbwsers (86%) indicating a
bushy/wooded terrestrial environment. The presenéatarctic/sub-Antarctic

marine mammals suggests a colder marine environthantseen during the
Holocene (Deacon and Lancaster, 1988). During thwiesons Poort there is an
increase in grazing species suggesting the presgmrasslands (Deacon, 1989,
1995; Deacon and Lancaster, 1988; Singer and Wyl882) and cooler, possibly
drier conditions than recorded for the MSA 1l lexy@hAvery, 1992, Klein, 1976, 1983;
Thackeray, 1992, Thackeray and Avery, 1990). i@ values of shell samples from
MSA | through the Howiesons Poort and MSA 11l depoalso suggest a cooling
trend (Deacon and Lancaster, 1988) through MiSatagdenvironmental
reconstructions from the Howiesons Poort levelBadimplaas Cave, southern Cape,
are based on faunal assemblages (Avery, 1982; beaah, 1984) and charcoal and
pollen analyses (Scholtz, 1986). During MIS 4 eowmental conditions were
extremely harsh, being much colder and drier thesgnt. The site of Blombos Cave
on the southern Cape coast has no Howiesons Ramupation, only evidence of the
earlier Still Bay and MSA 1l phases. The site wealed by dune sands from ~70ka
until 2000BP (Jacobst al, 2006). Proxy data from marine fauna and shéllfis
assemblages and geological analyses indicate sittcanbetween warm conditions
during MIS 5a to colder conditions during MIS 4 (dailwoodet al, 2001). Faunal
(Parkingtoret al, 2005), charcoal (Cartwright and Parkington, )%
sedimentological (Butzer, 1979) analyses from Diepkrock shelter in the north-
western Cape indicate that during the HowiesonstRmgupations the climate was
cooler and moister than present. Charcoal asseethfagm this period contain
afromontagne species suchRaslocarpusandKiggelaria which require year-round
moisture (Cartwright and Parkington, 1997).
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7.4.2. Palaeoenvironmental evidence from archaeological sitesduring early MIS
3

Evidence from sites in the interior of South Afrisgpresented first again, followed
by evidence from the coastal sites. Based on pdaxy from Border Cave, the local
vegetation shifted from dense woodland communibesore open woodland
savanna with variations in the amount of grassugebsish at the beginning of MIS 3
(Avery, 1982; Butzeet al, 1978; Klein, 1977). These shifts are consistatit tihe
Sibudu environmental records. At Rose Cottage @aenvironment appears to
have become colder than in MIS4 and there is ecel®ef more mesic conditions
(Wadleyet al, 1992). There is a hiatus after the post-Howiestomt occupation
indicated by a layer of almost culturally sterilage sand that lasted from ~48ka-
~35ka (Harper, 1997). Although no archaeologicadenwce is available from
Wonderwerk Cave during this time, sedimentary ewige(Beaumont and Vogel,
2006; Butzer, 1984a, b) indicates that the enviremimvas generally dry.

At Klasies River Mouth, faunal evidence from posivesons Poort levels shows a
further increase in grazing species compared \WeghHowiesons Poort levels. This
indicates a continuation in the shift to more ogessslands and cooler conditions in
early MIS 3. After 50ka the sites were sealed biyedsands (Butzer, 1978; Deacon
and Lancaster, 1988; Singer and Wymer, 1982). OQxygtope data from shell
samples from this period confirm the cooling tr¢Déacon and Lancaster, 1988). At
Boomplaas Cave charcoal studies indicate that gwamly MIS 3 (60ka-50ka) a cold,
very dry harsh climate prevailed, based on theearigvoody species reflected
(Scholtz, 1986). From ~55ka to 40ka conditions beigeameliorate (Deacon and
Lancaster, 1988). In general, evidence from Booagpfaiggests that MIS 3 was
cooler and moister than the subsequent Last Glaaimum (Deacoret al., 1984).

A series of occupational hiatuses occurred aftettbwiesons Poort (Deacon, 1979).
No environmental evidence is available from BlomBase because the site was
sealed by dune sands during this time (Henshilweial, 2001). Charcoal data from
Diepkloof indicates a change in the selection @flood species composition at this
time suggesting a shift to drier conditions (Caigit and Parkington, 1997;
Parkingtoret al, 2005). This shift to drier conditions is supgorby the dominance
of larger grazing species in the faunal assemhl@gekingtoret al, 2005).
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During MIS 4 and early MIS 3, climatic conditiongke extremely variable and
resulted in the majority of the sites being abardbior prolonged periods when
conditions were unsuitable for human occupatiog.(Fi2, Vol.ll, pg.31). Assuming
that the landscape was abandoned by people duwitoemental conditions, it is
interesting that occupation at sites in the easgemmer-rainfall region of South
Africa (Sibudu Cave, Border Cave and Rose Cottpggisted after the western
(including the winter-rainfall zone) sites were adaned. Environmental evidence
from the various sites suggests that the eastgrong experienced greater
precipitation than the more arid western regiormswvards the end of MIS 3 and
through MIS 2 the environment over much of cerBalith Africa was extremely
harsh and sites in this area were unoccupied foog®of up to 60 000 years. During
MIS 2 western South Africa appears to have beetewtitan present conditions
(Chase and Meadows, 200Tlimatic conditions in the eastern regions wepgen
favourable for longer periods, but during MIS2, tngises show intermittent

occupations or an absence of occupation.

7.5. Other terrestrial records of palaeo-climate change

In South Africa terrestrial palaeoclimatic recofdsn numerous caves, lacustrine,
spring, fluvial and coastal systems provide proatadrom different climate zones
across the country. Butzer (1984a, b) compiledia@sef proxy records based on
sedimentological and lithostratigraphic analysesifia number of such sites. During
MIS 4 and early MIS 3, the southern Cape regioregepced humid to sub-humid
conditions, whilst the south-western Cape was s@idi-The south-central and
eastern regions of South Africa were initially caldd humid during MIS 4, becoming
warmer and humid during MIS 3. The northern posiohthe country were cold and
arid during this time. Palynological and sedimengatal evidence from Agulhas
Plain lunette dune accretion from two pans in thalsern Cape region (Fig. 7.1,
Vol.ll, pg.30) suggest that from the end of MISntlaearly MIS 3 conditions became
slightly drier or similar to present conditions (€at al, 2006). Indications of arid
and cold conditions in the northern regions argeted by a range of pollen data
from the sites of Florisbad, Wonderwerk Cave anthdd&an, located in the northern

and north-central parts of South Africa (Fig. d).1l, pg.30). The pollen data
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suggests that between ~75ka-64ka this area waensedty arid and cold (Van
Zinderen Bakker, 1995).

The Pretoria Saltpan (Tswaing Crater), a meteorigct north-east of Tshwane in
the Gauteng Province, provides a rainfall recordte last 200ka (Partridge, 1999;
Partridgeet al, 1997; 1999). The rainfall record was createdugh a comparison of
the crater sediment texture with soil profiles tak®m sixteen sites across a rainfall
gradient in eastern South Africa. This comparisarealed a strong correlation
between soil texture and regional precipitation (.88) (Partridget al, 1997). The
Tswaing lithological data and the soil-precipitati@lationship were used to produce
a late Pleistocene record of rainfall. The rainfl@ta show a decrease between 70 and
60ka associated with decreasing insolation (Fi@}. VVol.ll, pg.32), however the
interpretations should be made cautiously as weatating methods were used at the
site. The data suggest that the eastern summméaliairea of South Africa was
becoming drier at this time. This would have afecthe vegetation communities
around Sibudu Cave and Border Cave. The forestédoaments would have been
reduced to river/stream margins and an expansigvootiland and grassland savanna

communities would have occurred.

Oxygen isotope time series from U-Th dated spetruthfrom two sites in South
America, Bahia State (NE Brazil) and Botuvera C¢g€e Brazil) provide a record of
oscillating temperatures and aridity (Fig. 7.4, Mppg.33). During MIS 4, conditions
were cool and wet followed by warmer and drier emwinents during early MIS 3
(Cruzet al, 2005; Wangt al, 2004). The Botuvera speleothéfiO record shows a
notable spike at ~70ka indicating a very wet peeod then an abrupt shift to an arid
period, suggesting a shift to glacial condition$/ts 4. This is in contrast to results
from thed*0 records (Fig. 7.4, Vol.ll, pg.33) from the nonthéemisphere Hulu
Cave speleothems, which show that between 70k&%kal conditions were warm
and dry before abruptly becoming cool and wet (Wetng. 2001).

The long term variability of East African climatkas been reconstructed using a
series of drill cores from Lake Malawi and Lake @anyika (Cohert al 2007,
Scholzet al, 2007). Between 135ka-70ka these regions expaieapisodic periods

of extremely arid conditions. After 70ka the climaeems less variable and overall
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conditions became more humid and general moisttaigadility increased. This is
thought to be due to diminished precessional saai@bility (Coheret al, 2007).
These post 70ka conditions are similar to thoseated by the Hulu speleothems and
suggest that the East African climate was mordylikédluenced by changes occurring

in the northern hemisphere.

7.6. Palaeoenvironmental evidence from southern African deep sea cores

Deep sea cores along the western, southern aretreastists of southern Africa
provide evidence of the local manifestation of gllotdimatic changes during MIS 4
and early MIS 3. Cores from the Walvis Ridge ananiiéan continental slope along
the western coast of southern Africa (Fig. 7.1,.N,gbg.30) provide a record of
climatic variability regulated by shifting climatfoonts during glacial and interglacial
periods (Littleet al, 1997; Picheviret al, 2005; Stuuet al, 2002). The&'0 records
of Globorotalia inflatg a pelagic foram (Fig. 7.5A, Vol.ll, pg.34) ancthroportion
of aeolian dust (Fig. 7.5B, Vol.ll, pg.34) from MB2094 indicate intensified south-
east trade winds and enhanced winter rainfall duMifS 4 and relatively arid
conditions during MIS 3 (Stuwt al, 2002, 2004). Several cores, MD962094,
GeoB1706, 1711, and MD962086/87 provide recordsagétion in upwelling events
of the cold Benguela Current that flows northwaalisg the western coast of
southern Africa (Fig. 7.6a, Vol.ll, pg.35). Upwalyj is controlled by the relative
position of the Subtropical Convergence Zone, whiitacts the heat flux into the
southern Atlantic Ocean from rings of warm wateavgped from the Agulhas Current
Retroflection (Littleet al., 1997). Geochemical, micropalaeontological antbige
records from GeoB1706 and 1711 show that during M8upwelling of cold
nutrient-rich water increased (Littet al, 1997). Weaker trade winds during MIS 3
resulted in warmer water from the Agulhas Currenvimg into the colder Benguela
region (Picheviret al, 2005). South-east trade winds show increasea ity during
glacial periods resulting in increased upwellingkevinet al, 2005; Stuuét al,
2002). Dust grain-size (Fig. 7.5C) data from MD982@nd alkenone-based sea
surface temperatures from MD962086/87 (Fig. 7.501, 1/ pg.34) indicate a similar
pattern. Evidence for humid conditions during ghapieriods and drier conditions
during interglacials is derived from OSL dated cof@®/C03-1, 2, 5, 10, 11 and 18)
taken from aeolian dune sands along the west cb&siuth Africa (Fig. 7.1, Vol.ll,
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pg.30) (Chase and Thomas, 2006, 2007). Changées isetliments were related to
variations in moisture, wind strength and sedinsepply. There were periods of
increased activity/deposition of aeolian sandsraduNIS 4 associated with increased
humidity (Chase and Thomas, 2006, 2007). The sawely is within the winter

rainfall zone of South Africa. Rainfall in this arés influenced by westerly temperate
frontal systems and these are thought to be mgaaiis during glacial periods,

resulting in wetter conditions (Barrat#¢al, 2002).

Cores PS2487-6 from the Agulhas Retroflection am@PBR080 from the Western
Agulhas Bank (Fig. 7.1, Vol.ll, pg.30) provide reds of variation in the frequency
and intensity of Agulhas warm water leakages, reses to shifts in the STCZ and
global changes (Floret al, 1999, Rawt al, 2002).5'°0 ands'*C records,
foraminifera species assemblages and sediment tigpoand texture show that
during glacial periods (MIS 2, 3, 4) there was d@meards displacement of the STCZ
and an eastward movement of the Agulhas Retroflectrig. 7.6b, Vol.ll, pg.36)
(Floreset al, 1999; Ratet al, 2002). Further evidence for changes in ocearentir
circulation patterns comes from core MD02-2589t@ndouthern Agulhas Plateau,
where isotopic and grain-size data indicate a maath shift of the Antarctic
Circumpolar Current (Molyneuet al, 2007) which would have had an impact on the
Agulhas Current. An eastward shift of the AgulhatrBflection (Fig. 7.6b, Vol.ll,
pg.36) would have an impact on environmental coonktalong the eastern coast of
southern Africa and may be a factor determiningaimgronmental changes seen in
the local Sibudu environment at around 60ka. Itheen demonstrated that the
Agulhas Current has a significant influence ongtemer rainfall patterns of the

eastern coast at a variety of timescales (Gxald, 2004).

Core RC17-69, off the eastern coast of KwaZulu-N&tig. 7.1, Vol.ll, pg.30) was
influenced by the warm Agulhas Current. Foramimifassemblages from this core
suggest that during glacials, the Agulhas Curreag weakly developed in summer
months and may have been replaced by cooler sutaiopaters during winter

months (Hutson, 1980). During the LGM the curreasweasonably variable and heat
transport from tropical latitudes was reduced (Rnetl Hutson, 1979; Preti al,

1980a, b). The cooling or reduction of the Agulasrent during MIS 4 (~60ka),

coupled with glacial conditions, would have hadgmiicant impact on the
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environment of the east coast of southern Africea@®n and Mulenga, 1999).
Oxygen isotope records from core MD 73-025, sofitdadagascar, and RC17-69 do
indicate a cooler period during MIS 4 (Prell and$tun, 1979; Shackleton, 1977;
Tyson, 1991).

7.7. Discussion and conclusion

Oxygen and deuterium isotope sequences from GradERIP, N-GRIP, GISP2)
and Antarctic (Vostok, EPICA, Byrd) ice cores (Fig7, Vol.ll, pg.37) show that
MIS4 was a period during which the earth emergethfnear glacial conditions (the
ice core data for 65ka are almost analogous teetbb22ka, which is considered to
be the height of the last glacial). The problenmad-latitude ecosystem responses is
complicated by differences between the northernsmudhern hemisphere records,
particularly regarding the timing of major evergsy Blunieret al, 1998; Blunier
and Brook, 2001; Jansen al, 2007; Leuschner and Sirocko, 2000; Reitel, 1999;
Schmittneret al, 2003). This makes it difficult to determine \ilier ecosystem
changes are responding to Northern or Southern $fdrare forcing, or whether low-
to mid-latitude forcing of climate change took @ag&arlier studies (e.g. Bluniet

al., 1998; Blunier and Brook, 2001, Leuschner andc&io, 2000, Petiet al, 1999)
suggested that the timing of large southern hereigptlimate events leads the
northern hemisphere by 1500-3000 years. More reesearch suggests that the
south leads the north by approximately 400-500s/éachmittneet al, 2003).

Where global climatic changes are synchronousemtrthern and southern high
latitude records, they should manifest in low laté regional and local
palaeoenvironmental records. In both Greenlandfantdrctic ice cores, rapid
increases in air temperatures of 5-10°C (Landaad., 2007; Rahmstorf, 2002) are
followed by a rapid return to cold (stadial) comafits. Notable cold phases called
Dansgaard/Oeschger (DO) events (Dansgebad, 1984; Oeschgeat al, 1984)
occur with 1000, 1450 and 3000 year cyclicitiesudehner and Sirocko, 2000).
Twenty-two DO events have been identified in thedgatand ice cores and nine
corresponding DO events have been identified irAifirctic cores (Bendet al.,
1994). Antarctic DO events are characterised byetavarming and cooling than

Greenland events (Bendetral, 1994). Significant DO events are followed by
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massive episodic discharges of icebergs from thedmdide and Scandinavian ice-
sheets and are called Heinrich events (Betnal.,, 1993; Heinrich, 1988; Leuschner
and Sirocko, 2000; Rahmstorf, 2002). Heinrich ese@ivays occur during cold
stadials and are followed by an abrupt shift tomerclimatic conditions (Bonelt

al., 1993; Rahmstorf, 2002). Between ~70ka and 5PK& @ and 3) Greenland
oxygen and deuterium isotope records (Fig. 7.7A@&i&, Vol.ll, pg.37) , Vol.ll,
pg.36from the GRIP (Blunier and Brook, 2001; Greateal, 1993), GISP2 (Blunier
and Brook, 2001) and N-GRIP (Landaisal, 2007; Jouzett al, 2005, 2007) ice
cores, and Antarctic records from the Byrd (Bluraed Brook, 2001), EPICA (Jouzel
et al, 2005) and Vostok (Pegt al, 1999) ice cores (Fig. 7.7C, 7.7D and 7.7E,
Vol.ll, pg.37) show that DO events 20-17 and H6dweumented in both the
Northern Hemisphere and Southern Hemisphere. Teps excursions are not as
great in Antarctica and the changes are not apabeauthose in Greenland (Beneer
al., 1994). This can be clearly seen during H6, betw2O 18 and DO 17 in
Antarctica wheré®0 andsD values gradually become less negative indicating
slower warming trend than that seen in the Greehtaoords. The changes should

therefore have an environmental impact at lowudgs.

Linking the terrestrial ecosystem and environmeptakies to climate change proxies
requires consideration of the Earth System, anghiticular the role of ocean currents
in heat distribution. The difference in the ratecbéinge in the Northern and Southern
Hemispheres is possibly due to changes in the gthbemo-haline circulation
(Schmittneret al, 2003). A change in the northward circulatiomafrmer water from
the southern oceans (reduction of the warm Aguthasent eddies) into the Atlantic
Ocean would result in a cooling of the northeritdaes and warming in the southern
latitudes (Blunieet al, 1998; Blunier and Brook, 2001; Rahmstorf, 208@hmittner
et al, 2003; Stocker, 2000, 2002). The Agulhas Curpésys a significant role in
determining the weather patterns over southerrcAfand hence DO events should
be recognisable in the palaeoenvironmental reanirtise region. However the
correlation may not be as simple as a teleconnedialaeoclimatic data from core
MD97-2120, east of New Zealand, suggests that soutemisphere mid and low
latitude climates were more variable than can bBeried from the Antarctic ice core
data (Pahnket al, 2003; Pahnke and Zahn, 2005). This highlightsnibed to
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examine a range of proxy data sets derived frorh bwtrine and terrestrial sites to

improve understanding of regional and local climagriability through time.

Focussing on the Southern Hemisphere, an impaootzsdgrvation in the Antarctica
data sets is the similarity between the climaticdittons during MIS 4 and MIS 2,
the Last Glacial Maximum (LGM). This is not limitéd the*20 and3D records.

The dust, Fe, Ca and other chemical flux recorais fthe Vostok and EPICA ice
cores (Fig. 7.8, Vol.ll, pg.38) are proxies for ssaextent (sodium (Na) flux); marine
biological productivity (sulphate (SPflux); aridity of surrounding continents (Iron
(Fe), calcium (Ca), dust, methane ({P}Haerosol fluxes of marine, volcanic,
terrestrial, cosmogenic and anthropogenic origioh direct records of changes in
atmospheric gas (GPcomposition (Petiet al, 1999; Wolffet al, 2006). The data
all suggest that during MIS 4 conditions were agegeeas those during the cold and
dry MIS 2 but not as prolongedy gathering more evidence for the environmental
manifestations this may contribute to a better wstdading of why a shift to
interglacial conditions occurred at the end of R|S$ut did not occur at the end of

MIS 4 despite the apparent similarity in precursieaditions.

The local manifestation of the global-scale climatents has been reviewed in this
paper. Sibudu Cave has yielded the most compreleerestord for the region. Faunal
and botanical assemblages, cave sediments, maguasteptibility of sediments,
geology and carbon isotope analysis of charcoakghat at the end of MIS 4 the
environment around Sibudu Cave was humid and cdlméer present, supporting a
substantial evergreen forest with patches of dopen woodland/savanna (Table 7.2,
Vol.ll, pg.61). The shifts seen in the plant andraal communities preserved in the
~58Kka layers provide evidence for oscillating cliilmaonditions into MIS 3.

Evidence from more recent layers implies alterrmptiooler and warmer conditions
with an overall warming trend, although temperatuesmained lower than present
(Herries, 2006). The forested area that existeéderpre-60ka period may have been
reduced by ~58ka, allowing more open woodland aadsjand communities to
develop during the cooler and drier phase. Duttegwarmer phases of MIS 3,
grasslands decreased and woodland savanna prededimalirect evidence for a
dramatic climate change between the ~58ka and a4 &upations is suggested by a
hiatus of 9.8 = 1.3ka between these two occupadtpmases (Jacolet al, 2008a, b;
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Jacobs and Roberts, 2008). This hiatus coincidésayeriod of colluviation

between 56ka-52 ka, an indication of arid condgiontransitional climates with
reduced vegetation cover, recorded from a serig@getifdated stratigraphic sequences
from erosion gullies in KwaZulu-Natal (Botha, 198#tha and Partridge, 2000,
Bothaet al, 1992, Clarkeet al, 2003, Wintleet al, 1995). Environmental conditions
were likely unsuitable for the use of the sheleeagermanent dwelling during hiatus

periods, perhaps because of a particularly arig@lidacobst al, 2008a, b).

The predominant forest type in KwaZulu-Natal isssified as part of the Indian
Ocean coastal belt biome (Muciegal, 2006) and it requires high moisture levels
(rainfall, humidity). Forested communities are ateastrained by the local substrate
and therefore migration over time to more suitastas is not a viable option (Eeley
et al, 1999). During colder and drier periods suchwing early MIS 3 the forested

areas would have been reduced.

Evidence for glacial conditions in the southern lsginere during MIS 4 and a shift to
an ameliorating climate in MIS 3 has been recovén@u Antarctic ice cores, deep
sea cores and speleothems. These are similar tatbk cold conditions seen in the
LGM (MIS 2). The proxy environmental data from dessa cores and other sites
from the eastern region of South Africa indicatat thetween 70ka and 60ka the
prevailing climatic conditions were colder and wethan present. However, during
MIS 3 temperatures began to slowly rise. Rainfatedrom the Tswaing Crater
suggests that rainfall began to decrease durisgithe, in response to decreasing
insolation. On the western portion, proxy data frdeep sea cores and aeolian dune
sand deposits indicate colder and humid conditwaitis increasing wind strengths
associated with lower Sea Surface Temperatures)(&®ilincreased cold water
upwelling along the western coast during MIS 4 BH8 3. Prior to 70ka, the south-
western proxy data suggests that relatively aritltens persisted. Records of local
and regional climate change from southern Africavsthat during the period 70ka-
50ka, conditions were overall colder and driethi@ €astern regions and colder and
wetter in the western regions. Western and sousteme MSA sites were abandoned
earlier and for longer than MSA sites on the eastegion of South Africa as the
local environments were less suitable for humampaton than in the east. Studies

utilising a range of palaeoenvironmental proxieg.(pollen sequences and
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speleothems) and modern meteorological records ic@aibvith various Global
Circulation Models have indicated that the easpemion of South Africa responds
differently to climate change from that of the vezstregions (Barrablet al., 2002;
Cooket al, 2004; Scotet al, 2008) . The eastern portions are influenced bistare
circulation patterns from the South West and tralpigestern Indian Ocean (Fig. 7.6a
and 7.6b, Vol.ll, pg.35 and 36). These circulatpatterns are affected by the position
of the ITCZ and sea surface temperatures of théhaguCurrent (Cookt al, 2004).
The western regions are affected by the degrepwélling of the Benguela Current
(Reason and Mulenga, 1999) and the northward moweai@nticyclonic high-

pressure systems that bring in moisture-rich whsteénds (Barrableet al,, 2002).

Such a profound change was possibly due to a chartge strength or temperature
of the Agulhas Current or an eastward shift ofAlgellhas Retroflection (Fig. 7.6b,
Vol.ll, pg.36). Summer rainfall along the southteas coast of KwaZulu-Natal is
influenced by the proximity and temperature of Agailhas Current. Alongshore
variations in the rainfall gradient are relatedhe distance between the coast and the
current at the continental shelf edge and thisierfte extends up to 50km inland
(Juryet al, 1993), and includes the Sibudu region. A weakaler Agulhas Current
and an eastward shift of the Agulhas Retroflectimuld lower SST’s along the
eastern coast, resulting in a decrease in sumnméalfand also lower humidity
levels (Juryet al, 1993; Reason, 2002; Reason and Mulenga, 199®n1y1999). If
SST’s are cool in the western southern Indian O¢alamg the southeast coast of
South Africa) and warmer in the eastern areasaithever south-eastern Africa is
drier and rainfall decreases (Reason, 2002; RemstMulenga, 1999). Proxy
evidence from core RC17-69 suggests that a weat@rithe Agulhas Current
occurred towards the end of MIS 4 and that there aveorresponding decrease in

rainfall as indicated by the Tswaing record.

This study highlights the necessity to examine iplatstrands of
palaeoenvironmental evidence. The use of multipinds of evidence allow a better
understanding of the connections between globalatk change events and the
impact of these on local environments and humanlatipns. It also indicates the
need to ensure that dating of sites is secure dsiach strands of

palaeoenvironmental evidence can be convincingkel.
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CHAPTER 8. SUMMARY AND CONCLUSIONS

8.1. Introduction

The goal of this research is to develop a methagolo obtain palaeoenvironmental
evidence in the form of stable carbon isotope fftata archaeological charcoal from
the MSA site of Sibudu Cave. This is a multi-stepgess. Several key requirements
need to be satisfied to ensure that the carboapsalata from the archaeological
charcoals reflects an environmental signal. Hrstttee species must have an
adaptive strategy that leads to the fractionatioradbon isotopes in response to the
environment. This time series record in the rinfgthe tree must be preserved during
the charcoal formation process. The environmeigabs must also be unaffected by
post-depositional processes. Ultimately the validitthe isotopic interpretation was
tested by comparing it with additional proxy envineental evidence from the site.
Sibudu Cave is well-suited for such research asiteehas yielded a suite of
environmental data from sediments, botanical anddbremains providing detailed
insights as to how the local environment has chamgearious times during the past
75ka. In addition, the MSA deposits have been dasaaly the OSL technique,
producing a precise chronological sequence to gtudbse the available

environmental and cultural evidence with otherssémund the world.

A series of isotopic analyses and combustion erpats performed on modern tree
species from KwaZulu-Natal and the Eastern Capeipees elucidated the impact of
the charcoalification process. Isotope data derfv@th trunk discs and cores of
modern trees from the two provinces provides isotepidence of an environmental
response to prevailing climatic conditions. Theisrmental signal is also reflected
in the isotopic values of wood tissue of branchiemfthe same trees. The reason for
examinings**C values from branches is based on ethnographierwe that modern
communities harvest easily accessible deadwodukifiorm of branches and this was
most likely what past inhabitants of Sibudu Caveduss fuel.

In order to demonstrate the validity of the intetption of isotope values from

charcoal, the following analyses and experimentewarried out.
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8.2. Modern treering 8"°C records

8.2.1. Isotopic analysisof trunk discsand core samples

Three trunk discs dflimusops caffrgCoastal Red Milkwood) and three trunk cores
from two specimens d?odocarpus latifoliugReal Yellowwood) from KwaZulu-
Natal were analysed. A single large trunk dis®oflocarpus falcatu€Common
Yellowwood) from the Baviaans Kloof in the East€ape was also examined. The
results are discussed in Chapters 4 and 5. Thelsamithe two species of
Podocarpuswere obtained from environments that can be usethadern analogues
for past environments at Sibudu. The KwaZulu-Nagahples represent conditions of
high moisture availability and the Baviaans Kloafrgple represents conditions of low

moisture availability.

In order to compare isotope values with environm@levdriables, it is necessary to
determine whether growth rings are laid down omam@amual basis as they often have
missing or additional growth rings. This was agkkusing high precision
radiocarbon dating techniques. The dating residtslighted the need for care when
counting rings as growth rings of all three speaieslaid down in a lobate fashion
making it possible to obtain incorrect ring couritsree samples from the largést
caffratrunk were dated at the CSIR laboratory and twopdes ofP. latifolius were
dated using AMS techniques at the Centre for Iso®®@search, Groningen in the
Netherlands. The radiocarbon dates and age mob&smed showed that growth
rings for both species are laid down on an annasisband allowed the accurate

counting of growth rings for each sample.

To determine the most time-efficient method whialded a meaningful climatic
signal, wood samples ®. caffrawere pre-treated in two ways and 81&C values
compared. A set of wholewood samples was pre-tldateSoxhlet distillation.
Samples of the same growth rings were further msexkto yieldi-cellulose. The
wholewood andi-celluloses™®C values for the same samples showed a significant
correlation (f = 0.75, P > 0.0001, correlation = 0.85), preseniire same record of

environmental responses. WholewddtC values were more negative on average by

166



1.2%o with respect ta-celluloses'C values. Based on these results and data from

recent literature, wholewood samples were usethiBoremainder of the study.

The isotopic variability in wholewood sampleshéf caffraprovided a potential
measure of past rainfall from 1870 to 2005. $HE values for three specimens were
compared with a local climate data set (rainfalinidity and temperature) to
determine which climatic factor had the most infioce ond**C values. Thé**C

values ofM. caffrashowed a response to a number of dramatic vamstiothe
regional rainfall record with isotope values fluatimg when rainfall deviates from
normal (e.g. during tropical cyclones or droughitsjljcating thatM. caffrais adapted
for an environment with high moisture availabilifyhere was also isotopic evidence
for a “juvenile effect” during the early stagesgobwth, as well as evidence for
anthropogenic influences on the isotopic compasitidhrough the use of signal
processing techniques (wavelets) it was possibéetount for these influences and
separate the inter-annual climatic response ofrdes. The carbon isotope time series
from M. caffrashow a strong inter-annual response to rainfalbbdity and they
allowed the reconstruction of rainfall patterns dxay the instrumental record for the

region.

Three trunk cores (Core 2, 3 and 4) taken fromdpecimens oP. latifolius from
Seaton Park (KwaZulu-Natal) were analysed and t&@ values compared with the
same annual rainfall, temperature and humidity negcéor the region, as used for the
M. caffraspecimens. A statistical regression approach waptad to determine
which of the environmental variables best correlatéh the isotope data. Core 2
correlated with both temperature and humidity at*89 % and >95% confidence
levels, but Core 3, from the same tree, only cateel with humidity at the >99%
confidence level. It is suggested that this anomady be the result of temperature
and the impact of sunlight in the partitioning e$ources in the tree. Core 4
correlated with temperature (>99% confidence),fmithumidity nor rainfall. The
correlation between carbon isotopes and humidipeaygs to be common to all the
samples with the exception of Core 4. This may besalt of the position of this tree
within a riparian zone. A trunk disc fromPa falcatusfrom the Baviaans Kloof
(Eastern Cape) provideds&’C time series from trees growing in a more moisture

restricted environment, providing a contrastinglegae to those from KwaZulu-
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Natal. The results for the Baviaans Kloof specirsleowed a response to variation in

annual rainfall.

Through the isotopic analysis of the modern trescspens it is possible to
demonstrate that theit>C time series record an environmental signal réfigc
prevailing climatic conditions. These results tBatisfy the first requirement
indicated in section 8.1. It was then necessadetoonstrate that the same
environmental signals are recorded indh€ values of branches from the same

trees.

8.2.2. Isotopic analysis of Podocarpus branch samples

Thes™C values of the core samplesRiddocarpus latifoliusvere compared with
83C values of two corresponding branches. The isotaiges showed that the same
environmental response to temperature and humadig/recorded in both the core
samples and the branches (see Chapter 5).

To demonstrate that an environmental signal wasepved in charcoal produced
from these branches, three additioRalatifoliusbranch samples were collected from
the same site. Two discs from each branch were astadd under oxidising and
reducing conditions and their respectiVéC values compared wit*C values from
corresponding un-burnt dis@sC values for the reduced and oxidised branch
charcoal were more negative with respect to thecgomaterial, but reflected the
same temperature/humidity response to prevailimgatic conditions as was recorded
in fresh wood. Thé**C values of trunks and branches both preservestne s
environmental record. In the case of the KwaZulualNdahe carbon isotope values
correlated with humidity and temperature data ftberegion. Therefore it is
possible to obtain a record of past climatic candg from the growth rings of
branches. These results indicated that a meanirgfutonmental signal may be
preserved in branch charcoal, thereby satisfyiegémaining requirements listed in
section 8.1, namely an adaptive strategy that leatise isotopic fractionation of
carbon isotopes in response to the environmenighiatorded in fresh wood and

charcoal from the same individual.
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8.3. Combustion experiments

There is no clear understanding in the scientifgzdture of the changes that take
place in the carbon isotope ratios of wood chardaahg the combustion process. In
order to ensure that tl8&°C values obtained from burRt latifolius branches were a
true reflection of the original source material,aaitional combustion experiment
was conducted (Chapter 5). A single greetatifoliusbranch was analysed to
determine the range of variability in the carbastape values of the products released
from wood tissues during stages of combustion. Atneated aliquot was placed
directly into a Thermo Flash Elemental Analyserl@ series) integrated via a
Thermo Finnigan Con-flo 11l system with a Thermoltae/ Plus Isotope Ratio Mass
Spectrometer. The temperature of the furnace wasased in a step-wise manner (5°
t015°C) and thé**C values of released products measured at eacletatupe
increment, until the sample was completely comluliste

The results indicate a two-step process by whielctdrbon isotope composition
changes during combustion and thus is linked tgraliic distillation of chemical
compounds within the wood. The main factor affegtime isotope composition of
charcoal is the combustion temperature. Normaldafoelled fires burn at an
average temperature of 450°C to 500°C and althoughall§**C values of charcoal
found at this temperature are systematically megatve relative to the green wood
from which it is formed, this temperature rangesinet obscure the environmental
signals. The results from this experiment demotestteat branches and carbonised
wood preserve a record of local environmental dions. It is therefore possible to

used'®C data from archaeological charcoal as a palaeaemiental proxy.

8.4. Validation of archaeological °C data with other palaeoenvironmental
proxiesfrom Sibudu Cave

8.4.1. Sampling and analysis of archaeological char coal

Samples of archaeological charcoal that had prelydaeen identified using wood
anatomical features and a number of referenceatmlhes (Allott, 2004; 2005; 2006)

169



were selected from a number of layers represethiregg MSA industries at Sibudu
Cave. These layers include the Howiesons PoorpaseHowiesons Poort and the
late MSA industries, for which the chronology haeb well established using OSL
dating techniques. The genedocarpusvas selected because of its predominance
in certain of the MSA layers at Sibudu Caveeltischarcoal was sampled from the
same archaeological layersRadocarpusharcoal on the assumption that the
different environmental sensitivity of this gentmsld provide a more robust
interpretative framework than tliodocarpusalone. Methodological details of the

analyses are discussed in Chapters 5 and 6.

To ensure that th&>C values obtained from the Sibudu archaeologicatadal were
not due to post-depositional contaminants, sultgd®®docarpusandCeltis charcoal
from the three MSA periods were further pre-treatsithg the acid-alkali-acid
method (AAA) and re-analysed (See Chapter 6). prastreatment ensures that any
post-depositional contaminants such as humic sobssaand or carbonates are
removed. Thé'*C range, variance and standard deviations of tha A@mples were
very similar to the original samples and this iradés relatively little post-depositional

contamination of the Sibudu charcoals.

8.4.2. Stable carbon isotope-based palaeoenvironmental inter pretations

The interpretation of th&**C analyses of archaeological charcoal is basedtnthe
absolute values that were obtained, as well agdhability. Since the values have
been demonstrated to be responsive to the envimnmhe distribution of isotope
values is an indication of the range of adaptiepoases that the trees required in the
past. During the Howiesons Poort occupation of ib{65ka-62ka)s™>C values for
both PodocarpusandCeltis suggest that the environment was one of high mn@ist
availability. Conditions were well-suited for theegence oPodocarpusand this was
indicated by the wide range and variance and higiidard deviations of the isotopic
data. The isotopic data suggest thatlocarpusvas able to utilise a broad variety of
adaptive responses to prevailing conditions andehelts correspond well with those
from the modern data from Seaton Park. The isotasults obtained for theeltis

samples have a very low range and variance, suggekat this genus was not well-
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adapted to the environment and may have been ateghkmit of its adaptive

response.

The§**C values folPodocarpusandCeltis from the post-Howiesons Poort (~58ka)
reveal a very different picture, indicating thatiable moisture levels were much
lower than those of the Howiesons Poort. Stableararsotope values for
Podocarpusstand out with much lower mean values and a v@llsange and
variance, representing an isotopic record of mdykellanged environmental
conditions. It appears thRbdocarpuglisplayed a highly restricted adaptive response
and may have been limited to refuge areas in thieme The Baviaans Kloof provides
an analogous environment for this period, althocgiditions may have even drier at
Sibudu during the post-Howiesons Poort. Tedtisisotope data show that this genus
was well-adapted to conditions of lower moisturaibility and most likely had a

wider local distribution than in the Howiesons Roor

There is evidence for further environmental chardyesg the late MSA (~48ka).
Thes™C values folPodocarpusandCeltis suggest that there was low moisture
availability at this time. Conditions were warmbamn those at ~58ka, and it was less
moist than between 65ka and 62ka. Carbon isotolpesyéorPodocarpushave a

higher range and variance than those of the posti¢$ons Poort at ~58ka, but are
still lower than those of the Howiesons Poort 6&k&2ka samples. This suggests that
Podocarpuswvas less restricted in its adaptive responsesstiaping environmental
conditions than during the post-Howiesons Poore Qéltisdata show a similar
pattern to that of the post-Howiesons Poort, wisiehgests that the genus was also

well adapted to the local environment of the time.

Both genera that were analysed from Sibudu showmeiths trends in their isotopic
composition over time, but each has markedly dffieenvironmental adaptations.
This adds support to the earlier conclusion thatctiarcoal isotopes do not reflect

post-depositional contamination or charcoal fororaprocesses.
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8.4.3. Comparison of Sibudu palaeocenvironmental proxies

Since the Wadley excavations at Sibudu Cave bega898, a multi-disciplinary
approach has been applied to the various mategalvered from the MSA layers.
Consequently researchers have developed a detmiteistanding of the
environmental and cultural sequences over theraghousand years. There are
several factors that need to be considered whemiekay the environmental data.
First, the site was not occupied continuously h&vd are large gaps of as much as
10ka in the environmental record. Second, a masaiconment was present around
the site throughout the MSA. This persistent mosaidronment was most likely a
product of site aspect and the presence of the dtoRgver (at least during the
periods that Sibudu was occupied). These would hHeeed the localised
occurrence of certain species which would not tatierwise have survived when the
areas surrounding the site were drier. Third, #drsent of the site is largely
anthropogenic in origin, which may complicate eammental interpretations of
proxy data (Goldbergt al, 2009; Pickering, 2006). Despite these limitagidns still
possible to use the range of proxy data to recocisprast environmental and climatic

conditions during periods of site occupation.

Botanical, faunal and sedimentological evidencenftbe Howiesons Poort layers
indicate that the climate was cooler than at preser conditions were also humid.
A substantial evergreen forest was supported afh@ueas of slightly more open
woodland communities were also present in the dreia. supports the isotopic data
which show thaPodocarpusvas well-adapted to the prevailing environmental
conditions, whilsCeltiswas at its limit of adaptive responses. The pastHdsons
Poort (~58ka) layers provide evidence for osciligtclimatic conditions where
substantial changes in the composition of the warjgant and animal communities
took place. The Howiesons Poort predominantly tetgnvironment was drastically
reduced and open woodland and grassland commudéiedoped. However, it is
important to note that due to the continual presaiavater in the Tongati River,
evergreen riverine forest persisted. Stable carbmope values frorRodocarpus
charcoals from the post-Howiesons Poort suggesthbae forests were reduced to
sheltered refuge areas and the genus showed #iméed adaptive response. Proxy

environmental data from the late MSA (~48ka) laysdrew an initial period of
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warming followed by a cooler period. The combinedd; phytolith and charcoal data
indicate an overall increase in deciduous woodiaitllin close proximity to the site.
Carbon isotope values for both genera became negatine again at ~48ka
suggesting greater moisture availability once mate-58ka and ~48kaeltis §'°C
values suggest a wider range of adaptive strategges available for the genus which

is suited to woodland and savanna environments.

Stable carbon isotope data from archaeologicalcclahthus have the potential to
provide an additional source of proxy evidenceldoalised environmental changes
during the MSA occupations at Sibudu Cave. Theeruly available suite of
environmental proxy data from botanical, faunal aadimentological data provides
supporting evidence for the isotope-based intesficets, thereby validating the

isotopic results.

8.5. Environmental change during the Sibudu MSA in a regional and global
context

The isotopic evidence developed here, and the loorative evidence from other
environmental proxies, provide a very coherentdation of past environments at
Sibudu Cave. These can be compared with regionbgkmipal climate changes
(Chapter 7). The focus is on events that occurtédeaend of the Howiesons Poort
occupation through the beginning of the post-HowamssPoort that corresponds to the
end of Marine Isotope Stage 4 (MIS 4) and the gatnyse of MIS 3 at about 60ka.

At this time the local Sibudu environment changesifa predominantly cool, humid
forested environment to a drier, open grasslanddemal mosaic community with
remnants of riverine forest. Forested communitegiire high moisture levels
(rainfall and humidity) and are also constrainedh®ylocal substrate (Eeley al,
1999; Mucineet al, 2006). Under colder and drier conditions evidehfor early

MIS 3, the forested areas surrounding Sibudu wbaige been reduced. This shift in
local vegetation communities may have been duecttaage in the strength of the
Agulhas Current and an eastward shift of the AgailRatroflection. Summer rainfall
along the south eastern coast of KwaZulu-Nataifis@énced by the proximity and
temperature of the Agulhas Current. Alongshoreatams in the rainfall gradient are
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related to the distance between the coast andutient at the continental shelf edge
and this influence extends up to 50km inland (&argl., 1993), including the Sibudu
region. A weaker Agulhas Current and an eastwaiftiftithe Agulhas Retroflection
would lower sea surface temperatures along themasbast, resulting in a decrease
in summer rainfall and also lower humidity levelsirfy et al., 1993; Reason, 2002;
Reason and Mulenga, 1999; Tyson, 1999). If seasetiemperatures are cool in the
western southern Indian Ocean (along the soutleeast of South Africa) and
warmer in the eastern areas, the air over soutier@aAfrica is drier and rainfall
decreases (Reason, 2002; Reason and Mulenga, F38%y. evidence from marine
core RC17-69, off the eastern coast of KwaZulu-Nateggests that a weakening of
the Agulhas Current occurred towards the end of M#d there is a corresponding
decrease in rainfall as indicated by the Tswairgnm At approximately 58ka (post-
Howiesons Poort) it appears that local environmeraaditions were unfavourable
and Sibudu Cave was abandoned for almost 10 008 ye#l 48ka (late MSA) when

the site was re-occupied.

Proxy palaeoenvironmental data from six other M8Assfrom South Africa were
also examined to see if a similar change in climas recorded. This inter-site
comparison highlighted difficulties associated wdifferences in excavation
methods, data standardization or insufficient daizh the fact that some sites do not
have well resolved age models. However it was ptessb determine some general
regional patterns of environmental change acrassadlntry at the transition between
MIS 4 and MIS 3. Environmental evidence suggesisttie eastern regions
experienced greater precipitation than the mokwaestern regions.

Isotopic and chemistry data from Antarctic ice spieep sea cores and speleothems
indicate that glacial conditions similar to thosegidg the Last Glacial Maximum

(MIS 2) prevailed in the southern hemisphere duNn§ 4. Evidence for a shift to an
ameliorating climate in MIS 3 is also apparenthiage data. This is reflected in the
range of proxy evidence from the Howiesons Podik#662ka) layers at Sibudu.
However, during MIS 3 temperatures began to riselgl Rainfall data from the
Tswaing Crater indicates that overall rainfall be¢a decrease during this time, in a
response to decreasing insolation levels. Evid&ooe the Tswaing Crater needs to

be used with care, due to the age model that hexs déadrapolated for this site. A
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range of southern African palaeoenvironmental @eXe.g. pollen sequences and
speleothems) and modern meteorological records ic@aibvith various Global
Circulation Models have indicated that the easpemtion of South Africa responds
differently to climate change from that of the vezstregions (Barrablet al., 2002;
Cooket al, 2004; Scotet al, 2008). The eastern portions are influenced bistue
circulation patterns from the South West and tralpiestern Indian Ocean affected
by the position of the ITCZ and sea surface tentpeza of the Agulhas Current
(Cooket al, 2004) (Fig, 7.6a and 7.6b, Vol. I, pg.35 and.3@)e western regions
are affected by the northward movement of antiayiclbigh-pressure systems that
bring in moisture-rich westerly winds and the degoéupwelling of the Benguela
Current (Barrablet al, 2002).

During the period 70-50ka, local and regional clienehange records from southern
Africa show that in the eastern regions, conditimese overall colder and drier and
colder and wetter in the western regions than pte8&SA sites located in the
western and south-western regions were abandomieel @ad for longer than MSA
sites from the eastern region of South Africa beedacal environments were less

suitable for human occupation than those in the eas

This inter-site comparison demonstrates the stheoafgthe multi-disciplinary
approach, which utilised multiple strands of patedronmental evidence to
understand the connections between global clinfeage events and the impact of
these changes on local environments and human gtamg between MIS 4 and early
MIS 3. It also highlights the necessity for thelgecdating of sites to allow the

convincing linkage of palaeoenvironmental evidence.

8.6. Avenuesfor further research

During the course of this study it became appatatitthere are a number of areas
where further research is necessary, particulathei use of stable carbon isotopes of
charcoal are to be used as a source of environirdatain the southern African
context. Based on currently published resultsctigrcoal formation process and its
effect on stable carbon isotopes are still not wetlerstood. Researchers have

produced conflicting results on the effects of costlon temperatures and duration,
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type of plant material combusted and chemistrjhefdource material on the carbon
isotope composition of charcoal. The majority ohicdoal isotope and tree ring
isotope research has been carried out in Europeliomted number of taxa. It is
therefore necessary to expand the available soutkfeican data. Further
experimental work is required to identify the ramjeolatile compounds released
during combustion. As the objective is to obtaioxy environmental evidence from
8*C values of charcoal, it would be useful to develagandardised database of
isotopic values for a range of southern African dyepecies, from both identified
archaeological and modern charcoal. There is anpatly substantial source of
identified archaeological charcoal that can acakfeen a variety of archaeological
sites across southern Africa, along with a rangsupfporting proxy environmental
evidence from these site. Of particular interestMEA sites such as Rose Cottage,
Klasies River Mouth, Boomplaas Cave, Blombos CanceRiepkloof rock shelter.
These sites will be able to provide suitable chalréar isotopic analysis, representing
the two main climatic zones in southern Africa, miythe eastern summer rainfall
region and the western winter rainfall region. Saahatabase would provide
complementary material to the growing collectiorsofithern African tree ring

isotope records.

At present there are limited isotopic time seriesveéd from southern African tree
ring records, representing a range of taxa frorfeiht environments. These
currently include examples of the following gend?agocarpugYellowwood),

Celtis (White Stinkwood)Acacig Widdringtonia(Cedar) MimusopgMilkwood),
Breonadia(Matumi) andAdansoniaBaobab). The carbon isotope time series
obtained from these taxa have all shown that air@mwental response (e.g. rainfall,
humidity or temperature) is recorded in annual dghosngs. It would be
advantageous to expand the number of tree ringgenes in systematic fashion,
combining oxygend?0) and carbond{*C) isotope analyses with traditional
dendrological methods. In this way, it will be pibds to develop and extend climatic
records beyond the instrumental range. Ideally slath should be standardised for
the region and the predictive skill of reconstrdatématic variables be tested using
standard metrics (National Research Council, 20016@. species analysed should be

representative of those with a limited or restdatenge, as well as those with a wide
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range. The species should also be sourced fromrbai climatic zones of southern

Africa.

This research has demonstrated the methodologtharmbtential of doing
palaeoenvironmental research through combinindestaybon isotope analysis of
archaeological and modern charcoal. Coupled witimereased number of
indigenous tree ring isotope time series it willdossible to create a powerful
database of proxy environmental records for thenepast and deeper in time.
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