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Abstract
Recent debate concerning the suitability of mortality profile analysis for identifying
secondary product utilisation within archaeozoological assemblages has prompted the
search for alternative methodologies. This research explores the potential of using
weaning age to provide insight into herding strategies in ovicaprines, determined
through the prevalence of developmental enamel defects. A histological methodology
was developed, adapted to the specific nature of sheep molars through an
understanding of formation processes and enamel structures.

This established a

relationship between weaning and developmental defects in modern sheep, revealed as
distinct

patterns

in

defect

distribution

within

the

enamel.

Based

on

historical/archaeological data a weaning age model was developed for the North
Atlantic region by which herding strategies could be recognised, specifically: mixed
milk/meat subsistence, with an emphasis on milk (0-2 months) or on meat (2-4 months),
and the optimisation of meat and/or wool (4-6 months). This methodology was then
tested on archaeological material to interpret husbandry at Iron Age and Norse/Viking
period sites. The results of this analysis showed that interpretations were in general
agreement with those of mortality profile and correspondence analysis conducted as a
methodological comparative. Some disparity, however, highlighted the ability of this
new technique to provide more sensitivity in cases of mixed subsistence systems,
possibly identifying the economic focus of husbandry, or where mortality profiles are
confused. It was concluded that the study of weaning age has potential to provide
valuable insight into ovicaprine husbandry in archaeological contexts, adding to the
understanding of faunal assemblages, especially when supported with other evidence.

Key words: Ovicaprine, hypoplasia, North Atlantic, husbandry, dental defects,
molars, mortality profiles

Acknowledgements

Firstly, I would like to acknowledge the help and support provided to me by my
supervisor Dr Ingrid Mainland who not only allowed me to section modern samples from
her collection, but gave me permission to select samples from the Orcadian
archaeological assemblages studied.

I would also like to thank Professor Tom

McGovern of the City University of New York for permission to thin-section
archaeological samples from the Icelandic sites of Hofstaðir and Sveigakot; as well as
providing information on these sites, most especially for details that had yet to be
published. My thanks also go to Dr Jacqui Mulville of the University of Cardiff who
supplied me with information on faunal remains from the Hebrides, which included
making available draft reports for unpublished sites and Dr Paul Halstead (University of
Sheffield) for his excellent memory of specific details of the conditions under which the
sampled Greek Plikati ovicaprines were kept.

Furthermore, I am grateful to the

University of Bradford, Department of Archaeology, for awarding me a departmental
bursary which helped fund this research. Also within the Department of Archaeology I
would like to acknowledge Dr Holger Schutkowski for the assistance he provided in
identifying and understanding the incremental structures in thin-sectioned enamel. In
addition I would like to thank Stuart Fox for taking time to assist me in acquiring images
of my sheep molars using the SEM at Bradford, Belinda Hill for providing access to the
laboratory and chemicals required for the cleaning of my samples and Dr Jo Buckberry
for her assistance in acquiring the materials I needed for the histology analysis. I am
also grateful to Amy Thompson who gave me the benefit of her knowledge of the use of
embedding materials and the thin-sectioning machine, which allowed me to develop my
methodology. Also thanks go to my fellow PhD students Julia Cussans, for sending me
information on Pool and Tofts Ness for the mortality analysis, and Geoff Davis for giving
me a copy of his Masters thesis as well as information regarding Earl‟s Bu and Mine

Howe cattle husbandry based on his PhD thesis.

I also extend my thanks to Nigel

Goodwin for his help in reinstalling my computer when things went horribly wrong. I
would especially like to express my heart felt gratitude to Dr Mainland for the job
opportunities she afforded me and the countless lifts to Bradford.

In loving memory of Alfred and Barbara Ewens, to whom I am forever indebted for their
guidance and their belief in my ability to complete this research.

Finally but not least to my family for their unceasing support and encouragement, each
in their own way showing me that I can attain anything I set my mind to no matter what;
and who over the course of this research heard more than they ever wanted to know
about ovicaprine husbandry – I can never thank you all enough.

To sheep everywhere: so long and thanks for all the teeth.

TABLE OF CONTENTS
VOLUME 1
CHAPTER 1. INTRODUCTION .................................................................................................... 1
1.1 METHODS USED TO IDENTIFY MILKING IN AN ARCHAEOLOGICAL CONTEXT ................................... 2
1.1.1 Payne Mortality Profiles ................................................................................................ 3
1.1.2 Isotopic and trace element analyses ............................................................................ 9
1.1.3 Limitations of current methods .................................................................................... 12
1.2 THE POTENTIAL OF USING WEANING AGE TO IDENTIFY HERDING STRATEGIES ........................... 13
1.2.1 How can weaning age be determined? The potential of the dental enamel defects. . 14
1.3 AIMS AND OBJECTIVES ......................................................................................................... 16
CHAPTER 2. OVICAPRINE HUSBANDRY IN THE NORTH ATLANTIC ................................. 19
2.1 REGIONS OF THE NORTH ATLANTIC EXAMINED ....................................................................... 19
2.1.1 Northern Isles.............................................................................................................. 22
2.1.1.1 Historical accounts of ovicaprine husbandry in the Northern Isles ....................................... 24

2.1.2 Western Isles - Outer Hebrides .................................................................................. 25
2.1.2.1 Historical accounts of ovicaprine husbandry in the Western Isles ...................................... 25

2.1.3 Faeroe .......................................................................................................................... 25
2.1.3.1 Historical accounts of ovicaprine husbandry in the Faroes ................................................. 27

2.1.4 Iceland ......................................................................................................................... 28
2.1.4.1 Historical accounts of ovicaprine husbandry in Iceland....................................................... 30

2.1.5 Greenland .................................................................................................................... 31
2.1.5.1 Historical accounts of ovicaprine husbandry in Greenland ................................................. 34

2.1.6 Summary of general husbandry trends in the North Atlantic ...................................... 34
2.2 W EANING............................................................................................................................. 36
2.2.1 What is weaning?........................................................................................................ 36
2.2.1.1 Natural weaning .................................................................................................................. 37
2.2.1.2 Artificial Weaning ................................................................................................................ 38
2.2.1.2.1 Complete separation ..................................................................................................... 38
2.2.1.2.2 Partial or progressive weaning ..................................................................................... 39

2.2.2 Ethnographic and historical weaning strategies in ovicaprines .................................. 40
2.2.2.1
2.2.2.2
2.2.2.3
2.2.2.4

Milk production .................................................................................................................... 40
Mixed milk and meat production ......................................................................................... 41
Meat production .................................................................................................................. 42
Wool production .................................................................................................................. 42

2.2.3 Weaning models ......................................................................................................... 43
CHAPTER 3. OVICAPRINE DENTITION AND ENAMEL .......................................................... 44
3.1 SHEEP DENTITION ................................................................................................................ 44
3.1.1 Sheep tooth formation ................................................................................................ 47
3.1.2 Determination of shape ............................................................................................... 49
3.1.2.1 “Field model” ....................................................................................................................... 49
3.1.2.2 “Clone model” ..................................................................................................................... 50

3.1.2
3.1.3
3.1.4
3.1.5

Terminology for study of teeth .................................................................................... 50
Eruption of ovicaprine dentition .................................................................................. 53
Ovicaprine tooth wear ................................................................................................. 55
Ovicaprine ageing using tooth wear and eruption ...................................................... 56

3.1.5.1 Payne‟s ageing system ....................................................................................................... 56
3.1.5.2 Factors affecting rate of wear ............................................................................................. 58

3.2 DENTAL ENAMEL .................................................................................................................. 59
3.2.1 Enamel Formation ...................................................................................................... 60
3.2.1.1 Secretion............................................................................................................................. 60
3.2.1.2 Maturation ........................................................................................................................... 61

3.2.2 Enamel Structure ........................................................................................................ 63
3.2.2.1 Crystallites .......................................................................................................................... 63
3.2.2.2 Prisms ................................................................................................................................. 63

i

3.2.2.2.1 Boyde‟s prism patterns ................................................................................................ 64
3.2.2.2.2 Prism Decussation ....................................................................................................... 65

3.2.3 Enamel types .............................................................................................................. 66
3.2.3.1 Prism Free Enamel ............................................................................................................. 66
3.2.3.2 Prismatic Enamel ................................................................................................................ 67
3.2.3.2.1 Hunter-Schreger Bands ............................................................................................... 67
4.3.3.2.1.1 Types of Hunter-Schreger bands .......................................................................... 69

3.2.4 Internal microscopic features of enamel ..................................................................... 70
3.2.4.1 Prism Cross-striation........................................................................................................... 71
3.2.4.2 Striae of Retzius.................................................................................................................. 72
3.2.4.2.1 Neonatal Line ............................................................................................................... 75
3.2.4.2.2 Counts of cross-striations between striae of Retzius ................................................... 76
3.2.4.3 Perikymata .......................................................................................................................... 76
3.2.4.4 Do these microstructures have regular time dependency? ................................................. 78

CHAPTER 4. DEVELOPMENTAL DEFECTS OF ENAMEL ..................................................... 81
4.1 QUALITATIVE DEFECTS ......................................................................................................... 81
4.1.1 Enamel opacities......................................................................................................... 81
4.2 QUANTITATIVE DEFECTS....................................................................................................... 83
4.2.1 Accentuated striae of Retzius ..................................................................................... 83
4.2.2 Enamel Hypoplasia ..................................................................................................... 84
4.2.2.2 Types of hypoplasia ............................................................................................................ 85
4.2.2.2.1 Linear Enamel Hypoplasia (LEH) ................................................................................. 85
4.2.2.2.2 Pit................................................................................................................................. 88
4.2.2.2.3 Plane ............................................................................................................................ 88
4.2.2.3 Other defect types identified in human and primates .......................................................... 89

4.3 AETIOLOGY .......................................................................................................................... 89
4.3.1 Hereditary ................................................................................................................... 90
4.3.2 Trauma ........................................................................................................................ 91
4.3.3 Systemic stress ........................................................................................................... 91
4.3.3.1 Nutrition and infectious diseases ........................................................................................ 91
4.3.3.2 Fluorides ............................................................................................................................. 92

4.4 DURATION AND SEVERITY OF DEFECT .................................................................................... 93
4.4.1 Discrete and Continuous disturbance ......................................................................... 94
4.5 DEVELOPMENTAL AND MORPHOLOGICAL FACTORS INFLUENCING DEFECT OCCURRENCE ........... 94
4.6 SEX DIFFERENCES ................................................................................................................ 97
4.7 DEVELOPMENTAL DEFECTS IDENTIFIED IN ARTIODACTYLA SPECIES ......................................... 97
4.7.1 Developmental defects identified in sheep (Ovis aries) ............................................. 97
4.7.1.1
4.7.1.2
4.7.1.3
4.7.1.4

Trauma ............................................................................................................................... 98
Fluoride ............................................................................................................................... 99
Parasites ........................................................................................................................... 101
Summary .......................................................................................................................... 102

4.8 DEVELOPMENTAL ENAMEL DEFECTS AND CEMENTUM ............................................................ 103
4.8.1 Coronal cementum ................................................................................................... 104
4.8.1.1 Coronal cementum in bovine teeth ........................................................................ 105
4.8.2 Coronal cementum and developmental enamel defects .......................................... 108
4.9 PREVIOUS METHODOLOGIES USED IN HYPOPLASTIC STUDIES ................................................ 109
4.9.1 Macroscopic Analysis ............................................................................................... 110
4.9.1.1 Problems with macroscopic analysis ................................................................................ 111

4.9.2 Crown surface profiles .............................................................................................. 114
4.9.3 Microscopic Analysis ................................................................................................ 114
4.9.3.1 Scanning Electron Microscopy .......................................................................................... 114
4.9.3.2 Thin-section ...................................................................................................................... 116
4.9.3.2.1 Problems with sectioning ........................................................................................... 118

4.9.4
4.9.5
4.9.6
4.9.7
4.9.8
4.9.9

Scoring/Recording enamel defects ........................................................................... 118
Methods of estimating timing of enamel defects ...................................................... 121
Duration of defect ..................................................................................................... 125
Problems and observational errors ........................................................................... 126
Previous methods used on sheep teeth ................................................................... 127
Previous methods applied in the study of weaning age ........................................... 128

ii

CHAPTER 5. METHODOLOGY ............................................................................................... 130
5.1 MODERN SAMPLES .............................................................................................................. 130
5.1.1 Orkney ...................................................................................................................... 131
5.1.1.1 Modern seaweed eating sheep ......................................................................................... 131
5.1.1.1.1 North Ronaldsay ....................................................................................................... 132
5.1.1.1.2 Holm of Aikerness, Westray ....................................................................................... 135
5.1.1.2 Modern grazers ................................................................................................................ 136
5.1.1.2.1 Rousay, Orkney ......................................................................................................... 137
5.1.1.3 Iceland ............................................................................................................................. 138
5.1.1.4 Greenland ......................................................................................................................... 139
5.1.1.5 Greece .............................................................................................................................. 140
5.1.1.6 Comparison of the modern samples ................................................................................. 142

5.2 EXPLORING METHODS FOR EXAMINING DEVELOPMENTAL DEFECTS IN OVICAPRINE DENTITION . 142
5.2.1 Macroscopic analysis of sheep teeth ........................................................................ 143
5.2.2 Developing a histological method for studying weaning defects in ovicaprine
dentition .................................................................................................................. 144
5.2.2.1 Which tooth? ..................................................................................................................... 144
5.2.2.2 Recording the teeth........................................................................................................... 146
5.2.2.3 Histological methodology .................................................................................................. 147
5.2.2.3.1 Embedding ................................................................................................................. 148
5.2.2.3.2 Moulds ....................................................................................................................... 148
5.2.2.3.3 Thin-Sectioning .......................................................................................................... 151
5.2.2.3.4 Final histological methodology ................................................................................... 152
5.2.2.3.5 Viewing teeth and capturing images .......................................................................... 153
5.2.2.3.6 Measuring structures ................................................................................................. 153
5.2.2.3.7 Protocol for recording developmental defects ............................................................ 156

5.3 METHODOLOGICAL DEVELOPMENT ...................................................................................... 156
5.3.1 Visibility of enamel .................................................................................................... 157
5.3.1.1 Formation .......................................................................................................................... 157
5.3.1.2 Neonatal line ..................................................................................................................... 161
5.3.1.3 Selection criteria for archaeological samples .................................................................... 163

5.3.2 Problems viewing and recording developmental enamel defects ............................ 163
5.3.2.1 Unidentified layer .............................................................................................................. 164
5.3.2.2 Buccal and lingual surfaces .............................................................................................. 166
5.3.2.2.1 Statistical likelihood of seeing accentuated striae ...................................................... 168
5.3.2.2.2 Problems of sectioning the buccal surface ................................................................. 170
5.3.2.3 Visibility of structures in modern and archaeological teeth ............................................... 170

5.3.3 Timing the defect ...................................................................................................... 171
5.3.3.1 Perikymata ........................................................................................................................ 171
5.3.3.1.1 Determining perikymata spacing using SEM.............................................................. 173
5.3.3.1.2 Calculating perikymata spacing ................................................................................. 174
5.3.3.2 Crown height measurements ............................................................................................ 178
5.3.3.3 Comparing perikymata and crown height methods of ageing developmental
enamel defects .............................................................................................................. 181

5.3.4 Interpretation of age at weaning ............................................................................... 183
CHAPTER 6. METHODS APPLIED TO ARCHAEOLOGICAL SAMPLES ............................. 184
6.1 ARCHAEOLOGICAL SAMPLE GROUPS SELECTED FOR HISTOLOGICAL ANALYSIS........................ 184
6.1.1 Mine Howe, Tankerness, Mainland Orkney .............................................................. 185
6.1.2 Snusgar, Sandwick, Orkney ..................................................................................... 187
6.1.3 Earls‟ Bu, Orphir, Orkney .......................................................................................... 188
6.1.4 Hofstaðir, Mývatnssveit, Iceland ............................................................................... 189
6.1.5 Sveigakot, Mývatnssveit, Iceland.............................................................................. 190
6.2 SUMMARY OF METHODS APPLIED TO ARCHAEOLOGICAL SAMPLES IN THE HISTOLOGY SECTION 191
6.3 ANALYSIS OF MORTALITY PATTERNS AND SPECIES REPRESENTATION OF SELECTED NORTH
ATLANTIC SITES. .......................................................................................................... 192
6.3.1 Sites examined as part of mortality analysis ............................................................ 192
6.3.2 Methods used in the analysis of mortality profiles and species representation ....... 194
6.3.2.1 Triplots .............................................................................................................................. 194
6.3.2.2 Mortality Profiles ............................................................................................................... 194
6.3.2.3 Correspondence analysis plot ........................................................................................... 195

iii

6.3.2.3.1 Refining Payne‟s model for interpretation of correspondence analysis results in
North Atlantic context ............................................................................................. 195

CHAPTER 7. RESULTS OF MORTALITY ANALYSIS ........................................................... 199
7.1 RESULTS OF TRIPLOT ANALYSIS OF SPECIES REPRESENTATION ............................................. 199
7.1.1 Orkney Iron Age sites ............................................................................................... 199
7.1.2 Orkney Norse sites ................................................................................................... 200
7.1.3 Hebridean IA sites .................................................................................................... 201
7.1.4 Hebridean Norse sites .............................................................................................. 202
7.1.5 Icelandic sites ........................................................................................................... 202
7.1.6 Greenlandic sites ...................................................................................................... 202
7.1.7 Summary................................................................................................................... 203
7.1.8 Cattle to ovicaprine ratio ........................................................................................... 204
7.2 RESULTS OF MORTALITY PROFILES ..................................................................................... 206
7.2.1 Summary................................................................................................................... 206
7.3 RESULTS OF CORRESPONDENCE ANALYSIS ......................................................................... 213
7.3.1 Iron Age Orkney ........................................................................................................ 216
7.3.2 Norse Orkney ............................................................................................................ 217
7.3.3 Iron Age Hebridean ................................................................................................... 217
7.3.4 Norse Hebridean ....................................................................................................... 218
7.3.5 Icelandic .................................................................................................................... 219
7.3.6 Greenlandic ............................................................................................................... 220
7.3.7 Summary................................................................................................................... 220
7.3.8 North Atlantic trends ................................................................................................. 221
CHAPTER 8. DISCUSSION OF MORTALITY ANALYSIS ...................................................... 223
8.1 MORTALITY PROFILES AND SPECIES REPRESENTATION ......................................................... 223
8.1.1 Comparison with interpretations of other researchers .............................................. 228
8.1.2 Species representation ............................................................................................. 229
8.2 CORRESPONDENCE ANALYSIS ............................................................................................ 232
8.2.1 Orkney IA .................................................................................................................. 233
8.2.2 Orkney Norse ............................................................................................................ 235
8.2.3 Hebrides IA ............................................................................................................... 235
8.2.4 Hebrides Norse ......................................................................................................... 237
8.2.5 Iceland ...................................................................................................................... 237
8.2.6 Greenland ................................................................................................................. 239
8.2.7 Summary................................................................................................................... 239
8.3 COMPARISON OF MORTALITY PROFILES AND CORRESPONDENCE ANALYSIS ............................ 241
CHAPTER 9. RESULTS OF DEVELOPMENTAL ENAMEL DEFECT ANALYSIS OF
MODERN SAMPLES ....................................................................................... 245
9.1 ACCENTUATED STRIAE OF RETZIUS ..................................................................................... 247
9.1.1 Plikati Teeth .............................................................................................................. 247
9.1.2 Rousay ...................................................................................................................... 250
9.1.3 Seaweed Eating Sheep ............................................................................................ 251
9.1.4 Greenland ................................................................................................................. 254
9.1.5 Iceland ...................................................................................................................... 254
9.1.6 Summary of Accentuated striae ................................................................................ 256
9.1.6.1
9.1.6.2
9.1.6.3
9.1.6.4

Plikati ................................................................................................................................ 256
Rousay.............................................................................................................................. 256
Seaweed eating ................................................................................................................ 256
Greenlandic ...................................................................................................................... 257

9.2 HYPOPLASIA ...................................................................................................................... 258
9.2.1 Macroscopic hypoplasia ........................................................................................... 258
9.2.1.1 Pit type .............................................................................................................................. 258
9.2.1.2 Groove type ...................................................................................................................... 261

9.2.2 Microscopic Hypoplasia ............................................................................................ 264
9.2.2.1 Plikati ................................................................................................................................ 264
9.2.2.2 Rousay.............................................................................................................................. 264

iv

9.2.2.3 Seaweed-eating ................................................................................................................ 265
9.2.2.4 Greenland ......................................................................................................................... 265
9.2.2.5 Iceland .............................................................................................................................. 265

9.3 SUMMARY OF MODERN DEFECT RESULTS ........................................................................... 266
CHAPTER 10. RESULTS OF DEVELOPMENTAL ENAMEL DEFECT ANALYSIS OF
ARCHAEOLOGICAL SAMPLES ................................................................. 268
10.1 ACCENTUATED STRIAE OF RETZIUS ................................................................................... 268
10.1.1 Orkney samples ...................................................................................................... 269
10.1.1.1 Mine Howe ...................................................................................................................... 269
10.1.1.2 Snusgar .......................................................................................................................... 271
10.1.1.3 Earl‟s Bu ......................................................................................................................... 273
10.1.1.4 Icelandic sites ................................................................................................................. 275
10.1.1.4.1 Hofstaðir................................................................................................................... 276
10.1.1.4.2 Sveigakot ................................................................................................................. 279

10.2 ENAMEL HYPOPLASIA ....................................................................................................... 282
10.2.1 Mine Howe .............................................................................................................. 282
10.2.2 Snusgar ................................................................................................................... 285
10.2.3 Earl‟s Bu .................................................................................................................. 286
10.2.4 Hofstaðir .................................................................................................................. 286
10.2.5 Sveigakot ................................................................................................................ 290
10.3 SUMMARY ........................................................................................................................ 291
10.3.1 Mine Howe .............................................................................................................. 291
10.3.2 Snusgar ................................................................................................................... 292
10.3.3 Earl‟s Bu .................................................................................................................. 293
10.3.4 Hofstaðir .................................................................................................................. 293
10.3.5 Sveigakot ................................................................................................................ 294
CHAPTER 11. DISCUSSION – INTERPRETATION OF MODERN SAMPLE RESULTS ..... 295
11.1. PLIKATI ........................................................................................................................... 295
11.2 ROUSAY .......................................................................................................................... 298
11.3 SEAWEED EATING SHEEP ................................................................................................. 300
11.3.1 North Ronaldsay ..................................................................................................... 301
11.3.2 Holm of Aikerness ................................................................................................... 303
11.3.2.1 Summary ........................................................................................................................ 306

11.4 GREENLAND..................................................................................................................... 306
11.5 ICELAND .......................................................................................................................... 308
11.6 Summary.................................................................................................................... 308
11.7 COMPARING SAMPLE GROUPS ........................................................................................... 310
11.7.1 Comparison with previous research ....................................................................... 315
11.8 SUMMARY INTERPRETATION OF MODERN ENAMEL DEFECT RESULTS .................................... 318
CHAPTER 12. ARCHAEOLOGICAL DISCUSSION ................................................................ 320
12.1 MINE HOWE ..................................................................................................................... 321
12.2 SNUSGAR ........................................................................................................................ 323
12.3 EARL‟S BU ....................................................................................................................... 325
12.4 HOFSTAÐIR ...................................................................................................................... 327
12.5 SVEIGAKOT ...................................................................................................................... 336
12.6 SUMMARY ........................................................................................................................ 339
12.7 COMPARISON OF ENAMEL DEFECTS ANALYSIS AND MORTALITY PROFILES............................. 341
12.7.1 Mine Howe .............................................................................................................. 341
12.7.2 Snusgar ................................................................................................................... 345
12.7.3 Earl‟s Bu .................................................................................................................. 345
12.7.4 Hofstaðir .................................................................................................................. 347
12.7.5 Sveigakot ................................................................................................................ 348
12.8 EVALUATION OF ENAMEL DEFECT ANALYSIS IN INTERPRETING OVICAPRINE HERDING
STRATEGIES ................................................................................................................. 350

v

13. CONCLUSION .................................................................................................................... 353
13.1 CAN DENTAL ENAMEL DEFECTS BE IDENTIFIED AND AGED IN OVICAPRINE MOLARS? .............. 353
13.2 IS WEANING REFLECTED IN ENAMEL DEFECTS? ................................................................... 355
13.3 CAN WEANING AGE BE USED TO DETERMINE OVICAPRINE HERDING STRATEGIES IN
ARCHAEOLOGICAL CONTEXTS? ...................................................................................... 358
13.4 FURTHER INSIGHTS INTO HERDING STRATEGIES ................................................................. 363
13.6 FURTHER RESEARCH ........................................................................................................ 364

VOLUME 2
Bibliography
Appendices

vi

List of Figures
1.1:
1.2:
2.1:
2.2:
2.3:
3.1:
3.2:
3.3:
3.4:
3.5:
3.6:
3.7:
3.8:
3.9:
3.10:
3.11:
3.12:
3.13:
3.14:
3.15:
3.16:
3.17:
3.18:
3.19:
3.20:
3.21:

3.22:
3.23:
4.1:
4.2:
4.3:
4.4:
4.5:
4.6:
4.7:
4.8:
4.9:

PAYNE‟S MORTALITY PROFILES FOR OPTIMAL MEAT, MILK AND WOOL STRATEGIES
PRESENTED AS SURVIVORSHIP CURVES AND HISTOGRAMS BY WEAR STAGE ........................... 5
MEDIEVAL SCENE SHOWING SHEEP BEING MILKED WITHIN A FOLD WITHOUT THE PRESENCE
OF LAMBS .......................................................................................................................... 8
MAP OF THE NORSE EXPANSION THROUGH THE NORTH ATLANTIC .......................................... 20
W HITE HORNED ICELANDIC ADULT DOE ................................................................................. 21
PERCENTAGE OF DOMESTIC AND WILD SPECIES RECOVERED FROM SITES FROM THE
EASTERN AND W ESTERN SETTLEMENTS IN GREENLAND BY DIFFERENT SITE LEVEL .............. 33
DENTAL FORMULA FOR OVICAPRINE PERMANENT AND DECIDUOUS DENTITION ......................... 45
POSTERIOR LOWER JUVENILE OVICAPRINE DENTITION............................................................ 45
POSTERIOR UPPER AND LOWER OVICAPRINE PERMANENT DENTITION...................................... 45
PAIRED INFUNDIBULUM CHARACTERISTIC OF RUMINANT MOLARS ............................................ 46
SECTION DRAWINGS OF SHEEP TOOTH BUDS ......................................................................... 47
TRANSVERSE SECTION OF MANDIBULAR M1 SHEEP MOLAR SHOWING THE FOUR CUSPS
UNITED AND INDICATING THE MAJOR HARD TISSUES OF THE TOOTH...................................... 48
DIAGRAMMATIC REPRESENTATION OF THE FIELD MODEL, THE HYPOTHETICAL
DIFFERENTIATION OF MAMMALIAN DENTITION BY MORPHOGENETIC FIELDS ........................... 49
THE DENTAL ARCADE WITH LABELS ....................................................................................... 51
POSTERIOR TOOTH ILLUSTRATING THE LINE ANGLES AND POINT ANGLES OF THE CROWN ......... 51
ORIENTATION OF SECTIONS SHOWING AXIS OF ROTATION....................................................... 52
PAYNE WEAR SEQUENCE FOR PERMANENT LOWER OVICAPRINE M1 AND M2 WITH WEAR
STAGE SYMBOLS AND CODES ............................................................................................ 57
DIAGRAM OF SECRETORY AMELOBLASTS WITH ITS ORGANELLES, SHOWING THE DIRECTION
OF PRISM GROWTH ........................................................................................................... 61
SCHEMATIC DRAWING OF THE STAGES OF MATURATION IN THE DEVELOPING ENAMEL OF
OVICAPRINES ................................................................................................................... 62
BOYDE‟S ENAMEL PRISM PACKING PATTERNS ........................................................................ 64
IMAGE OF ENAMEL PRISM PATTERN 2 ON THE SURFACE OF A LOWER M1 SHEEP TOOTH ........... 65
A 3-D MODEL OF DECUSSATION PLANES OF ENAMEL PRISMS .................................................. 66
A SCHEMATIC REPRESENTATION OF BLOCK OF PRISMLESS ENAMEL SHOWING THE
CRYSTALLITE ORIENTATION IN 3-D ..................................................................................... 67
A BLOCK OF PRISMS SHOWING DECUSSION THROUGH THE ENAMEL WHICH PRODUCE
HUNTER-SCHREGER BANDS, SEEN AS LIGHT AND DARK BANDS ........................................... 68
SCHEMATIC DRAWING OF HORIZONTAL HUNTER-SCHREGER BAND TYPES AND HUNTERSCHREGER BANDS SEEN IN ENAMEL OF SHEEP MOLAR ........................................................ 69
PRISM CROSS-STRIATION SEEN IN POLARISED TRANSMITTED LIGHT MICROSCOPY .................... 72
A DIAGRAMMATIC REPRESENTATION OF CROWN GROWTH SHOWING DIFFERENCES IN
NUMBER OF STRIAE OF RETZIUS BETWEEN APPOSITIONAL AND IMBRICATIONAL ZONES IN
INCISOR AND MOLAR TEETH ............................................................................................... 74
IMAGES OF PERIKYMATA, OCCLUSAL AND MID CROWN TYPE.................................................... 78
LONGITUDINAL SECTION OF ENAMEL OF A SHEEP MANDIBULAR M2 TOOTH, DISPLAYING
STRIAE OF RETZIUS AND CERVICAL TYPE PERIKYMATA ........................................................ 78
DESCRIPTIONS AND DIAGRAMS OF HYPOPLASTIC DEFECT TYPES IDENTIFIED IN PIGS ................ 86
ILLUSTRATION OF OCCLUSAL AND CERVICAL WALLS OF LEH................................................... 87
ILLUSTRATION OF PLANE TYPE DEFECT.................................................................................. 89
EXPLANATIONS FOR VARIATIONS IN DEFECT WIDTH ................................................................ 94
DESCRIPTIONS AND DIAGRAMS OF HYPOPLASTIC DEFECTS TYPES FOUND IN SHEEP
INCISORS AND SUSPECTED LEVEL OF SEVERITY ................................................................ 101
TRANSVERSE GROUND SECTION OF CATTLE (BOS TAURUS) MOLAR ROOT SHOWING
CEMENTOCYTES ............................................................................................................. 107
UPPER HUMAN FIRST PERMANENT MOLAR, ILLUSTRATING THE POORLY MINERALISED
ENAMEL WITH TOMES‟ PITS IN THE APPOSITIONAL ZONE OF THE TOOTH .............................. 115
GOODMAN ET AL. (1980) CROWN HEIGHT AGEING CHART ..................................................... 122
REID & DEAN (2000) TIMINGS OF PERMANENT ANTERIOR TOOTH GROWTH IN YEARS AFTER
BIRTH ............................................................................................................................ 123
vii

5.1:
5.2:
5.3:
5.4:
5.5:
5.6:
5.7:
5.8:
5.9:
5.10:
5.11:
5.12:
5.13:
5.14:
5.15:
5.16:
5.17:
5.18:
5.19:
5.20:
5.21:
5.22:
5.23:
6.1:
6.2:
7.1:

7.2:

7.3:
7.4:
7.5:
7.6:
7.7:
7.8:
7.9:
7.10:
7.11:

MAP OF THE ORKNEY ISLES SHOWING THE LOCATIONS OF MODERN SAMPLES STUDIED.......... 133
MAP OF NORTH RONALDSAY AND PICTURES OF NORTH RONALDSAY SHEEP AND LAMB.......... 135
PICTURES OF SHETLAND SHEEP FROM ROUSAY, ORKNEY AND ICELANDIC SHEEP FROM
MÝVATNSSVEIT, ICELAND................................................................................................ 137
MAP OF GREECE WITH LOCATION OF PLIKATI AND PICTURE OF SHEEP BEING DRIVEN TO
PASTURE IN PLIKATI ........................................................................................................ 140
CHRONOLOGY OF TOOTH DEVELOPMENT IN SHEEP .............................................................. 145
ILLUSTRATION AND DESCRIPTION OF THE MEASUREMENTS TAKEN OF SHEEP M1 TOOTH......... 147
DIMENSIONS REQUIRED AND AVERAGE MEASUREMENTS RECORDED FOR DETERMINING
SIZE OF MOULD TO HOUSE M1 AND M2 TEETH ................................................................... 149
DESIGN WITH DIMENSIONS OF MOULD USED FOR EMBEDDING MANDIBULAR SHEEP MOLARS .... 150
PICTURE OF EMBEDDED SHEEP MOLAR USING MOULD, WITH DIAGRAMS SHOWING ANGLES
OF CUT REQUIRED TO SECTION THROUGH THE MIDDLE OF POSTERIOR CUSP ...................... 150
MEASUREMENTS TAKEN ON M1 OVICAPRINE MOLARS AS PART OF THE HISTOLOGY
ANALYSIS ....................................................................................................................... 155
BUCCAL SURFACE OF RIGHT M1 SHEEP MOLAR DISPLAYING PHASES OF FORMATION .............. 158
DEVELOPING ENAMEL AT THE CERVICAL PORTION OF SHEEP MOLARS, SHOWING
DIFFERENT ZONES OF MINERALISATION ............................................................................ 159
SECTIONS SHOWING THE POSITION OF THE NEONATAL LINE IN THE LINGUAL ENAMEL OF
OVICAPRINE DENTITION AT DIFFERENT WEAR STAGES ....................................................... 162
LONGITUDINAL SECTION OF A SHEEP MOLAR SHOWING A UNKNOWN LAYER BETWEEN
ENAMEL AND CEMENTUM ................................................................................................. 164
TRANSVERSE SECTION THROUGH SHEEP MOLAR SHOWING THE TRUE BOUNDARY BETWEEN
ENAMEL AND CEMENTUM ................................................................................................. 165
SCHEMATIC ARRANGEMENT OF ENAMEL SURFACES IN THE M1 TOOTH, SHOWING THE
VISIBILITY OF ACCENTUATED STRIAE WITHIN THESE SURFACES .......................................... 167
FREQUENCY AND PERCENTAGE OF ACCENTUATED STRIAE SEEN IN THE ENAMEL SURFACES ... 168
PERCENTAGE AND FREQUENCY OF GOOD AND BAD SECTIONS BY TOOTH REGION .................. 169
SEM IMAGE OF PERIKYMATA SEEN ON THE BUCCAL SURFACE OF THE ANTERIOR CUSP OF
AN OVICAPRINE MOLAR ................................................................................................... 174
ESTIMATING THE SPACING BETWEEN PERIKYMATA AND DIFFERENT ZONES OF THE BUCCAL
ENAMEL OF A M1 TOOTH USING AVERAGE ANGLE MEASUREMENTS AND TRIGONOMETRY ..... 176
AVERAGE MEASUREMENT OF SHEEP M1 TAKEN FROM SECTIONED TEETH, PROVIDING
AVERAGE TOTAL CROWN HEIGHT FOR BOTH THE BUCCAL AND LINGUAL SURFACES ............. 180
CALCULATING AGE AT WHICH ACCENTUATED STRIAE OCCURRED FOR MODERN SAMPLE
ROU/01 USING AVERAGE PERIKYMATA SPACING MEASUREMENTS..................................... 182
FREQUENCY OF ACCENTUATED STRIAE BY DISTANCE FROM THE CEJ IN MILLIMETRES FOR
THE MODERN SAMPLE ROU/01 ....................................................................................... 182
MAP OF ORKNEY SHOWING LOCATION OF ARCHAEOLOGICAL SITES EXAMINED IN
HISTOLOGICAL AND CA STUDY ........................................................................................ 186
PLAN OF HOFSTAÐIR ......................................................................................................... 190
TRIPLOT GRAPH OF IRON AGE SITES ON THE NORTH ATLANTIC ISLANDS OF ORKNEY AND
THE OUTER HEBRIDES IN TERMS OF THE PERCENTAGE OF DOMESTIC SPECIES,
SHEEP/GOAT, CATTLE AND PIG ........................................................................................ 200
TRIPLOT GRAPH OF NORSE SITES ON THE NORTH ATLANTIC ISLANDS OF ORKNEY,
HEBRIDES, ICELAND AND GREENLAND IN TERMS OF THE PERCENTAGE OF DOMESTIC
SPECIES, SHEEP/GOAT, CATTLE AND PIG .......................................................................... 201
COMBINED TRIPLOT OF IA AND NORSE SITES IN THE NORTH ATLANTIC OF DOMESTIC
SPECIES REPRESENTATION ............................................................................................. 203
PERCENTAGE OF SHEEP/GOAT TO CATTLE FOR ALL NORTH ATLANTIC SITES ......................... 205
MORTALITY PLOTS FOR ORKNEY AND HEBRIDEAN IA AND NORSE SITES BY PAYNE AGE
GROUPS......................................................................................................................... 208
MORTALITY PLOTS OF NORSE ICELANDIC AND GREENLANDIC SITES BY PAYNE AGE
GROUPS......................................................................................................................... 209
SURVIVORSHIP CURVE OF ORCADIAN IA SITES .................................................................... 210
SURVIVORSHIP CURVE OF ORCADIAN NORSE SITES ............................................................. 210
SURVIVORSHIP CURVE OF HEBRIDEAN IA SITES................................................................... 211
SURVIVORSHIP CURVE OF HEBRIDEAN NORSE SITES ........................................................... 211
SURVIVORSHIP CURVE OF ICELANDIC SITES......................................................................... 212
viii

7.12:
7.13:
7.14:
7.15:
7.16:
7.17:
7.18:
8.1:

8.2:

8.3:

9.1:
9.2:
9.3:
9.4:
9.5:
9.6:
9.7:
9.8:
9.9:
9.10:
9.11:
10.1:
10.2:
10.3:
10.4:
10.5:
10.6:
10.7:
10.8:
10.9:
10.10:
10.11:
11.1:

SURVIVORSHIP CURVE OF GREENLANDIC SITES ................................................................... 212
CORRESPONDENCE ANALYSIS SYMMETRIC BIPLOT OF ALL NORTH ATLANTIC SITES ................ 215
CORRESPONDENCE ANALYSIS SYMMETRIC BIPLOT OF ALL NORTH ATLANTIC SITES,
OMITTING DATA ON WEAR STAGE A .................................................................................. 216
CORRESPONDENCE ANALYSIS SYMMETRIC BIPLOT OF IA ORACADIAN AND HEBRIDEAN
SITES, OMITTING DATA ON WEARS STAGE A ...................................................................... 217
CORRESPONDENCE ANALYSIS SYMMETRIC BIPLOT OF NORSE ORACADIAN AND
HEBRIDEAN SITES, OMITTING DATA ON WEARS STAGE A.................................................... 218
CORRESPONDENCE ANALYSIS SYMMETRIC BIPLOT OF ICELANDIC SITES, OMITTING DATA
ON WEARS STAGE A ....................................................................................................... 219
CORRESPONDENCE ANALYSIS SYMMETRIC BIPLOT OF GREENLANDIC SITES, OMITTING
DATA ON WEARS STAGE A ............................................................................................... 220
SPECIES REPRESENTATION TRIPLOTS BY OVICAPRINE HERDING STRATEGY BASED ON
MORTALTY PROFILE DATA, FOR IA AND NORSE SITES IN NORTH ATLANTIC, COMBINED
AND SEPARATED BY PERIOD ............................................................................................ 231
CORRESPONDENCE ANALYSIS SYMMETRIC BIPLOT OF NORTH ATLANTIC SITES, OMITTING
DATA ON WEAR STAGE A AND PRESENTING MORTALITY HISTOGRAMS FOR SELECTED
SITES ............................................................................................................................. 234
CORRESPONDENCE ANALYSIS SYMMETRIC BIPLOT OF NORTH ATLANTIC SITES, INDICATING
MORTALITY PROFILE INTERPRETATIONS FOR EACH SITE AND DISPLAYING MORTALITY
PROFILES FOR SELECTED SITES....................................................................................... 242
FREQUENCY OF DEVELOPMENTAL DEFECTS BY DISTANCE FROM THE CEJ (IN MM) FOR THE
MODERN SAMPLES FROM PLIKATI .................................................................................... 248
FREQUENCY OF DEVELOPMENTAL DEFECTS BY DISTANCE FROM THE CEJ (IN MM) FOR THE
MODERN SAMPLES FROM ROUSAY ................................................................................... 249
FREQUENCY OF DEVELOPMENTAL DEFECTS BY DISTANCE FROM THE CEJ (IN MM) FOR THE
MODERN SAMPLES FROM HOLM OF AIKERNESS AND NORTH RONALDSAY .......................... 253
FREQUENCY OF DEVELOPMENTAL DEFECTS BY DISTANCE FROM THE CEJ (IN MM) FOR THE
MODERN SAMPLES FROM GREENLAND ............................................................................. 255
POSTERIOR, BUCCAL AND ANTERIOR SURFACES OF RIGHT M1/2 OVICAPRINE MOLAR
DISPLAYING MACROSCOPIC HYPOPLASIA IN FORM OF PITS (SG/05) ................................... 259
PLANE TYPE DEFECT WITH ASSOCIATED STRIAE OF RETZIUS ON BUCCAL SURFACE OF
RIGHT M1/2 MOLAR (SG/05) ............................................................................................ 260
BUCCAL SURFACE OF RIGHT M1/2 MOLAR (SG/05) ............................................................... 260
BUCCAL AND LINGUAL SURFACE OF MODERN SHEEP RIGHT M1, BUCCAL DISPLAYING
FURROW TYPE HYPOPLASIA (HOA/04) ............................................................................ 261
PIT TYPE DEFECT ON BUCCAL SURFACE (HOA/04) .............................................................. 261
THIN-SECTIONED PIT TYPE DEFECT ON LINGUAL SURFACE OF RIGHT M1 (HOA/04) ................ 262
THIN-SECTION SHOWING DEFECTS ON BOTH LINGUAL AND ENAMEL SURFACES (HOA/04) ...... 263
FREQUENCY OF DEVELOPMENTAL DEFECTS BY DISTANCE FROM THE CEJ (IN MM) FOR THE
ARCHAEOLOGICAL SAMPLES FROM MINE HOWE ............................................................... 270
FREQUENCY OF DEVELOPMENTAL DEFECTS BY DISTANCE FROM THE CEJ (IN MM) FOR THE
ARCHAEOLOGICAL SAMPLES FROM SNUSGAR ................................................................... 273
FREQUENCY OF DEVELOPMENTAL DEFECTS BY DISTANCE FROM THE CEJ (IN MM) FOR THE
ARCHAEOLOGICAL SAMPLES FROM EARLS‟ BU ................................................................. 274
FREQUENCY OF DEVELOPMENTAL DEFECTS BY DISTANCE FROM THE CEJ (IN MM) FOR THE
ARCHAEOLOGICAL SAMPLES FROM HOFSTAÐIR ................................................................ 277
FREQUENCY OF DEVELOPMENTAL DEFECTS BY DISTANCE FROM THE CEJ (IN MM) FOR THE
ARCHAEOLOGICAL SAMPLES FROM SVEIGAKOT ................................................................ 280
MACROSCOPIC HYPOPLASIA IN ANTERIOR CUSP OF RIGHT M1 OF MINE/02 ........................... 284
DEPRESSION TYPE DEFECT IN BUCCAL SURFACE, WITH BENDING OF THE STRIAE

(MINE/02) ..................................................................................................................... 284
PIT TYPE HYPOPLASIA WITH ASSOCIATED BENDING OF STRIAE (MINE/08) ............................. 285
PIT TYPE DEFECT JUST BELOW THE LEVEL OF THE JAW IN LINGUAL SURFACE (HOF/01) ......... 288
DEPRESSION TYPE HYPOPLASIA IN BUCCAL ENAMEL OF HOF/03 .......................................... 289
DOUBLE PIT TYPE HYPOPLASIA IN LINGUAL ENAMEL CLOSE TO CEJ (SVK/07) ....................... 290
COMBINED RESULTS OF FREQUENCY DISTRIBUTION OF DEFECTS FOR THE MODERN
SAMPLES FROM THE NORTH ATLANTIC REGION ................................................................ 312
ix

11.2:
12.1:

12.2:

12.3:
12.4:
12.5:
12.6:

SCHEMATIC REPRESENTATION OF FREQUENCY OF LEH COMPARED TO MAJOR EVENTS IN
THE LIFE CYCLE OF THE DOMESTIC PIG............................................................................. 317
COMBINED DATA OF FREQUENCY DISTRIBUTION OF DEFECTS (IN MM) FROM THE CEJ FOR
ALL ARCHAEOLOGICAL SITES, EXCLUDING ACCENTUATED STRIAE ASSOCIATED WITH
HYPOPLASIA ................................................................................................................... 326
MAP OF MÝVATNSSVEIT REGION OF ICELAND INDICATING THE EXTENT OF HOFSTAÐIR AND
SVEIGAKOT ESTATE BOUNDARIES, WITH APPROXIMATE LOCATION OF KNOWN SHIELING
AND RÉTTIR STRUCTURES ............................................................................................... 331
FREQUENCY DISTRIBUTION OF DEFECTS (IN MM) FROM CEJ FROM HOFSTAÐIR PHASE 1 ....... 334
FREQUENCY DISTRIBUTION OF DEFECTS (IN MM) FROM CEJ FROM HOFSTAÐIR PHASE 2&3 ... 335
MORTALITY HISTOGRAMS OF ARCHAEOLOGICAL SITES FROM THE HISTOLOGY STUDY ............. 344
CORRESPONDENCE ANALYSIS SYMMETRIC PLOT OF SITES EXAMINED AS PART OF THE
DEVELOPMENTAL DEFECT STUDY ..................................................................................... 349

x

List of Tables
2.1:
2.2:
3.1:
4.1:
4.2:
4.3:
5.1:
5.2:
5.3:
5.4:
5.5:
5.6:
5.7:
5.8:
6.1:
6.2:
7.1:
8.1:
9.1:
9.2:
9.3:
9.4:
10.1:
10.2:
10.3:
12.1:
12.2:
12.3:

CHRONOLOGICAL TIME PERIODS FOR ORKNEY AND ICELAND .................................................. 20
MODEL FOR IDENTIFYING DIFFERENT PRODUCTION STRATEGIES IN OVICAPRINES USING
AGE AT WEANING .............................................................................................................. 43
SHEEP TOOTH WEAR STAGES, PAYNE MWS AND THE EQUIVALENT GRANT STAGE WITH
SUGGESTED CHRONOLOGICAL AGES .................................................................................. 58
DIFFERENT DEVELOPMENTAL ENAMEL DEFECTS TYPES AND IDENTIFIED AETIOLOGIES FOR
SHEEP AND DEER............................................................................................................ 102
MODIFIED DDE INDEX FOR USE IN GENERAL PURPOSE EPIDEMIOLOGICAL STUDIES................ 120
HYPOPLASIA SCORING SYSTEM FOR SHEEP INCISORS DEVELOPED BY SUCKLING ET AL.
(1986) .......................................................................................................................... 128
SUMMARY OF TIMINGS OF FORMATION OF OVICAPRINE M1 MOLARS, BASED ON
OBSERVATIONS OF MODERN SAMPLES ............................................................................. 161
FREQUENCY AND AVERAGE MEASUREMENT OF PERIKYMATA SPACING BY REGION OF THE
TOOTH FROM ARCHAEOLOGICAL TEETH............................................................................ 172
FREQUENCY AND AVERAGE SPACING OF PERIKYMATA VIEWED USING SEM ON BUCCAL
SURFACE OF ANTERIOR CUSP AND LINGUAL SURFACE OF POSTERIOR CUSP ....................... 174
FREQUENCY AND AVERAGE MEASUREMENT OF THE ANGLE OF STRIAE OF RETZIUS BY
REGION OF TOOTH .......................................................................................................... 175
FREQUENCY AND AVERAGE MEASUREMENT OF STRIAE OF RETZIUS SPACING BY REGION
OF THE TOOTH................................................................................................................ 176
CALCULATED AVERAGE PERIKYMATA SPACING FOR DIFFERENT REGIONS OF THE BUCCAL
AND LINGUAL SURFACES OF POSTERIOR CUSP AND AVERAGE SPACING BY SIDE .................. 177
AVERAGE DISTANCE FROM THE CUSP TIP TO WHERE THE NEONATAL LINE MEETS THE DEJ
IN MM FOR THE BUCCAL AND LINGUAL SURFACES .............................................................. 179
DESCRIBING THE REGIONS OF ENAMEL WITHIN WHICH WEANING IS LIKELY TO INDICATE
MIXED MILK/MEAT SUBSISTENCE OR OPTIMISED MEAT &/OR WOOL PRODUCTION SYSTEM .... 183
NORTH ATLANTIC SITES EXAMINED AS PART OF THE MORTALITY ANALYSIS, NUMBER OF
JAWS AND SOURCE OF WEAR DATA .................................................................................. 193
OVICAPRINE HERDING STRATEGIES IN NORTH ATLANTIC BASED ON ETHNOGRAPHICAL AND
HISTORICAL DATA FOR THE INTERPRETATION OF CA PLOTS OF MORTALITY PROFILES ......... 197
PERCENTAGE OF CATTLE TO SHEEP/GOAT FOR NORTH ATLANTIC SITES ............................... 205
ECONOMIC HERDING STRATEGY FOR OVICAPRINES INTERPRETED BASED ON
CORRESPONDENCE ANALYSIS AND MORTALITY PROFILES .................................................. 240
FREQUENCY AND PERCENTAGE OF ACCENTUATED STRIAE OF RETZIUS AND HYPOPLASIA
OF MODERN SAMPLES, NOTING PRESENCE AND ABSENCE OF NEONATAL LINES AND CEJ .... 246
AGE AND PAYNE WEAR STAGE OF MODERN SAMPLES DISPLAYING STRIAE OF RETZIUS AND
THE MEASUREMENT (IN MM) FROM THE CEJ. .................................................................... 251
HYPOPLASTIC DEFECT MEASUREMENTS FROM CEJ (IN MM) TO START AND FINISH OF
DEFECT.......................................................................................................................... 264
AVERAGE NUMBER OF STRIAE OF RETZIUS AND HYPOPLASIA BY MODERN SAMPLE GROUP ..... 267
MEASUREMENTS OF ENAMEL HYPOPLASTIC DEFECTS IN ARCHAEOLOGICAL SAMPLES FROM
CEJ .............................................................................................................................. 282
AVERAGE NUMBER OF STRIAE OF RETZIUS AND HYPOPLASIA BY ARCHAEOLOGICAL SITE ........ 291
TYPE OF HYPOPLASTIC DEFECT BY TOOTH AND SITE FOR ARCHAEOLOGICAL SAMPLES ........... 294
ADJUSTED AVERAGE ACCENTUATED STRIAE, HYPOPLASIA AND TOTAL DEFECTS PER
TOOTH FOR THE ARCHAEOLOGICAL SITES......................................................................... 339
SEASON AND YEAR OF DEATH FOR JUVENILE OVICAPRINE MANDIBLE FROM MINE HOWE
BASED ON JONES (2006) WEAR STAGES .......................................................................... 343
SEASON AND YEAR OF DEATH FOR JUVENILE OVICAPRINE MANDIBLE FROM EARL‟S BU
BASED ON JONES (2006) WEAR STAGES .......................................................................... 347

xi

Chapter 1. Introduction
Ovicaprines, sheep and goats, were among the earliest species to be domesticated.
This practice started in the Middle East at approximately 7000BC (Ryder 1993, Squires
1975); and spread with agriculture into Europe in 5000BC, reaching the Atlantic and the
British Isles by the Neolithic (Ryder 1983: 59).

Towards the end of the Neolithic in temperate Europe it is argued that there was a shift
towards the maximum utility of animal resources (Sherratt 1981, 1983). This meant that
domesticated animals were not just exploited for their carcasses but for their „secondary
products,‟ the renewable resources of milk, wool/hair and traction (Sherratt 1981,
Bogucki 1986). Farming constituted harder work than hunting therefore domesticated
animals became more valuable alive than killed for their meat (Ryder 1983: 25). Other
archaeologists, however, believe that this transition, with particular regard to milking,
was practised from the early Neolithic onwards evidenced by faunal records and
artefacts related to the production of dairy products (Legge 1989, Bogucki 1986).

This change in farming practice allowed the intensification of agricultural production and
increased the potential of trade and transport (Sherratt 1981). Milking, in particular, is a
highly efficient exploitation of livestock, giving four or five times the protein and energy
from the same amount of feed as would be used to raise animals for meat (Sherratt
1981).

The production of milk products such as butter, yoghurt and cheese also

allowed milk to be preserved and consumed beyond the milking season with little or no
spoilage, helping to meet dietary needs during food shortages (e.g. in winter); while
some cheeses could be transported and traded between communities, all without
depleting stock or reducing productivity (McCormick 1983, Bogucki 1986).

The

identification of dairying on a site, the intensive production and utilisation of milk, is
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therefore an important indicator of an intensive, sophisticated society (Craig et al.
2000). It is difficult, however, to identify the use of animals for milk archaeologically and
there has been serious debate as to whether it can truly be distinguished in the faunal
record (Entwistle & Grant 1989, McCormick 1992, Clutton-Brock 1981, Legge 1989,
Halstead 1998).

This thesis aims to develop a method for the identification of secondary product
exploitation in ovicaprines, in particular the utilisation of milk, which can be applied to
archaeological remains. This chapter reviews current techniques and their limitations,
before describing a new method; the practicability of which will be the subject of this
research.

1.1 Methods used to identify milking in an archaeological
context
Representations of milking have been found as far back as the mid-third millennium in
the Near East in the form of iconographic evidence, seals and friezes, but this is
believed only to signify occasional exploitation of the lactation cycle rather than a
dairying economy (Sherratt 1981, McCormick 1992). Since the Bronze Age in Europe
more practical evidence of milk use, in the form of artefacts, has been found. These
include perforated ceramic vessels believed to be milk sieves recovered from sites in
central and Eastern Europe (Bogucki 1986, McCormick 1992), wooden churns
produced from waterlogged sites in Ireland (McCormick 1992) and anti-suckling devices
used for weaning found in Scandinavia and Western Europe (Bergsåker 1978).

Although all these artefacts indicate the use of milk, this type of evidence is ambiguous
when used on its own and must be supported by the faunal remains to help distinguish
between “regular farming practice and arcane agronomic knowledge or infrequent
2

ceremonial activity (Halstead 1998: 4).” While butchery marks and bone fragmentation
can be relatively directly used to show that livestock were used for meat and other
carcass products, it is not that easy to recognise the exploitation of secondary products
in a population (Halstead 1998). For this a new set of questions need to be asked of
the bone assemblage.

The differences between the exploitation of domesticates for „secondary products‟ and
the animal itself, results in very specific patterns of husbandry and it is believed that this
can be identified in the faunal record (Rackham 1994). This is done by calculating the
age distribution of a sample of archaeological dental elements (Cribb 1984), otherwise
known as the „kill-off pattern,‟ and comparing this to models of different farming
management systems for meat, milk and wool production (Payne 1973).

1.1.1 Payne Mortality Profiles
“Kill-off” patterns have been used for many years by archaeozoologists to understand
whether faunal remains represent wild or domesticated animals and how they were
being managed (Payne 1973). Payne (1973) used archaeological remains from the site
of Aşvan Kale, together with ethnographical data collected in Turkey, to develop models
of kill-off patterns created by different production objectives in ovicaprines. The age at
which an animal is slaughtered depends on a number of factors: the relative value of
the products within the society, characteristics of the livestock, the environment in which
the site is situated and the availability of seasonal grazing (Payne 1973).

Also,

depending on which products are desired, priorities have to be made regarding the
management of the herd, which lead to differences in the age and sex structures of
those animals conserved and those slaughtered (Greenfield 1991).

Taking these

factors into account Payne (1973) developed three idealised models of intensive
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production which he presented in the form of mortality curves, designed to be used for
comparison with archaeological data (Figure 1.1).

Payne constructed his mortality profiles using tooth eruption and wear. He did not use
epiphyseal fusion as this sequence ends quite early in the animals‟ life at 3-3.5 years
(Silver 1963) and because juvenile bone is fragile, which can result in differential
survival. Mandibles are less biased by preservation and studying eruption and tooth
wear together allows archaeozoologists to age older individuals. By recording patterns
of wear as dentine is exposed in teeth within a mandible it is possible to assign the jaw
to one of a series of categories, for which relative ages can be attributed, based on data
from modern animals (Payne 1973, O‟Connor 2000: 87, described in section 3.1.5.1).
This method, therefore, extends the age sequence up to approximately 10 years, close
to the life expectancy of this species (Payne 1973). The relative proportion of animals
within these age categories can then be compared to proposed models such as
Payne‟s for optimal meat, milk and wool models, shown in Figure 1.1 and described
below.



Meat model

For primary products such as meat and hides, young males are generally kept to an
optimal weight, mostly being killed during the second and third year. Any surplus stock
is killed before or just before maturity (as growth slows) except for those kept for
breeding.

Females may not be killed, being kept instead to replace stock and as

insurance against loss during bad years. The model put forward by Payne has little
infant mortality (both male and female), but a sharp increase in mortality between 18-30
months, mainly male. After this the mortality rate slows, with the majority of those killed
after 3 years being female (Payne 1973, Greenfield 1991).

4



Milk model

In milk production lambs surplus to breeding stock are usually killed as soon as the
yield of milk is not endangered. This very early slaughter group will be made up of
greater than 80% male individuals, as only females are required for their milk
(Greenfield 1991). Payne‟s model shows that 50-60% of mortality occurs before 1 year,
mainly male, except those required for reproduction. After one year there is then a
gradual decline in slaughter, with mostly females surviving to old age (Payne 1973).



Wool model

Wool production requires older stock; consequently the young are only killed if they are
not needed for replacement stock. Those males not needed for breeding are castrated
and only killed when the quality of their wool starts to fall off, usually by 6 or 7 years.
Payne‟s model has 30% of animals killed at a young age, with the majority, both male
and female, being killed between 6-10 years (Payne 1973).

Meat

Milk

Meat

Wool

100

Milk

% Survival

80
60

Wool

40
20
0
0

2

4
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10

Age (years)
Figure.1.1: Payne‟s mortality profiles for optimal meat, milk and wool strategies presented as
survivorship curves and histograms by wear stage (after Payne 1973).
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Mixed milk/meat model

In subsistence economies where ovicaprines are kept for both milk and meat, if milk is
the more important product and the provision of fodder is a problem then surplus young
are culled at 6-9 months, prior to winter (Payne 1973). If meat is considered the more
important product or if the provision fodder is not problematic then farmers may defer
slaughter until 2-3 years (Payne 1973).

This type of economy would most likely

produce a curve that would fall between the milk and meat curves (Figure 1.1) and a
line doing so is usually taken to indicate some milking (Rowley-Conwy 2000).

Payne‟s models have been widely adopted (Legge 1989, Halstead 1989, 1996, Mulville
1999 & 2005, Rowley-Conwy 2000, Serjeantson & Bond 2007) but equally have been
much criticised (Clutton-Brock 1981, Entwistle & Grant 1989, McCormick 1992, Balasse
2003). A major area of debate is whether the slaughter of neonate and juvenile animals
would have reduced or enhanced the production of milk for human consumption. One
school of thought argues that all infants not essential for reproduction would have been
slaughtered and that a dairy herd would be indicated in the archaeological assemblage
by a predominance of female bones and high proportion of neonates, 0-3 month olds
(Legge 1989, Payne 1973).

Others argue that a high proportion of slaughtered

neonates does not indicate a milking economy because the offspring are needed for the
let down of milk. It is believed, based on ethnographical and historical accounts, that
lambs and calves are necessary not just for the initial lactation but to maintain it, as the
mothers will not release their milk without stimulation (Clutton-Brock 1981, Entwhistle &
Grant 1989, McCormick 1992, Peske 1994, Balasse et al. 2003). Conversely, it has
been shown that artificial stimuli and conditioned reflexes can be used to release milk,
which can be anything from sounds associated with milking and manipulation of the
udder, to the use of some kind of model as a substitute for the calf or kid (Amoroso &
Jewell 1963, Labussière 1999). Halstead (1998) also argues that cattle and ovicaprines
6

are pre-adapted to milking and problems of milk release are related to nutrition and
housing that can be overcome.

Moreover, the issue of milk let down does not

necessarily apply to all species. Differences in the physiology of cattle and ovicaprine
udders mean that while cattle might need the presence of their calves for the initial
lactation, in sheep and goats it is possible to kill the infants and not preclude the
collection of milk (as depicted in Figure 1.2) (Balasse 2003, Ryder 1993). It has also
been suggested that a high number of infants within a faunal assemblage might simply
represent heavy natural mortality rather than deliberate slaughter for economic reasons
(Jewell 1981). For that reason a new technique has recently been developed using
radiographs to separate prenatal from peri- or postnatal animals, thereby identifying
aborted foetuses and those that died just after birth due to complications or illness
(Davis 2004).

A further issue raised is the assumption that societies were employing optimising
strategies, that is to say herders had a single goal, for example the production of milk.
In practice mix subsistence strategies are usually adopted as a response to any number
of factors including the availability of pasture and labour (Halstead 1998), cultural
constraints and pressures of market forces (Payne 1973). For instance, ethnographical
studies of sheep management in Greece showed that although the main product is
generally milk, lambs are only slaughtered at an early age because there is a market for
young meat (Halstead 1998). Archaeologically this would look like a „Payne‟ dairy herd.
But the market could just as well demand heavier carcasses from older animals which
would change the slaughter pattern to look more like a meat producing strategy, even
though the primary economic focus was milk. As these mixed strategies may combine
in varying degrees different types of product exploitation (Vigne and Helmer 2007),
producing intermediate mortality profiles that deviate from Payne‟s models, such as
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those outlined in Helmer and Vigne (2007, see section 6.3.2.3) it is more difficult to
differentiate management strategies.

Figure 1.2: Medieval scene showing sheep being milked within a fold without the presence of
lambs. English Luttrell Psalter, c.1340, British Museum Add. MS 42130. Available at
http://yourehistory.wordpress.com/2007/06/02/medieval-image-of-sheep/ [Accessed on 12
December 2008]

It is difficult, therefore, to identify farming systems utilising secondary products solely on
the basis of age distribution. Economies may be masked by a number of processes
unrelated to management such as, preservation, carcass utilisation, differential
recovery and disposal strategies, although it may be possible to overcome these
problems with intra and inter-site analysis (Halstead 1998).

The faunal sample or

assemblage may also be too small to properly assess using age distribution (Bogucki
1986) and Payne‟s „kill-off‟ models. Another problem is the redistribution of livestock,
as Payne‟s models assume the community consumes all excess animals and does not
take into account the possibility of their transference to people outside the community.
Bogucki (1986) suggests that even other strategies like autumn slaughter (due to winter
shortage of fodder) could appear to be similar to killing offspring to free up milk, when
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looked at this way in the archaeological record. For these reasons, archaeozoologists
must look to other methods in conjunction with Payne‟s models.

1.1.2 Isotopic and trace element analyses
One method increasingly being used is the identification and analysis of milk lipid
residues in prehistoric ceramic vessels.

This powerful new tool has allowed the

identification of animal exploitation in the absence of any faunal remains (Dudd et al.
1999). The chemical makeup of lipids in fat and wax residues found absorbed into
ceramic vessels are determined by measuring stable isotope ratios and using gas
chromatography compared with modern reference samples (Dudd et al. 1999), which
allows distinctions to be made between ruminant and non-ruminant fats and in more
recent work, the identification of milk proteins (Craig 2003). Ruminant milk fat with
carbonised residues found in British pottery dated to the Neolithic, indicate the use of
ceramics for the heat treatment of dairy products to high temperatures, either for
pasteurising milk or for the processing of cheese or yoghurt, illustrating that this
methodology can be used not just for the identification of milking but the processing of
dairy products (Dudd et al. 1999). A study of lipids in prehistoric British pottery has
since found that the exploitation of animals for milk was an established practice prior to
the arrival of farming in the late fifth millennium BC (Copley et al. 2004, 2003).

Determining which ruminant species was utilised for milk is important, as the cultural
and economic implications for the use of sheep and cattle milk are different (Craig et al.
2005). Sheep and goat‟s milk have been shown to have distinct isotopic trends in
comparison to cow‟s milk due to the differences in lactose, fat and protein composition,
especially in heated milks (Spangenberg et al. 2006). The specific identification of
bovine milk residues in a large number of vessels has challenged theories that high
juvenile mortality of cattle at Iron Age sites in the Western Isles were the result of poor
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husbandry and environmental constraints on fodder; this technique therefore suggests
in this instance that distinctive kill-off patterns can identify dairy economies (Craig et al.
2000, 2005).

This technique is not, however, without its restrictions. The process is an expensive
one, which may seriously limit any sampling strategies; also there are problems of
preservation and contamination that can interfere with analysis (Evershed et al. 1992).
In addition there can be difficulty in distinguishing between food residues and those that
result from non-culinary activities, as milk is sometimes used to seal pottery; although to
some degree this can be interpreted from the form of the pot (Evershed et al. 1992),
location and proportions of lipids observed (Craig et al. 2005). Finally, as with Payne‟s
models, it is not possible to determine the relative importance of milk within the
economy, i.e. the degree to which it is employed, whether occasional or intensive.

Intensive milking has also been identified in skeletal remains. Lactation, as well as
pregnancy, causes a calcium drain in mothers.

This deficiency can be seen by

observing trace element levels in and measuring the cortical thickness of maternal
bones. Runia (1987: 76) carried out chemical analysis of modern and archaeological
cattle bones from West-Friesland looking at relative strontium levels. As pregnant and
lactating animals excrete more calcium than strontium to the foetus and in milk, the
result is a higher level of strontium (Sr) in such female animals. More work needs to be
done, however, to find the long term effects of lactation on Sr levels within bones using
modern reference material (Runia 1987: 78). At the same time that this deficiency
affects the levels of strontium it also causes the resorption of cortical bone in an attempt
to maintain calcium levels. Horwitz and Smith (1991) have looked at cortical thickness
of sheep bones from the Neolithic and Bronze Age period site of Jericho in Israel to
identify those individuals that had been routinely milked. A thinning of cortical bone in
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metatarsals has been linked with calcium depletion during pregnancy and lactation.
Using radiographs of metatarsals, the cortical bone thickness was determined by
subtracting the width of the medullary cavity from the measurement of the overall shaft
width. In this study, a difference in the thickness of cortical bone was noted between
male and female sheep even when they were fed the same diet.

Although this is a non-destructive method, it can only be done when comparing male
and females from a site, which requires the individuals to be sexed. Despite both these
methods detecting intensive milking, other variables prevent the use of this method in
archaeozoological applications (Halstead 1996). For example, it has been observed
that calcium depletion can be attributed to overcrowding and poor diet, as much as
milking.

Another technique that has been recently used is isotopic biogeochemistry, the analysis
of the composition of collagen within the bones, used in the study of diet in ancient
populations. As collagen in bone is not renewed at the same rate in different parts of
the skeleton or within a single bone, this allows researchers to note altered isotopic
compositions, which in turn signal a change of diet. In a study of cattle remains by
Balasse et al. (1997) the authors used the intra-individual variability of nitrogen isotopes
within dentine, from the M1 region of the mandible and the dental bud, to highlight the
dietary change of weaning at population level and to provide information about age at
which weaning occurred.

Believing that dairy production is characterised by post

lactation slaughter, the aim of their study was to determine if the weaning age occurred
around the age of slaughter. Using this method to study the French site of Bercy the
authors believe to have identified a Neolithic milk production oriented economy
(Balasse et al. 1997).
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Again, however, this type of analysis is expensive. The age groups used are also very
broad which does not provide a very precise age at weaning, as this process could
have occurred any time in a six-month period. This method would not, therefore, be
sensitive enough to distinguish between animals raised for different purposes.

1.1.3 Limitations of current methods
Despite these methods it is still hard to identify milking and dairying of ovicaprines in
archaeological contexts. Even if the arguments against being able to use mortality
profiles, in particular Payne‟s models, to identify intensive milk production are ignored
this method is still affected by problems of preservation and differential recovery,
natural mortality and the employment of mixed subsistence strategies; all of which can
confuse or conceal an underlying herding strategy. This method, therefore, can only
give an indication of the potential for product optimisation (Halstead 1998) and,
therefore, while being easy to use, this method needs to be supported by other
evidence.

The isotopic analysis methods (milk lipid, strontium and biogeochemistry) are all both
expensive and destructive, while the ability to employ these techniques is greatly
dependant on the degree of preservation on site.

Strontium analysis, as with the

measurement of cortical bone thickness, also require known sex samples, which are
recovered relatively infrequently in archaeological contexts.

Furthermore, while all

these isotopic techniques can signify the use of milk at a site, and in some case which
species was utilised, it does not indicate to what degree this product was used, whether
occasional or intensive.
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1.2 The potential of using weaning age to identify herding
strategies
The weaning study by Balasse et al. (1997) is potentially interesting because it
highlights a source of evidence that potentially could give an insight into the use of
secondary and primary products. This is because it provides a direct relationship
between the animal and the husbandry system it was reared under.

Environmental conditions, economic, cultural and genetic factors together with fodder
availability all determine how a herder manipulates his flock. As the herder has control
over the reproductive cycle of his animals, he also determines the structure or
demographics of the herd depending on the output desired.

This does not just mean

making decisions on when to cull or slaughter certain animals but also when it is
optimal to wean them. For example, those at one extreme, pastoralists maintaining
animals for dairy production, will find it necessary to wean offspring suddenly at an early
age to free up milk for human consumption. Whereas, at the other extreme, those
young reared for their wool require substantial amounts of good food to assure a quality
fleece and as such are usually allowed to feed until the end of the lactation period. This
gradual period of weaning will occur when the animal is a lot older. This thesis will
therefore explore the potential of weaning for understanding past husbandry strategies.

While isotopic analysis is one way to do this, at the time of starting this thesis the
technique employed did not allow a high enough resolution to accurately determine
weaning age (Balasse et al. 1997).

Instead the potential of another method of

determining age at weaning was explored; the analysis of developmental enamel
defects.
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1.2.1 How can weaning age be determined? The potential of the
dental enamel defects.
Teeth are good indicators of general health as they are sensitive to environmental
factors that lead to metabolic disturbances or stress (Ervynck & Dobney 1999). These
disturbances can manifest themselves in a number of ways, depending on the stage of
tooth development; the most dramatic of which is enamel hypoplasia.

Hypoplastic

lesions occur when the ameloblasts, enamel-producing cells, fail to lay down the normal
thickness of enamel during development and take the form of either pits or furrows
arranged in a band around the circumference of the crown (described in full in Chapter
4) (Hillson 1986:129). As enamel does not remodel and preserves better than any
other hard tissue, defects formed in it provide an excellent source of information for
reconstructing a history of stress in the early stages of an individual‟s life (Dobney &
Ervynck 2000). Clinical studies of hypoplasia in living populations and experimentally
induced stress in laboratory animals have shown that these defects can be used as
non-specific indicators of physiological stress like systemic diseases and nutritional
deprivation (Dirks et al. 2002, Suckling et al. 1986). Weaning, usually the first stressful
event after birth, is also known to produce hypoplastic lesions and has been identified in
many species both modern and archaeological.

Archaeologists and wildlife biologists have used the study of enamel hypoplasia and the
position of the defect on different teeth to identify the nutritional stress of weaning in
both past human and animal populations. To date this research has been conducted
macroscopically on pigs (Dobney et al. 2002, Dobney & Ervynck 2000), bison (Niven
2000), extinct and modern species of giraffe (Franz-Odendaal 2004, Franz-Odendaal et
al. 2003) and by anthropologists studying human slave populations (Corruccini et al.
1985, Blakey et al. 1994, Moggi-Cecchi et al. 1994) and primates (Guatelli-Steinberg
2001).
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These studies were conducted in different ways. Dobney and Ervynck (2000) looked at
linear enamel hypoplasia (LEH) in archaeological pig (Sus scofa) molars in an attempt
to produce a chronology of physiological stress events. By plotting the frequency of
LEH by crown height and then comparing this to the time of formation for each tooth
Dobney et al. (2002) believe that they were able to link peaks in LEH occurrence with
major events in primitive domestic pig life cycles. In this way they believed they found
peaks indicating birth and weaning on the M1 tooth (as lines and depressions), the
nutritional stress of the first winter on the M2 and second winter in the pigs life on the
M3. From this they were further able to interpret variations in frequency and location of
LEH between archaeological sites as differences in feeding regimes or husbandry
practices (Dobney et al. 2002).

This particular hypoplastic event was also examined in the extinct Pliocene herbivore,
Sivatherium hendeyi, from the giraffe family.

Using isotopic analysis to detect the

weaning transition this analysis indicated that the hypoplastic lesion formed during the
later development of the M1 and early M2 was related to weaning and occurred in a
similar ontogenetic period as in extant giraffes (Franz-Odendaal et al. 2003, FranzOdendaal 2004).

As mentioned above there is quite a lot of debate as to when it is best to remove a lamb
or calf from its mother before milking for human consumption (section 1.1.1). In each
case pasture, climatic conditions and the condition of the female livestock are all
relevant factors determining the earliest that the farmers can remove the young. Either
way this period between birth and weaning should not be as long as if the offspring was
being raised for meat or wool.

In this case the animals would be suckled as long as

possible to reach optimal meat weight before slaughter. The location of the weaning
line on the animals‟ dentition might, consequently, reflect different farming strategies
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and by noting the position of these defects might help distinguish animals weaned for
their mothers‟ milk and those reared for their meat.

By finding a way of determining the timing of developmental enamel defects reflecting
weaning, it might be feasible to develop a technique that more precisely indicates when
the animal was weaned. While age distribution data may imply that a particular herd or
flock management system has enhanced the potential for milk production (Halstead
1998), looking at the permanent record in the dentition may give more direct evidence
of the type of economy being used. The study of the developmental enamel defects
used in conjunction with artefactual evidence and by applying Payne‟s kill-off patterns to
the age distribution of a faunal sample might, therefore, make it easier to determine if
the remains are indicative of a system in which milk production was important (as part
of an intensive or subsistence economy) or if another strategy was employed.

1.3 Aims and Objectives
The overall research aim of this thesis is to explore the potential of developmental
enamel defects as a method of identifying weaning age in sheep and goats and its
implications for understanding ovicaprine management, specifically the use of
secondary products, in archaeological contexts.

To develop and investigate the practicability of this technique it is necessary to study
sheep and goat dentition for which details of life history, especially related to weaning,
are known. Modern samples available for study derive mainly from Orkney, Iceland and
Greenland (section 5.1); so for comparative purposes the developed methodology will
also be applied to archaeological assemblages from the North Atlantic, with a focus on
Iron Age and Norse sites (see Chapter 6).
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More specifically, this research aims to:

1. Develop a method for observing developmental enamel defects in sheep teeth.

2. Develop a method to determine the age at which a defect occurred.

3. Identify developmental defects caused by the nutritional stress of weaning in the
enamel of ovicaprine dentition and more specifically determine the age at which it
occurred.

4. Develop a model for identifying herding strategies, in particular the utilisation of milk,
in ovicaprines using weaning age.

5. Interpret the ovicaprine herding strategy employed in a number of archaeological
sites.

6. Compare these interpretations with the mortality data for the archaeological sites.

The following chapter (Chapter 2) provides a general background to historical and
archaeological evidence for ovicaprine husbandry strategies utilised in the North
Atlantic region. Descriptions of the weaning methods in relation to particular herding
strategies are also presented in this chapter to aid in the development of a model for
interpreting husbandry at the archaeological sites.

Chapter 3 examines ovicaprine

dentition and the formation of enamel necessary for understanding the processes
affected by developmental defects.

In Chapter 4 the formation and aetiology of

developmental enamel defects as well as techniques employed in their study are
discussed, all of which form the basis for the methodology developed for this study
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(Chapter 5 & 6).

To be comprehensive, the results and discussion of a mortality

analysis study (Chapter 7 & 8), undertaken for comparison with the archaeological
samples, will be presented prior to the developmental enamel defect study. This is to
help understand the archaeological histological results and also because elements of
the mortality analysis will be brought into the archaeological discussion.

The

methodology for interpreting weaning in the archaeological samples (Chapter 10 & 12)
will also be based on the results and discussion of the modern sample analysis
(Chapter 9 & 11).
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Chapter 2. Ovicaprine husbandry in the North Atlantic
This chapter briefly presents an outline of the general history and importance of sheep
in the North Atlantic based on historical, ethnographical and archaeological data, with
reference to herding strategies, especially those related to secondary product
utilisation. The following section provides an overview of sheep/goat husbandry not
only in the regions that are the focus of this study, Orkney and Iceland, but also in the
wider North Atlantic, considered later as part of a more detailed analysis of mortality
profiles and species representation for specific sites, conducted to aid the interpretation
of the developmental enamel defect results. The inclusion of Greenland and the Faroes
in this study was to provide the widest possible context with regards to Norse
husbandry and illustrate the dissemination of husbandry practices associated with the
movement of Norse settlers in the North Atlantic; while the inclusion of the Hebrides
allows some context for understanding Iron Age Orkney that cannot be found in the
wider North Atlantic. Finally this chapter concludes with a description of the different
methods of weaning ovicaprines, together with models based on ethnographic
examples of their employment in different herding strategies, for identifying husbandry
based on weaning age.

2.1 Regions of the North Atlantic examined
In both the Northern and Western islands the earliest archaeozoological assemblages
recovered are from the Neolithic (Mulville et al. 2005). Ovicaprines were introduced
much later to the western North Atlantic (Iceland, Greenland and the Faroe Islands) in
the Viking/Norse period with the expansion of this society.
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Neolithic
Bronze
Age
EIA
MIA
LIA
Iron Age
Viking
Norse
Reference

Orkney
c.3500BC - c.2000BC

Iceland

c.2000BC - c.600BC
c.600BC - c.200BC
c.200BC - c.AD 400
c.AD 400 - 800
c.600 BC - c.AD 800
c.AD 800 - 1065
c.AD 1065 - 1231
Grieve & Gibson
2005, Barrett et al.
1999 (Table 1).

-c.AD 750-1100
Vesteinsson et
al. 2002

Table 2.1: Chronological time periods for Orkney and Iceland

The Faroe Islands are believed to have been first occupied in the Viking period around
800AD during the Norse expansion into the west by settlers from Scandinavia (Figure
2.1), most likely from Norway (Edwards 2005, Arge et al. 2005).

These seafaring

Vikings also colonized Iceland and established two settlements in Greenland (Ólafsson
2000). No evidence of human activity has been found beneath the Landnám (“land
take”) tephra of 871AD in Iceland after which Norse colonists established farming
settlements (Vésteinsson 2000). Greenland was first settled by Norse farmers from
Iceland in the Norse/Early Medieval period c. 985AD (Vésteinsson et al. 2002).

Figure 2.1: Map of the Norse expansion through the North Atlantic (after Ólafsson 2000:144).

All the modern sheep breeds of the North Atlantic (Orkney, Shetland, Faroe and
Icelandic) are Northern short-tails which seem to show Norse influence (Ryder 1983:
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540, 545 & 766, Table 14.2) and are of similar stature, calculated to be between 5070cm in height at the withers (Appendix Table 2.1). It is widely assumed on the basis of
skeletal morphology that the ancient sheep in the North Atlantic were a similar kind to
the Northern short-tails. Goats do not appear to have been common in the Scottish
islands. At the multi-phased Orcadian site of Pool, faunal remains suggest that goats
were not introduced until the Norse period (Bond 2007). Goats do, however, appear in
greater numbers in archaeological assemblages from Iceland and Greenland.

The

Icelandic breed of goat (Figure 2.2) is considered to be of Norwegian origin, dating to
the settlement of Iceland (Sveinsdóttir & Dýrmundsson 1994).

As livestock was

introduced to Greenland from Iceland it is likely that these were of the same breed.

Differences in the importance of ovicaprines and the herding strategies employed have
been noted between countries in the northern Atlantic, as well as through time.
Perhaps one of the most important deciding factors for these differences is the pressure
of landscape, from the treeless rolling hills of the Northern Isles and the machair of the
Western Isles, to Greenland with its mountains and icecaps, and Iceland with its
volcanic activity. These all posed different problems for farmers and, together with
climate, availability of wild resources, ability to produce fodder, as well as economic and
social factors would have dictated the choice of husbandry practice.

Figure 2.2: White horned Icelandic adult doe (after Dýrmundsson 2005: 56).
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The rest of this section discusses the spread of sheep and goats together with ideas of
husbandry in the North Atlantic and changes in economic strategies over time, from
their introduction in the Neolithic to the early modern period (Table 2.1). The evidence
for this is based on literary descriptions (sagas), historical information (official records
and accounts such as land registers), archaeological remains (faunal, architectural and
entomological) and accounts of early modern farming practices. Faunal remains from
archaeological sites allow a direct understanding of the importance of domestic species
at particular settlement sites, including the ratio of sheep to goats reared, but also allow
mortality profiles to be constructed to determine what kind of economic use these
animals were put to. Much of the husbandry practices cannot, however, be inferred
from archaeological remains. Our understanding of these can only be surmised from
ethnohistorical accounts of farming.

No historical information on goat husbandry

practices in these North Atlantic countries could be found, as goats have not been
farmed in these countries since the Medieval period or earlier. Both archaeological and
historical information on sheep husbandry will, therefore, be presented for each of these
regions separately, noting changes over time.

2.1.1 Northern Isles
Due to their location out in the North Atlantic these islands are considered marginal in
comparison to mainland Britain but by the Viking period Orkney was an earldom, ruling
Shetland and the Hebrides, on an important shipping route between Scandinavia and
the more northerly lands of Iceland and Greenland (Bond 1998, Crawford 1987 cited in
Bond 1998).

While there are fewer early sites than later Norse for which faunal remains have been
recorded, it appears that domesticated species were the agricultural mainstay with wild
resources, including fishing and sea bird capture, only a dietary supplement (Nicholson
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& Davis, 2007). In Orkney, farmers were highly dependant on the use of domesticates,
consisting of cattle, sheep and varying proportions of pig; representing 75% of remains
at IA Howe to over 90% at Neolithic to IA Tofts Ness and Pictish to Norse Buckquoy
(Smith 1994, Nicholson & Davis 2007, Noddle 1977). Most sites do not record the
presence of goat, so it is assumed that the majority of ovicaprines reared on these
islands were sheep. Examination of the multi-period Orcadian sites of Tofts Ness and
Pool have shown that the proportion of sheep to cattle remains (% NISP) changed over
time from sheep being more dominant in the Neolithic to the Iron Age periods and cattle
becoming more prominent in the Pictish/Norse period (Nicholson & Davis 2007, Bond
2007). From the Neolithic to the Iron Age at Tofts Ness evidence suggests ovicaprines
were not intensively utilised for a single product (Serjeantson and Bond 2007a) but at
Pool during the Viking/Norse period meat had become a more important commodity
from sheep (Bond 2007), which coincides with the increased use of cattle for producing
milk (Serjeantson & Bond 2007).

There is relatively little archaeological information for Shetland, with some sites such as
Jarlshof having no usable faunal data (Mulville et al. 2005) and the few sites more
recently excavated with comparable data, such as Old Scatness, yet to be published.
At Iron Age Scalloway figures show (based on % NISP) roughly equal proportions of
cattle and sheep, although there were insufficient mandibles for the analysis of mortality
profiles to determine the herding strategy (O‟Sullivan 1998). At Sandwick, a late Norse
site, there is artefactual evidence of the use of sheep for wool in the form of loom
weights and spindle whorls (Bigelow 1985). Similarities were noted between Sandwick
and Jarlshof, despite the disparity of size and location between the settlements,
suggesting a wide spread economic trend, with an increase in fishing and dairying of
cattle. Bigelow (1992) suggests that this reflects a shift from a subsistence economy to
one of intensification for exchange in the Norse period.
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2.1.1.1 Historical accounts of ovicaprine husbandry in the Northern Isles
In Orkney sheep were left to graze unherded on hills, nesses and holms. As a result
the mortality rate of young could be high as new born lambs left by their mothers are at
risk from ravens or black-backed gulls (Fenton 1997: 446 & 450). Historically, lambing
season was timed for the last two weeks of April to early May, which meant that rutting
season was planned for December. Sheep would be gathered for dipping and clipping
in July, although year olds and dry ewes could be clipped in June (Fenton 1997: 453).

A similar system was employed in the rest of the Northern Isles. In Shetland at the
beginning of the twentieth century sheep ran wild year round on common grazing land,
only to be gathered together in walled pens in June to pluck wool and again in autumn
for dipping. At this time ewes were kept separate until mating in December so that
lambs were born in May. This also ensured the farmer could select their own rams for
breeding. “Ewes lamb on the hill with little or no help, but in the past ewes were often
tethered with young lambs on the croft for some time (Ryder 1983: 537)”. Lambs were
over-wintered in special lamb houses close to the farm (Ryder 1983: 538).

Today the only example of the old communal form of sheep husbandry still practiced in
Orkney can be found on North Ronaldsay were the sheep are kept on the shore,
retained by a 12 mile dyke to keep the animals off the arable land (Fenton 1997: 466,
Ryder 1983: 531). Here male individuals live exclusively on seaweed except for the
first 5 months of life when they graze and suckle their mother in a pund. Pregnant ewes
spend the summer months grazing in enclosures until their offspring are old enough to
be turned onto the shore. Ram lambs are traditionally castrated at 4-6 weeks (Ryder
1983: 533). North Ronaldsay sheep are kept for their meat but also the wool they can
provide when they are shorn in June/July. No attempt appears to be made to milk
these animals.
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2.1.2 Western Isles - Outer Hebrides
Like Orkney the inhabitants of the Western Isles relied heavily on their domestic
livestock (cattle, sheep, goat and pigs) and utilised the wild species available, like red
deer, seals and whale, infrequently. There is a general trend throughout the Neolithic to
Norse period for sheep to be more prevalent than cattle, with rare finds of goat bone
from the late Iron Age onwards in the Southern Hebrides (Mulville pers. comm.). The
sheep mortality profiles between sites are similar, with relatively few lambs dying in the
first few months and the majority of animals being slaughtered between 6 months and 2
years (wear stage C and D), characteristic of a meat utilisation curve. The lack of
neonatal bones found on site suggests that perhaps lambing took place away from the
settlement (Mulville et al. 2005).

There is also a slight increase in the number of

animals surviving to maturity between the Iron Age and Norse period (Mulville et al.
2005). This increase in the age of slaughter over time suggests a shift in focus from
meat production possibly towards secondary products (Mulville & Powell 2006). The
presence of older individuals, the majority of which have been identified as breeding
females, could have been used for their milk as well as fleeces.

2.1.2.1 Historical accounts of ovicaprine husbandry in the Western Isles
An account from 1549 suggested that sheep in the Western Isles were allowed to graze
the moors and glens year round as they were never housed, not even during winter and
were only plucked of wool once a year (McDonald 1978 cited in Ryder 1983: 504).

2.1.3 Faeroe
It is believed that the Faroe Islands (thought to mean “sheep islands”) were settled by
the Norse arriving from Norway and Scandinavian inhabited Britain as part of their
expansion into the North Atlantic around 800AD (Arge 2005, Edwards 2005). Analysis
of archaeological remains found on a 9th century site show that while these settlers
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brought with them sheep, cattle, pigs and horses, these domesticated animals made up
a very small percentage of faunal assemblages, which were dominated by fish and
seabirds (McGovern et al. 2004a).

The 9th-13th century farm site excavation of Undir Junkarinsfløtti on the island of
Sandoy, for example, shows that domestic and marine mammals made up ≤5% in
comparison to bird and fish (Edwards 2005).

Comparisons of the proportions of

domestic species show that sheep were present in higher numbers than cattle and over
time as cattle numbers decreased, sheep increased. This is because the landscape
with its steep fields, limited areas to grow fodder but with inland grazing possible
through winter, lends itself better to sheep farming (Arge et al., 2005). A larger sample
size would be required to determine mortality patterns and management strategies for
sheep; however, the relatively low percentage of neonatal bones and high proportion of
fully mature animals, determined using bone fusion data (McGovern et al. 2004a),
suggests a mixed subsistence utilisation of sheep.

While very little can be learnt about ovicaprine husbandry from archaeological faunal
remains in the Faroes, place names and documentary evidence can provide more.
Place names with Norse/Gaelic origin (ærgi, ergi or argi) give an indication that a
shieling based system was at one time used (Arge et al. 2005, Mahler 1993, Dahl
1970). While other names like Kvívík and Kvíingadalur from kvíggj (place where sheep
were milked or domestic animals were gathered) as well as lambhagi (lamb grazing)
also suggest that lambs were grazed in enclosed areas away from the ewes while they
were being milked (Arge et al. 2005). This type of management appears to have been
used until the 11th-12th century when archaeological evidence has shown it was
replaced by an infield-outfield system.

This is confirmed by the law amendment

Seyðabrævið (the Sheep Letter) issued in 1289 which formally established the number
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of sheep that could be grazed on the outfield area used by the community as a whole
(Arge et al. 2005, Mahler 1993). With the introduction of this new system of land use it
appears sheep milking was no longer practiced (Arge et al. 2005).

2.1.3.1 Historical accounts of ovicaprine husbandry in the Faroes
Accounts of sheep farming in the Faroe Isles written by Svabo (1782 in Ryder 1983:
544) stated that sheep were not greatly managed and were never housed, but
described circular and oval pens used for sheltering and sorting animals collected from
summer pasture in September. In the outfield these shelters are described as being no
more than holes in the hillsides (Joensen 1979 in Zimmermann 1999).

In other

accounts some sheep were taken inside from mid October to mid May (a few weeks
before lambing), the number housed depending on the infield capacity to produce hay.
As the capacity was not great it usually required the majority of animals to winter
outside in the infield area which was possible as the pasture was usually good enough
until end of year. In bad years when fodder supplies were exhausted sheep were
driven to the shore to eat seaweed (Ryder 1983: 542).

Lambing was timed for late May, with the ewes being plucked of wool in June before
being sent to summer pasture so that the infield area could be sown with new grasses
for fodder. From June to September there was no management of the animals at all
although the sheep were tended by shepherds while on outfields.

At the end of

September when the animals had been gathered in, surplus ram lambs were killed
followed by ewe lambs and wethers (castrated males) one or two weeks later. Older
sheep were killed throughout the winter. (Ryder 1983: 542)
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2.1.4 Iceland
Iceland was settled between 870-930AD by people from Norway (Adalsteinsson 1991).
The earliest settlers were farmers, bringing with them cattle and sheep; the main focus
of their husbandry, together with goat, pig and horse (Sveinbjarnardóttir 1992). The
relatively warm climate in Iceland at this time allowed grass to grow to higher altitudes
and the settlers to continue with a transplanted economy, supported by the exploitation
of local marine and terrestrial resources (Vésteinsson 2000).

During the early period of Landnám settlement (9-10th century) cattle, ovicaprines and
pigs appear in archaeological assemblages in mixed quantities, dependant on the local
ecology and climate, reared by farmers intent on duplicating a cattle and pig rich
economy such as seen in mainland Scandinavian (Vésteinsson et al. 2002). In this
period the utilisation of wild resources such as birds was common while fish bones are
rare finds (Amorosi et al. 1997).

There are differences in the climate within Iceland, between the south with a boreal
environment (little persistent snow in lower elevations) caused by the Gulf Stream and
the north, which has a significantly colder but more stable climate with a substantial
long-lasting winter, caused by sea ice (McGovern et al. 2007). As a result, sites in the
south of the country were rearing more cattle in relation to ovicaprines than in the north
(Vésteinsson et al. 2002).

During the Commonwealth period (930-1262AD) ovicaprine numbers rose in
comparison to cattle as did the importance of seals, whales and fish (Amorosi et al.
1997). There was also a decline in the number of pigs (Vésteinsson et al. 2002). This
coincides with the writing of the Grágás law code in the early 12th century which shows
that Icelandic farmers were trying to regulate pasture use (Amorosi 1996), as
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overstocking was having a destructive effect on vegetation and, together with soil
erosion, was causing a reduction of livestock productivity. Also by the mid 12th century
various taxes, in the form of rent and tribute, were more prevalent as was trading
homespun wool and skins with Norway (Karlson 1975 & Stefánsson 1975 cited in
Ingimundarson 1992). This led to an intensification of sheep rearing for wool production
(Ingimundarson 1992).

“Intensification meant more wethers, fewer younger, better fed ewes and many lambs
culled at four to six months a strategy which was fodder costly and has low meat and
milk production efficiency indices (Ingimundarson 1992: 221)”. These Commonwealth
farmers, however, also relied significantly on sheep for dairy products; as a result it is
likely that a dual economy may have developed within the country. Some farms had
sheep rearing geared to wool production, others had to have a more broad-based
subsistence, including cattle, seals and fish, for domestic use and exchange to
supplement the intensive farming system (Ingimundarson, 1992).

Towards the end of the Commonwealth period the climate was becoming more
variable. There had been a great decline in woodland, due to deliberate deforestation
to produce more pasture land and the heavy exploitation for leaf and twig fodder
(Buckland 2000). By this time cattle and sheep were the main domestic species as
goat had been eliminated and the presence of pigs on sites was rare (Vésteinsson
2000). In the Late Medieval period the weather became increasingly colder which,
together with soil erosion and deteriorating pasture, appears to have resulted in an
intensification of sheep herding. This period also saw an increased importance of fish
as trade also expanded at this time (Vésteinsson 2000, Amorosi et al. 1997), although
only significant milk producers were allowed to engage in off shore fishing
(Ingimundarson 1992).
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2.1.4.1 Historical accounts of ovicaprine husbandry in Iceland
Early farming practices in Iceland brought over from Norway, such as keeping milking
animals in summer houses and using highland pasture to fatten young and old sheep
for slaughter, are described by Adalsteinsson (1991). In late autumn these animals
were brought back to the farm for slaughter or over wintering depending on the fodder
store. Male lambs were castrated in spring after 14 days of age and were kept on
either for meat or wool production. Old and barren ewes were slaughtered in autumn,
while wethers were only killed at this time if the outlook was bad for winter.

Sheep

were removed from highland pastures in late September to early October and grazed
near the farm until beginning of November when rams were removed from the flock
prior to mating in late December. In winter, if snow covered the ground, lambs would
be brought in during the night to be returned to pasture during day and fed hay if
necessary. Adult animals were only brought in if snow and ice covered the ground; if
the weather permitted they were let out during the day. These animals were only
supplemented if their survival depended on it. Sheep lambed in the lowlands either
indoors or around farm houses in May. Lambs were usually only killed at birth if the
ewe was so emaciated through lack of food during winter that suckling would have
killed her. In June the adults were sheared or plucked of their wool and lambs
earmarked. Lambs were separated from their mothers in late June to be put in fields
with castrates and year old/barren ewes. Milking ewes were grazed near the farm or at
a sel (shieling) for 8-10 weeks where they were milked twice a day to produce dairy
products for winter (Adalsteinsson 1991).

Ewe milking, the primary distinguishing

feature of traditional subsistence husbandry in Scandinavia, required the gagging of the
lamb, separation from the ewe for the whole or part of the day or early weaning. In
Iceland weaning normally took place in early summer before the shieling period
(Bergsåker 1978).
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The importance of milk production in Iceland is reflected in the practice of paying rent in
butter mentioned in the Jarðabók (Sveinbjarnardóttir 1991).

Shielings (or sels in

Iceland) were used from the settlement period up until the 16-17th century and
consisted of a summer pasture for grazing and a number of buildings some distance
from the main farm (Hastrup 1989).

The Laxdæla saga mentions that a shieling

consists of sleeping quarters and a dairy for the processing of milk products
(Magnusson and Pálsson 1969), as it is known that at least a part of the household
went to the sel during the summer. The practice of keeping sheep (sometimes cattle) at
shielings during the summer was brought to Iceland and Greenland from Norway and
was designed to make the best of the land resources. The Jónsbók Icelandic law book
of 1281AD stated that summer pasture was only allowed to be grazed for two months of
the year by law, from the middle of June until the middle of August (Hastrup 1989,
Sveinbjarnardóttir 1991). The process of dairying milk had been transferred from the
sel to the main farm in the 15th century, and by the 18th century was no longer in use
(Hastrup 1989). The identification of réttir monuments in the landscape, structures
used for sorting sheep after they have been driven down from the highlands in autumn,
are helping to understand communal stock movement (Aldred & Madsen 2008).

2.1.5 Greenland
Greenland was colonised by Norse settlers from Iceland in 985AD and occupied until it
was abandoned in 1500AD (McGovern, 1981; Vésteinsson et al. 2002). Two main
settlement areas have been identified through archaeological remains; the larger
Eastern Settlement of possibly 4-5000 inhabitants was located on the southern tip of
the country in the modern Narssaq and Julianehåb region, while the smaller Western
Settlement of perhaps 1000-1500 inhabitants was located 400 miles further north in the
Godhåb region (Arneborg & Seaver 2000, McGovern 1981). At the time of Greenlandic
Landnám it appears that early farming strategies in Iceland (possibly from Atlantic
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Scandinavia) exerted major influence on the first settlers (Vésteinsson et al., 2002). It
was, however, radically different in several major aspects. While there is evidence of
ruminant importance in the form of byres/barns and faunal remains (Rose et al. 1984),
with the limited areas for production of fodder and low levels of edible vegetation, the
Greenlanders subsistence system appears to have been greatly dependant on wild
mammalian species, particularly migratory seals (McGovern 1992, McGovern &
Pálsdóttir 2006).

The level of reliance of these people on their domesticated species, in particular cattle
and ovicaprines, appears to have differed over time and between the Eastern and
Western settlements. The Western settlement assemblages show a higher percentage
of seal than domesticated species (cattle, sheep, goat and pig), while the Eastern
settlement has a much higher proportion of domestic species (Figure 2.3). This could
be due to differences in climate between the regions as the Western settlement is
colder in winter and the period of growth providing pasture and fodder is shorter. There
are also slight differences between farms, depending on their size, location and amount
of available pasture. Sites can be divided into four classes based on the calculated
floor areas of halls and associated buildings like byres, barns and stores (McGovern
1985). Level 1 is classed as a Super farm of which there is only one example in
Greenland (Gardar, E47), Level 2 is a District Chief farm, while Level 3 is thought to be
Bondi (landowning yeoman) and Level 4 a Poor Man farm (McGovern 2006).

Sites classed as Bondi or Poor Man in the Eastern settlement have a higher percentage
of domestic species than higher status sites in the same settlement. This could be due
to differential availability and access to wild species. Those sites consuming greater
amounts of caribou and seal require less meat from domesticated species to make up
their diet and are more likely to be utilising them for secondary products.
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Figure 2.3: Percentage of domestic and wild species recovered at sites from the Eastern and
Western settlements in Greenland by different site level (after Degerbol 1936, McGovern 1979,
McGovern & Bigelow 1976 and McGovern 1981 all cited in McGovern 1985; Enghoff 2003,
McGovern and Pálsdóttir 2006 and Smiarowski et al. 2007, raw data presented in Appendix
Table 2.2). Key: 2 = District Chief; 3 = Bondi; 4 = Poor Man.

It is likely, however, that the economics of husbandry in Greenland do not just reflect
marginality of land. Meat production is an extensive strategy requiring more pasture
and fodder, but less labour intensive than dairying which could free up time for hunting.
Those high status sites with cattle, used for their milk, could afford to raise ovicaprines
to older ages for meat and fat; whereas smaller lower status farms with poorer pasture
that would not support many cattle required both milk and meat from ovicaprines,
supplemented with meat from seal and caribou (Mainland & Halstead 2005).

There does not appear to have been a great shift in numbers of ovicaprines in
comparison to cattle during the Norse occupation of Greenland like that seen in Iceland
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due to the intensification of wool production (McGovern et al. 2007). In fact the mix of
goat and sheep would not allow for surplus wool for market (McGovern 1992).

2.1.5.1 Historical accounts of ovicaprine husbandry in Greenland
Farming traditions in Greenland today have been practiced since the beginning of the
twentieth century, with some recent changes. Until the 1970/80‟s sheep were grazed
year round, with little fodder to supplement their diet and lambing took place on open
ranges away from farms. This practice caused high mortality rates due to climate
conditions and predators.

Breeding took place in the middle of December so that

lambing would occur in early May. It was also a routine practice to mate ewe lambs
approx 7 months old towards the end of December. Shearing the ewes and earmarking
the lambs took place in early June, after which the sheep were then released onto
rangeland for summer grazing with their lambs for a period of roughly 150 days. The
animals were gathered in September/October when the surplus lambs were selected for
slaughter or were sold. In the past inadequate or incorrect feeding, as well as snow
and ice crusting, proved the most major problems for sheep farmers in Greenland
(Rose et al. 1984).

2.1.6 Summary of general husbandry trends in the North
Atlantic
The choice of husbandry practices and utilisation of ovicaprines seem to be based on a
number of different factors: climatic conditions, differences in landscape, availability of
pasture and provision of fodder, ability to procure wild resources (terrestrial/marine
mammals and birds), customs and tradition, trade and exchange.

In the Northern and Western Isles greater importance was placed on the utilisation of
domestic mammals (usually >80% of the assemblage) than wild species. In Orcadian
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sites from the Neolithic onwards cattle appear to be the most important domestic animal
with sheep to a lesser extent, while in the Western Isles Neolithic sites are dominated
by sheep rather than cattle (by NISP) (Mulville et al. 2005). Ovicaprine husbandry
strategies also differ between these islands. In Orkney, sheep appear to have formed
part of a subsistence economy which by the Norse period had shifted to an
intensification of meat production. Conversely in South Uist the management of sheep
changed from an initially strongly meat based strategy to a more broad based
subsistence economy. These changes seemed to be accompanied by a change in the
management of cattle in the Norse period; in Orkney to dairy production and in the
Hebrides an intensification of meat production.

From the settlement period in the Faeroes and Iceland during the 9th century the
emphasis was more on the procurement of wild species like bird and fish than raising
domestic animals. At the Norse site of Undir Junkarinsfløtti domestic species comprise
less than 7% (mainly sheep) of the total assemblage dominated by bird and fish. The
sheep husbandry strategy changed from subsistence based to wool production due to
the loss of the shieling system in the 12th century, resulting from a change in land use.
A similar pattern was seen in Iceland; the sheep management started as a subsistence
economy, in which the shieling system and dairy production were a large part, changing
to wool production in the 12-13th century.

This occurred at a time when loss of

pasture/fodder meant it was costly to rear cattle and sheep numbers increased. In
Greenland with its limited and, in most cases, poor pasture the ovicaprine herding
strategy for the entire period of occupation was purely subsistence based (meat
primarily but using for milk and wool where possible). This supplemented the mainly
meat based diet supplied by seal and caribou.
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In the North Atlantic region, traditional sheep farming practices in the historic period
were similar. Lambing time was planned for the arrival of the first spring grass between
April and May. Sheep were turned out onto summer pasture between June and
September when lambs were either weaned or separated for part of the day while the
ewes were milked. All North Atlantic countries appear to have used the shieling system
at one time for the milking of sheep/goats, although over time this system was phased
out as economics changed and other systems of production took over. In September
individuals were culled to adjust the herd size dependant on the available fodder, with
the rest either housed or kept outdoors in proximity to the farmstead during winter.

2.2 Weaning
As discussed in section 1.2 weaning can potentially be used to give an insight into the
economic strategy employed by the herder.

In this section different methods of

weaning are described together with ethnographic and historical data used to develop a
model for identifying the main ovicaprine herding strategies using age at weaning.

2.2.1 What is weaning?
Weaning is the replacement of milk by solid food and, in domestic animals, the breaking
of the mother-infant bond.

In sheep “the changes in maternal care which lead to

weaning may be related to physiological changes in the ewe, particularly with decline in
lactation (Arnold et al. 1979: 44)”. It can also be due to changes in the behaviour of the
lamb with increasing age, as nutritional requirements change (Arnold et al. 1979;
Orgeur et al. 1998).

This is a potentially dangerous time for the infant; passive

immunity gained from its mother‟s milk is lost, also the foods onto which it is weaned
(which are sometimes difficult to digest) may not meet nutritional requirements and can
introduce new infectious agents (Katzenberg & Pfeiffer 1995; Moggi-Cecchi et al. 1994).
Consequently, the process of weaning always causes shock in the young, the greatest
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effect usually being a reduction or halt in weight gain (Morand-Fehr 1981).
Experimental work on the affect of weaning on growth in goats has shown that the
earlier weaning takes place the more marked the reaction. However, this was related
more to weight than age at weaning (Morand-Fehr 1981).

There are a number of different methods of weaning, from controlled artificial methods,
where the herder dictates the timing of weaning depending on the husbandry regime,
through to natural weaning.

2.2.1.1 Natural weaning
If the ewe and lamb are left together allowing the mother to raise the infant unhindered,
over time the bond between them will diminish. From about 5 weeks after birth the
frequency of suckling decreases as the ewe progressively prevents the lamb from
sucking; this is coupled with the lamb spending more time grazing and playing (Gordon
& Siegmann 1991).

The lamb is considered as being weaned when it is actively

prevented from suckling by the ewe (Arnold et al. 1979).

Arnold et al. (1979) carried out a study to define factors that influence the timing of
natural weaning in sheep. This looked at the behavioural reaction of both the ewe and
lamb as well as milk production over time in response to diet. Looking at the effect of
high and low protein diets they discovered that for those in the low nutritional group
weaning started at 55 days (almost 2 months) while for those in the higher nutritional
group weaning began at 135 days (4.5 months). Therefore, the better the diet the
mother is fed the longer the lambs will get milk from the ewe, because they will delay
weaning. The study also noted that rejection of suckling by the ewe was almost always
completed within a week, thus weaning is quite sudden, even though the lambs will
have received progressively less milk (Arnold et al. 1979).
37

2.2.1.2 Artificial Weaning
Artificial weaning, imposed by the breeder, does not only involve the separation of the
lamb from its dam. It is also accompanied by a modification of diet (with the termination
of milk feeding and alteration in solid feeds) and frequently a change in living
environment (Price et al. 2003). This disturbance can induce stress in both the mother
and offspring (Orgeur et al. 1998). The two main methods are complete separation and
partial weaning, the choice of which depends greatly on the farming regime. Whether
the object is meat, milk or a mixed strategy depends on which weaning method is
utilised.

2.2.1.2.1 Complete separation
One method is the complete separation of mother and infant, after which time neither
comes into contact with the other. In a lot of milk production systems the lamb is
removed from the ewe at an early age to increase the amount of milk available. New
technology has had a significant impact on increasing the productivity of flocks, allowing
early weaning and artificial rearing of lambs. This frees up milk for human consumption
and at the same time allows lambs to reach a marketable weight (Emsen et al. 2004).

This system, however, is a stressful one. In a recent study Price et al. (2003) looked at
the negative effects that separation at weaning had on the growth weight of calves.
These changes, often including living environment, can result in behavioural and
physiological distress such as increased walking and vocalising and a decrease in
sitting, rumination and eating. These indications of stress have also been noted in
sheep, where sudden weaning induces short-term behavioural disturbances in both
ewe and lamb (Orgeur et al. 1998).
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The study did also show, however, that there is an improvement in the well being of
newly weaned calves if they are allowed some contact with their mothers. In fact no
statistically significant differences were found between those with fence-line contact and
those weaned naturally, in time spent grazing, walking and lying down. This method
allowed the mother-infant bond to dissolve gradually in a way less stressful to both.
Price et al. (2003) also noted that the difference in weight gain between those with
fence-line contact and those totally separated was mostly established in the weeks
immediately after weaning, a period when those separated spent less time grazing. In
the two weeks post-weaning those with fence-line contact had gained 95% more weight
than the average separated calf. It is therefore, thought that this technique not only
improves the animal‟s welfare but is also more economical to the farmers if they are
looking to sell their calves in the days or weeks following weaning.

One problem with complete separation at weaning is the decision as to whether to kill
the newly weaned individual or artificially rear them for market. This would require the
use of milk replacer until such time as the animal was capable of grazing, the cost of
which is quite high. Using a system of partial or progressive weaning reduces this cost.

2.2.1.2.2 Partial or progressive weaning
It has been suggested that full weaning creates a shorter lactation period than partial,
with a reduction in milk production (Folman et al. 1966). It has also been shown that
restricted suckling during the first nine weeks post-partum releases considerable
amounts of milk for the market (Folman et al. 1966).

A number of studies on the effects of partial suckling on milk production have been
carried out in Norway (Eik et al. 1999) and Turkey (Güney & Darcan 1999) on goats;
and in Israel on sheep (Folman et al. 1966). All found that partial suckling was a useful
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management tool to improve annual distribution of milk and for rearing goats and sheep
by satisfying growth requirements. In particular two methods of partial suckling were
found to produce the most extra milk. The first was a system where the lambs or kids
were getting residual milk, suckling what is left in the udder after milking and stripping,
morning and evening. The other method allowed the offspring to suckle one half of the
udder (morning and evening) while the other was milked (Güney & Darcan 1999).
Restricting suckling can be done by separating the ewe and lamb for part or all of the
day (described in Appendix 2.1), uniting them only during the night or by using an antisuckling device to enable a daily milking.

2.2.2 Ethnographic and historical weaning strategies in
ovicaprines
Information on variations of weaning age in modern contexts can help with our
understanding of differences in husbandry practices in the past. Using developmental
enamel defects related to weaning to determining the age at which it occurred may
provide alternative insight into the herding strategy under which the animal was raised.
Presented below are some ethnographical and historical examples of different farming
practices and weaning strategies resulting from particular production aims.

2.2.2.1 Milk production
The intensification of milk production requires the culling of those young superfluous to
replacement stock requirements as soon as the milk yield is not endangered (Payne
1973); consequently in these animals there is no period of weaning. Historical evidence
for this practice comes from Greek sheep pastoralists who killed surplus lambs, mainly
male, by 4 weeks to maximise milk production while ewe lambs were suckled for 1-2
months to ensure healthy development (Halstead 1998). In Iceland ewes give birth in
early May and lambs are allowed to suckle freely for 1 to 2 weeks. They are then
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partially separated from mothers until mid summer (section 2.2.1.2.2). The lambs are
totally weaned by mid-June (about 6 weeks old) and completely separated from their
mothers (Ingimundarson 1995: 85 cited in Mainland & Halstead 2005).

2.2.2.2 Mixed milk and meat production
In most ethnographical studies of farming practices, although milking may be the
primary goal it is not the only one; in the majority of cases the production of meat is
usually a secondary aim.

This was the case with early 20th century sedentary sheepherders from the north of
Greece. Lambs not needed for replacement stock were sold at minimum weight at 1 to
2 months, with early slaughter of males especially. Those retained as breeding stock
were weaned at 2 months although this could be delayed a little until the onset of
warmer weather and growth of new pasture. Weaning occurred in March to April and
the milking season lasted through to August/September (Halstead, 1998). Likewise in
Israel it is customary to raise Awassi sheep (kept for milk and meat) on part of their
mother‟s milk for the first 2 months, at which time they are weaned and the male and
surplus female lambs are sold for slaughter. The lambs are kept together with their
mothers for 12 hours a day until weaning (Folman et al. 1966).

Today the modern Greek sheep industry‟s primary goal is the same as noted historically
(Ryder 1983, 311), with lambing taking place in November/December and weaning
timed for around 6 weeks to produce a heavy lamb carcass for the market period at
Easter (Zygoyiannis et al. 1999). In Greek household economies such as at Plikati (see
section 5.1.1.5), however, sheep are weaned later at 3+ months; where timing depends
on climatic conditions and which product was most required (Halstead pers. comm.).
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While Greek herders geared towards milk and meat production may slaughter lambs
between 1-2 months, like those specialised in dairy production, they are more likely to
defer slaughter till 3-12 months or older (Halstead 1998).

2.2.2.3 Meat production
There is little information on practices employed for the production of meat alone. This
generally depends on the market demands. For example, in Greece today the market
is for young, lean carcasses and therefore, lambs are slaughtered at around 40 days
old (mostly male) (Halstead 1996).

This system would not be recognised

archaeologically as it would appear like a milk curve; in fact it is a system that allows
the mothers to be milked. Historically in Iceland and Greenland sheep kept for meat
are weaned at 4-5 months when they are brought back to the farm from summer
pastures and slaughtered (Rose et al. 1984, Thorgeirsson & Thorsteinsson 1989). In
contrast, in Orkney today sheep reared for their meat are weaned at 5-6 months and
killed at 18 months (Mainland pers. comm., see section 5.1.1.2).

2.2.2.4 Wool production
In historic Iceland good housing and substantial food have been found to have a critical
effect on the quality of wool production in lambs. Lambs need much of their mother‟s
milk if they are to have a growth spurt during the first summer and only if they are fed
well during winter will surviving lambs yield wool significantly (Ingimundarson 1992). As
such ewes are not milked for domestic purposes to provide enough milk for their
offspring, also because it affects the quality of the ewe‟s wool (Bergsåker 1978).
Weaning is therefore likely to have been delayed as long as possible, which in naturally
weaned individuals can be as late as 5-6 months; although in Iceland weaning occurs at
4-5 months due to the shorter growing season (Thorgeirsson &Thorsteinsson 1989).
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2.2.3 Weaning models
The ethnographic data presented was used to develop a model for identifying different
herding strategies in ovicaprine using weaning which will be used in the developmental
enamel defect study of archaeological sheep dentition (Chapter 12); these are
summarised below in Table 2.2. Three periods of weaning were identified, 1-2 months
for intensive milk production, 2-3+ months for a mixed milk/meat strategy and 4-6
months for the optimal production of meat and wool.

Strategy
Milk
Milk/Meat
Meat
Wool

Sex

Age at Weaning

♂
♀
♂
♀
♂
♀
♂
♀

N/A
1-2 months
2-3+ months
4-6 months
4-6 months

Table 2.2: Model for identifying different production strategies in ovicaprines using age at
weaning.
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Chapter 3. Ovicaprine dentition and enamel
It is necessary to have an understanding of teeth and the processes that form them to
comprehend how these structures may be affected by external stresses, such as
weaning.

In particular knowledge of the processes of enamel formation and the

structures that characterise it are necessary for understanding the variation in
appearance of developmental enamel defects caused by systemic and non-systemic
disturbances.

The aim of this chapter, therefore, is to present information on ovicaprine teeth and for
the purpose of consistency dental terminologies used within this thesis. The processes
of eruption and wear are also discussed in relation to the different techniques used to
age ovicaprine mandibles, utilised to produce mortality profiles for the identification of
herding strategies (see Payne, section 1.1.1). Finally this chapter provides information
on the formation and internal structures of enamel for the purpose of identification in the
histological studies, presented later in the thesis (Chapters 9 & 10). Definitions of terms
used in this chapter are also offered in a Glossary in Appendix 1.1.

3.1 Sheep dentition
Like all ruminants, sheep and goats are diphydont, having a set of 20 deciduous teeth
that erupt around birth which are gradually replaced by permanent dentition comprising
of 32 teeth (Weinreb & Sharav 1964). Deciduous teeth consist of six incisors, two
canines and three premolars in the mandible (Figure 3.2) (Barnicoat 1963). During the
evolution of bovids all upper incisors and canines, as well as the upper and lower first
premolar were lost (Witter & Mišek 1999).

There are, therefore, only 6 deciduous

premolars present in the maxilla. Permanent dentition is made up of 6 incisors, 2
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canines, 6 premolars and 6 molars in the lower jaw; the upper jaw has 6 premolars and
6 molars (Figure 3.3). This can be expressed as the formulas below (Figure 3.1).

P3

Deciduous

2

I
C
P
M

I3 C P 3

Incisors
Canines
Premolars
Molars

Permanent

P3 M3

2

I3 C P3 M3
Figure 3.1: Dental formula of ovicaprine permanent and deciduous dentition.

Upper

A
M1

dP4

dP3

dP2

B

Figure 3.2: Posterior lower juvenile ovicaprine
dentition, (A) from the buccal side and (B) the
occlusal surface. Note the formation of a crypt
in the jaw for the M2 tooth.

Lower
Figure 3.3: Posterior upper and lower
ovicaprine permanent dentition (after
Hillson 1986: 100).

The anterior teeth (incisors and canines) arranged in a semi circle in the lower jaw
(Hillson 1986: 92) are single rooted simple crowns (Ryder 1983: 12). The movement of
the canine in the jaw towards the incisors has caused this tooth to change its shape and
role, so much so that some researchers refer to it as a fourth incisor (I 4) (Witter & Mišek
1999). The check teeth are separated from the incisors by a wide space known as the
diastema which was created by the loss of the first premolar and elongation of the facial
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bones (Weinreb & Sharav 1964). These back teeth have a more complicated crescent
shape known as selenodontal (from selene, meaning moon) and are also hypsodont,
having a long crown which erupts slowly as the individual ages (Barnicoat 1957).

Figure 3.4: Paired infundibulum characteristic of ruminant molars (after Hillson 1986: 20)

The enamel circumference of molars and premolars have varying depths of folds
depending on the tooth, those of the lower jaw being deeper on the buccal surface than
the lingual while the reverse is true for those of the maxilla. These teeth also have
deep pits, known as the infundibula (Figure 3.4), dividing the buccal and lingual cusps
(Weinreb & Sharav 1964).

In sheep the incisors and molars develop from the front to back of the jaw, while the
premolars develop from the back to the front. The first to start to form are the lower
deciduous first incisors, followed by the rest of the lower anterior teeth. Several teeth
start to form in utero in order to be ready for use in early life. The crowns of sheep
teeth continue to develop for a long time after they have started to erupt and come into
wear (Weinreb & Sharav 1964).

46

Although very similar, a number of morphological differences have been noted between
the dentition of sheep and goats which allow for species distinction. Using modern
reference collections researchers such as Payne (1985) and Halstead et al. (2002)
have refined and determined a set of diagnostic criteria for both juvenile and adult
dentition (Appendix 3.2).

3.1.1 Sheep tooth formation
The initial three stages of tooth development, the bud, cap and bell stages seen in
human dentition (described in Appendix 3.1) are also found in sheep teeth (Thurley
1985). The permanent incisors of sheep follow this pattern with the exception of the
formation of a cementum layer covering the surface of the enamel and acting as a
connective tissue (Thurley 1985).

Dental sac
Dentine
Dental
lamina

Ameloblasts

A

Enamel

Stellate
reticulum

Dentine
papilla

B

Figure 3.5: Section drawings of sheep tooth buds. Late bell stage of mandibular first premolar
(A) and early shell stage of maxillary first premolar (B) (after Weinreb & Sharav 1964: 899-900).

The formation of the cheek teeth is slightly different. In single unit teeth such as the
premolars, the formation process is the same as human teeth until the late bell stage
when a small depression develops beginning the formation of the two cusps, which
deepens during the later shell stage to create a pit (Figure 3.5 A and B). At this time
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the apposition and calcification of dental tissues occurs with the bigger cusp (buccal in
the maxilla and lingual in the mandible) preceding the smaller. At the apical end of the
tooth, cells differentiate into odontoblasts and ameloblasts to form the rest of the tooth
crown. After the enamel formation is completed a layer of cementum forms on top (see
section 4.8.1) (Weinreb & Sharav 1964).
Mesiolingual
cusp
DENTINE

ENAMEL
CEMENTUM
Distolingual
cusp

INFUNDIBULUM

Mesiobuccal
cusp

Distobuccal
cusp
Figure 3.6: Transverse section of mandibular M1 sheep molar showing the four cusps united
and indicating the major hard tissues of the tooth.

The formation of a multi unit tooth like the lower first molar is more complicated.
Growth starts at the four growth centres (the cusps). These cusps then unite, starting
with the mesiobuccal joining the distolingual cusp to which the distobuccal cusp later
unites at the centre. This is followed by the mesiobuccal connecting to the mesiolingual
cusp by means of a mesial ridge and the distobuccal and distolingual by a rounded
ridge. Finally the mesiolingual cusp unites with the rest of the cusps at the centre of the
connection (Weinreb & Sharav 1964). The pulp of all four cusps is interconnected and
appears as a number 8 in cross section as seen in Figure 3.6.
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3.1.2 Determination of shape
The teeth of most mammals come in three different shapes, incisoriform, caniniform
and molariform. The mechanism that is responsible for tooth development, therefore,
must also influence the tooth germs during the bell stage (Appendix 3.1) to differentiate
into the various shaped tooth classes (Ten Cate 1994b). Two control mechanisms
have been proposed, the „field model‟ and the „clone model‟ to explain how this
happens (Goose & Appleton 1982: 132).

3.1.2.1 “Field model”
In the „field model‟ mesenchyme cells are believed to be programmed to form teeth
which are modified in shape by local external sources (Ten Cate 1994b, Goose &
Appleton 1982: 132). It is thought that there are three graded fields for the different
teeth and that the location of the bud in the jaw determines what shape it will develop
into (Ten Cate 1994b). It is suggested that a substance (morphogen) is secreted by the
field generator and there is a gradient difference in concentrations of morphogen
dependant on the distance from the point of secretion (Goose & Appleton 1982: 133) or
particular tooth known as a „polar tooth‟ (Figure 3.7) (Hillson 1986: 238). Polar teeth
have been shown to be more stable both in size and shape, while those further away
from the poles display more variability (Hillson 1986: 238).

Figure 3.7: Diagrammatic representation of the field model, the hypothetical differentiation of
mammalian dentition by morphogenetic fields (after Ten Cate 1994b: 107).

49

3.1.2.2 “Clone model”
In the „clone model,‟ structures develop from a clone of mesenchymal cells which
differentiate into the different tooth families (Ten Cate 1994b) in a self generated pattern
(Goose & Appleton 1982: 132). As the development of one tooth is initiated it creates a
zone of inhibition around itself which prevents development until the growth of the
mesenchyme escapes the zone and then the next tooth germ differentiates (Ten Cate
1994b, Goose & Appleton 1982: 133).

It is not certain which theory is correct as there is experimental evidence to support both
and it is suggested that a field initiates a clone (Ten Cate 1994b).

3.1.2 Terminology for study of teeth
In the study of dentition, many terms are used to describe locations within the jaw, tooth
surfaces or zones within the teeth; these often vary between authors, also between
veterinary and medical applications.

The following section aims to explain specific

terminology used in this study of ovicaprine dentition and for describing the location of
dental enamel defects.

These definitions will also be presented in a Glossary

(Appendix 1.1).

The anterior teeth are located at the front of the mouth and include the incisors and
canines, while the posterior or cheek teeth include the premolars and molars. As the
dental arch is symmetrical with the same configuration of teeth on both sides, the
dentition can be divided into two halves by an imaginary line known as the median
sagittal plane (Figure 3.8) (Hillson 1986: 12). The direction along the dental arcade
towards the sagittal plane is called mesial while the opposite is known as distal. A
tooth can therefore be described as distal or mesial to another or the term can be
applied to the distal or mesial surface of a tooth. The other surfaces are known as the
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lingual side, within the dental arcade closest to the tongue and the buccal or labial
side next to the cheek or lips.

Figure 3.8: The dental arcade with labels (after Hillson 1986: 11)

A

B

Figure 3.9: Posterior tooth illustrating the line angles (A) and point angles (B) of the crown
(after Bath-Balogh & Fehrenbach 1997: 224).

The posterior teeth also have eight line angles, formed by the junction of two crown
surfaces: distobuccal, distolingual, mesiobuccal, mesiolingual, disto-occlusal, mesioocclusal, bucco-occlusal and linguo-occlusal (Figure 3.9). Names are also given to the
junctions of three crown surfaces meeting, known as point angles, which take their
name from the three surfaces, ie. distolinguo-occlusal (Bath-Balogh & Fehrenbach
1997: 225).
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The coronal end is the highest point of the crown and cervical region or neck is the
point where the tooth crown meets the roots, while at the other end of the tooth, the
apex, is the root tip. Once the tooth comes into wear the top of the tooth is known as
the occlusal surface which is the working surface where the teeth meet.

Other terms are used to describe where structures of the tooth meet, like the CEJ
(cementum enamel junction) which is located where the enamel of the crown meets the
cementum of the root at the cervix/neck (Bath-Balogh & Fehrenbach 1997: 221). The
CDJ (cementum dentine junction) is the junction between the dentine and cementum
during the formation of the root while the DEJ, dentine enamel junction is the dividing
line between the dentine and enamel.

It is also necessary to understand the planes in which a tooth may be sectioned, which
are described in relation to an axis that runs from the coronal point to the apex (Figure
3.10).

A radial or longitudinal section is cut parallel to the axis and can be

mesiodistal, buccalingual or anywhere in between.

A transverse section is

perpendicular to the axis at any height within the tooth, while a tangential section can
be in any other plane (Hillson 1986: 171).

Figure 3.10: Orientation of sections showing axis of rotation (after Hillson 1986: 171).
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Finally, there is some confusion about the naming system used for teeth, most
especially the deciduous molars and premolars.

For example, the following

abbreviations have all been used to refer to the deciduous fourth premolar: m3, dp4 or
Pd4 (Weinreb & Sharav 1964, Payne 1973, Halstead et al. 2002, Witter & Mišek 1999).
For the remainder of this work the following system will be used, where: letters are used
to indicate the tooth type (I = incisor, C = canine, P = premolar and M = molar), a prefix
of a lower case d indicates deciduous teeth, superscript numbers indicate upper teeth
and subscript numbers refer to lower dentition.

Deciduous dentition dI1, dI2, dI3, C, dP2, dP3, dP4
Permanent dentition I1, I2, I3, C, P2, P3, P4, M1, M2, M3

3.1.3 Eruption of ovicaprine dentition
As the process of eruption, the movement of the tooth through the jaw into the occlusal
plane, is a continuous one in sheep, it is impossible to say that a tooth has truly
erupted. This is because in ovicaprines the tooth continues to slowly erupt as the
animal grows and matures, more rapidly in response to irritation of the pulp through
wear (Barnicoat 1957). There are, however, certain stages that the tooth must pass.
The first is the appearance of the crypt in the jaw surface, secondly the emergence of
the tooth through the gingivae and finally the arrival of the tooth in the occlusal plane.
While the gingival emergence is the most widely used definition for eruption (Hillson
1986: 181), this is unsatisfactory in archaeological studies where eruption is generally
seen as the emergence of the tooth through the bone surface of the jaw. This is not the
same as eruption through the gum which would happen much later, as the tooth would
be some way out of the jaw and just coming into wear (O‟Connor 1998, Hillson 2005:
212). As such, in archaeological studies eruption is considered one of a series of
stages, part of the process of formation, which are directly comparable within a species
(Hillson 2005: 212). This system can be used to give an approximate indication of age.
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When recording eruption the following stages and notations devised by Ewbank et al.
(1964) are most commonly used.

C
V
E
½
U
J

perforation in crypt visible
tooth visible in crypt, but below head of bone
tooth erupting through bone
tooth half up – about halfway between bone and full height
tooth almost at full height, but unworn
tooth just coming into wear (no dentine yet exposed)

In the literature there are a number of studies providing ages of eruption in sheep and
goat. The best known study of archaeological sheep is Silver (1969) which presents
tooth eruption in modern breeds and nineteenth century veterinary figures of hill sheep.
More recent studies in goats (Noddle 1974, Deniz & Payne 1982, Bullock & Rackham
1982) have been based on direct observations of large populations. All these figures
are based on the age that the tooth was seen to cut the gum (Moran & O‟Connor 1994).
One study based on radiographic analysis of sheep jaws of known ages, by Weinreb
and Sharav (1964), also presents very rough ages for eruption of mandibular check
teeth. There is some variation in timings between these studies that can be seen in
Appendix Table 3.1.

There is some confusion as to how the ranges of ages should be used. For example, a
study by Ewbank et al. (1964) presented 26 eruption stages (a-z) each of which has an
average possible duration of approximately one month. It is unclear whether a tooth
would be expected to take a month to pass through each developmental stage or
whether the individuals of a population exhibiting this stage should be assumed to span
one month of age (O‟Connor 1998). While the first requires knowledge of rates of
dental eruption and attrition of a typical individual, the other requires both a consistent
rate of development and closely synchronised birth date (O‟Connor 1998).
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There may also be problems with using modern breeds to understand ageing of
archaeological samples (Bullock & Rackham 1982). Using breeds like the Soay sheep
which retains primitive traits, or isolated flocks not subjected to selective breeding, may
be problematic as these may have undergone genetic changes different from the
ancient populations from which they derive (Moran & O‟Connor 1994). Soay sheep in
particular have been shown to display considerable variation in eruption ages between
individuals of the same age and sex. In general, eruption was seen to occur much later
in Soay sheep than more modern improved breeds (Clutton-Brock et al. 1990). As this
breed on St. Kilda has been left unherded for the last half a century it seems that
factors affecting the timing of eruption (Appendix 3.3) are not just genetic but
environmental as well (Moran & O‟Connor 1994).

3.1.4 Ovicaprine tooth wear
Once the tooth has erupted into the mouth it starts to wear. Over time this removes the
enamel at the cusp tip, exposing the softer dentine and leaving the harder enamel
around the outer surface as sharp edges. This provides a rough surface ideal for
chewing (Weinreb & Sharav 1964). A tooth is considered in wear if any dentine is
visible in the occlusal surface (Payne 1973).

There are several kinds of wear processes: attrition, abrasion and erosion. Attrition is
caused by repeated transitory contact between teeth, possibly through a film of food
and associated abrasive particles (Fortelius 1985). More commonly wear is the result
of abrasion, a more diffuse wear, caused by the grinding action when food inclusions
such as phytoliths or grit remove tooth substance under pressure (Fortelius 1985,
Hillson 2005: 214).

Finally teeth are worn by the chemical action of plant juices

(Barnicoat 1957) known as erosion (Williams & Woodhead 1986 cited in Beuls 2005:
101). Often all of these types of wear processes occur simultaneously.
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3.1.5 Ovicaprine ageing using tooth wear and eruption
In conjunction with eruption the revealed patterns of dentine and enamel, known as
wear patterns, can be used to determine the age of the animal, although that is harder
in older individuals. While the rate of wear is more variable than eruption, wear on
cheek teeth is considerably less variable than that on incisors (Deniz & Payne 1982).
Incisors are also not as useful for archaeological ageing purposes as they are usually
lost post mortem (Jones 2006). For these reasons mandibular cheek teeth are the
most reliable for age estimation (Deniz & Payne 1982).

Wear starts on the anterior cusps moving on to the posterior. As the enamel is worn
away the underlying dentine is revealed until gradually the cusps are united. This
leaves the surface of the tooth comprising mostly of dentine surrounded by enamel with
one or two islands of enamel and cementum. This is a mature wear stage. Once the
islands have each divided into 2 smaller islands and then gradually disappeared, the
tooth has reached the end of its life (Payne 1973). Physiological age based on wear
and eruption can be used to assign a chronological age (Hambleton 1999). There are
two main methods for ageing sheep/goats using wear patterns; the first developed by
Payne (1973) uses 9 wear stages (A-I), while Grant (1982, described in Appendix 3.4)
uses a numerical system. A comparison of these methods is presented in Appendix
3.5.

3.1.5.1 Payne’s ageing system
Payne‟s system uses the eruption symbols devised by Ewbank et al. (1964) (see
section 3.1.3) while wear is recorded on the deciduous and permanent fourth premolars
and the three molars using diagrammatic symbols for the dentine patterns (Figure
3.11). If the wear displayed on the tooth can not be linked with one in the recording
system the tooth is drawn. Mandibles can then be assigned to one of a number of
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stages (see Table 3.1). By defining the relationship of the different states of wear for
each molar/premolar in an assemblage to the stages A to I it is possible to attribute a
loose tooth or broken jaw to a particular stage or group of stages (Payne 1973).

M1 and M2
0
1A

1B

2A

2B

2C

3A

3B

3C

4A

4B

4C

5A

5B

6A
7A
8A

8B

9A
10A

10B

11A

11B

12A

12B

13A

13B

14A

14B

14C
Figure 3.11: Payne wear sequence for permanent lower
ovicaprine M1 and M2 with wear stage symbols and codes
(after Payne 1973, 1987).

15A
16A
17A

11C

17B

18A

While Payne created a quick system of recording, employing wear state symbols, he
later developed a coding system of numbers with letter suffixes, for recording wear
stage information in text and for computer use (Figure 3.11) (Payne 1987). Payne does
not recommend initial recording using the coding system as it is easier to make errors.
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Payne
MWS
A
B
C
D
E
F
G
H
I

Suggested
Age
0-2 mth
2-6 mth
6-12 mth
1-2 yrs
2-3 yrs
3-4 yrs
4-6 yrs
6-8 yrs
8-10 yrs

Payne Definition

Grant Definition

dp4 unworn
dp4 in wear, M1 unworn
M1 in wear, M2 unworn
M2 in wear, M3 unworn
M3 in wear, post cusp unworn
M3 post cusp in wear, M3 pre
M3
, M2
M3
, M2 post
M3 post

dp4 ≤ a
dp4 ≥ b, M1 ≤ a
M1 ≥ b, M2 ≤ a
M2 ≥ b, M3 ≤ a
M3 b – d
M3 e – f
M3 = g, M2 = g
M3 = g, M2 ≥ h
M3 ≥ h

Grant
MWS
1-2
3-7
8 - 18
19 - 28
29 - 33
34 - 37
38 - 41
42 - 44
45 +

Table 3.1: Sheep tooth wear stages, Payne MWS and the equivalent Grant stages with
suggested chronological ages (after Hambleton 1999: 64 & 65).

In the study of season of death, O‟Connor (1998) demonstrated that more refinement or
resolution of age at death was required especially when using Payne‟s system. In a
group of known age sheep remains aged 5-6 months using Payne‟s system, for
example, six different wear stages were recorded for the M1 while three were noted in
the dP4. The youngest wear stage of the M1 in this group (2A), was seen in individuals
as young as 4 months and as old as 6.8 months, while the oldest stage seen in the dP4
(16L) was recorded in individuals from 4 months through to 20 months (O‟Connor
1998).

In 2 recent studies Jones (2006) and Greenfield and Arnold (2008) have defined new
subdivisions of Payne‟s molar wear stages. These are described and compared in
Appendix 3.6.

3.1.5.2 Factors affecting rate of wear
While variations in general tooth morphology, thickness and microstructure of the
enamel (Hillson 1986: 183) can all cause differences in the rate of wear affecting the
determination of age at death, it can also be influenced by management or farming
practices, inherited and congenital differences and nutritional factors (Barnicoat 1963,
1957, described in Appendix 3.7).
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3.2 Dental enamel
While most studies of enamel and its formation have focussed on human and rodent
dentition, studies of other species suggest that broad patterns of similarity exist
between the enamel structure of mammals (Moss-Salentijn et al. 1997). For this reason
general descriptions of the process of enamel formation and internal structure will be
presented in the following section, including wherever possible information specific to
ovicaprine enamel.

Dental enamel, which can be anywhere between pearl white and grey in colour
(Provenza 1988: 147), is a highly mineralised translucent tissue that covers the crown
of the tooth (Carlson 1990). As such it is extremely hard, enabling it to withstand the
masticatory forces applied during its use. Despite being a hard structure, unlike other
structures in the body such as bone, it is non-renewable and can be lost through wear
and chemical erosion (Bath-Balogh & Fehrenbach 1997: 165). This is because the
cells that produce enamel degenerate when the tooth erupts (Stevens & Lowe 1996:
185).

Enamel is composed almost entirely of an inorganic material (between 96-97% by
weight) with roughly 1% comprising organic substance and 3% water (Bath-Balogh &
Fehrenbach 1997: 165, Carlson 1990, Provenza 1988: 147, Hillson 1986: 113). The
inorganic substance consists mainly of calcium hydroxyapatite Ca10(PO4)6(OH)2. Once
mineralised this produces crystals arranged in tightly packed hexagonal rods or prisms,
between 4-8µm in diameter, each of which extend through the whole thickness of the
enamel (Stevens & Lowe 1996: 184). The organic material is composed of soluble and
insoluble proteins referred to as amelogenin and enamelin, peptides and citric acid
(Carlson 1990).

This provides a temporary home for the developing crystals that

supports their growth both in length and width (Boyde 1976).
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3.2.1 Enamel Formation
Amelogenesis, the process of enamel formation, occurs during the apposition stage of
tooth development (Bath-Balogh & Fehrenbach 1997: 166).

The inner enamel

epithelium differentiates into ameloblasts, elongated, cylindrical enamel secreting cells
approximately 4µm in diameter and 40µm in length (Bath-Balogh & Fehrenbach 1997:
166). Each ameloblast is involved in all stages of amelogenesis for a given territory and
as such their form and physiology change accordingly. At various stages these cells
may, therefore, be flat, bear a protuberance (Tomes‟ process) or be convoluted into
„ruffles‟ (Hillson 1986: 113). Amelogenesis takes place in two distinct stages: the initial
matrix secretion and maturation.

3.2.1.1 Secretion
The enamel matrix produced in the ameloblast is secreted from the newly developed
Tomes‟ process, which is responsible for guiding the apposition of the matrix (BathBalogh & Fehrenbach 1997: 166). The ameloblasts produce the organic proteinaceous
matrix by activity of the rough endoplasmic reticulum (rER), Golgi apparatus and
secretory granules (see Figure 3.12) (Ross et al. 1995: 410). The rER synthesizes
proteins and glycoproteins (Stevens & Lowe 1996: 185) which can be divided into two
groups, amelogenins (which constitute approximately 90% of the matrix) and nonamelogenins called enamelin (Fincham et al. 1999, Eisenmann 1994a). These are
packaged by the Golgi complex into secretory vacuoles and are then moved into the
Tomes‟ process where they are discharged onto the surface of the predentine (Stevens
& Lowe 1996: 185). The first layer of enamel deposited is structureless, aprismatic
(section 3.2.3.1), after which the Tomes‟ processes are formed which produce prismatic
enamel (Eisenmann 1994a). As the matrix is deposited, crystallites, which are seeded
within it, are immediately mineralized (Eisenmann 1994a, Provenza 1988: 120). This
process is continued until the full thickness of enamel is produced (Ross et al. 1995:
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410).

The protein framework that is laid down during this process determines the

architecture of the tissue and organises deposition and growth of the crystals of
hydroxyapatite (Robinson et al. 1986). The process of secretion starts at the coronal
tip, working out to the future outer enamel surface and in waves down to the cementum
enamel junction (CEJ) (Bath-Balogh & Fehrenbach 1997: 166, Hillson 1986: 114).

Figure 3.12: Diagram of secretory ameloblasts with its organelles, showing the direction of prism
growth (after Boyde 1989: 338).

3.2.1.2 Maturation
The process of maturation includes the continued influx of mineral (calcium
hydroxyapatite) and the removal of protein (amelogenin) to produce heavily mineralised
mature enamel (Eisenmann 1994a, Bath-Balogh & Fehrenbach 1997: 168, Robinson et
al. 1986). As such, the maturation ameloblasts function as a transport epithelium,
moving substances into and out of the maturing enamel (Ross et al. 1995: 410-1) by
means of the ruffles that develop on the Tomes‟ process (Hillson 1986: 114).

Although the crystallites reach their mature lengths and widths soon after they appear
(Carlson 1990), the thickness of these structures rapidly increases during the
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maturation phase (Goose & Appleton 1982: 152). This is made possible by the removal
of the organic components of the enamel matrix (Provenza 1988: 122, Goose &
Appleton 1982: 153) until the hydroxyapatite crystals fill the entire tissue volume
(Robinson et al. 1986).

Studies using soft x-ray analysis indicate that the process of maturation can be divided
into three stages: secondary, tertiary and quaternary mineralization, seen in Figure 3.13
(Suga 1982). The primary stage occurs during the secretion phase with the formation
of the partially mineralised enamel matrix, for which a level of 30% mineralization is
reached; although a very heavily mineralised aprismatic layer at the DEJ 8µm thick is
produced as soon as formation starts (Eisenmann 1994a). During the secondary stage
there is an increase in mineralization from the enamel surface to the DEJ, obliquely to
the cusp. This in turn is followed by the tertiary stage where the enamel continues to
increase in mineralization from the inner-most layer to the surface. Finally, during the
quaternary stage the outer subsurface layer rapidly becomes the most heavily
mineralised part of the enamel (Suga 1982).

Figure 3.13: Schematic drawing of the stages of maturation in the developing enamel of
ovicaprines (after Suga 1989: 196, 1982:1536). Key AM = ameloblasts; EDJ = enamel dentine
junction; white circle = removal of organic substance and water;  = removal of organic
substance
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3.2.2 Enamel Structure
Enamel is organised at four structural levels: crystallites, prisms, enamel types and
schmelzmuster, the three dimensional arrangement of enamel types (Appendix 3.9)
(Koenigswald & Clemens 1992, Carlson 1990).

3.2.2.1 Crystallites
Crystallites are made of carbonate hydroxyapatite and are the basic constituents and
smallest units of enamel (Koenigswald & Clemens 1992, Clemens 1997).

These

narrow, extremely long structures ranging between 0.16µm-1µm in length and 0.04µm
width (Clemens 1997) tend to be orientated approximately parallel, extending radially
from the DEJ to the surface (Koenigswald & Clemens 1992, Boyde 1976).

3.2.2.2 Prisms
A prism contains bundles of millions of similarly orientated hydroxyapatite crystallites
(section 3.2.2.1) separated from adjacent prisms by sheaths of organic material, and
interprismatic crystallites (Koenigswald & Clemens 1992, Shore et al. 1995, Carlson
1990). Each prism or rod has an average diameter of 5µm and extends a few microns
from the DEJ without merging or splitting to close to the outer enamel surface
(Eisenmann 1994b, Sander 1997, Shore et al. 1995, Risnes 1998).

While prism

diameter can vary with species it also increases from the DEJ to the outer surface. It is
this that accounts for the larger outer surface of the tooth rather than an increase in the
area of interprismatic matrix (Macho et al. 2003).

Enamel prisms and their

interprismatic region owe their orientation and formation to the Tomes‟ process of the
secretory ameloblast (Ross et al. 1995: 411, Bath-Balogh & Fehrenbach 1997: 169).
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3.2.2.2.1 Boyde’s prism patterns
Boyde distinguished three main patterns of prisms based on cross sectional shape and
packing pattern (Fortelius 1985). Although all derive from a basic hexagonal packing of
ameloblasts the patterns differ in the direction of movement of the ameloblasts (Risnes
1998).

Pattern 1 (Figure 3.14) is simple in organization but also uncommon (Boyde 1976),
found throughout the enamel of Insectivora, Sirenia, Cetacea, Chiroptera and Tapiridae
(Boyde 1971); while Pattern 3 is found in the enamel of Primates, Carnivora,
Proboscidea and Pinnipedia (Boyde 1971).

Pattern 1

Pattern 2

Pattern 3

Figure 3.14: Boyde‟s enamel prism packing patterns (after Carlson 1992: 539-540).

Pattern 2 is found in Marsupialia, Equidae and Artiodactyla (Boyde 1971), including
sheep and goats. In this pattern the prisms have incomplete cylindrical discontinuities
(Hillson 1986: 114) as the prism sheath is open basally (Koenigswald & Sander 1997),
creating a horseshoe shaped appearance (Figure 3.14).

This is because the prism enters the surface at an oblique angle, between 45-60°, so
that the floor or open side of the prism becomes closely fitted to the closed cuspal side
of its neighbour (Boyde 1976, Boyde 1971). These prisms are arranged vertically and
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are separated by inter-row sheets (Risnes 1998) in which the crystals grow
perpendicular to the enamel surface (Boyde 1989). The prisms tend to be smaller than
in Patterns 1 or 3 and each prism is created by two ameloblasts, although each
ameloblast contributes to two prisms (Fortelius 1985).

These structures can be seen in the surface of the enamel of a lower first molar of a
modern sheep in Figure 3.15.

Figure 3.15: An image of the enamel prism Pattern 2 on the surface of a lower M 1 sheep molar,
seen as a series of pits. x40 magnification, (Tooth ref: UP/41).

3.2.2.2.2 Prism Decussation
Although rods run through the entire thickness of the enamel layer, this is not obvious in
ground sections because, in all but a few mammal orders, prisms run a sinuous course
and soon leave the plane of the section. This is known as prism decussation (Hillson
1986: 140).
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Figure 3.16: A 3-D model of decussation planes of enamel prisms (After Macho et al. 2003: 83).
Key: DEJ = dentine-enamel junction; OES = outer enamel surface; x-y = transverse plane; x-z =
longitudinal plane.

The movement of the prisms is more constrained towards the DEJ than closer to the
outer surface (see Figure 3.16), while the prisms are also offset in comparison to the
plane of the outer straighter prisms. It is suggested that the change in prism direction
increases the resistance of enamel to splitting forces during mastication (Osborn 1990).
Pattern 1 enamel is not associated with decussation due to the straight nature of the
prisms, unlike Patterns 2 and 3 which both display it (Fortelius 1985).

3.2.3 Enamel types
A number of enamel types are found in placental mammals which are the result of
differing orientations of the interprismatic matrix relative to the direction of the prism
(Koenigswald 1997a). The most common are prism free and prismatic enamel.

3.2.3.1 Prism Free Enamel
This is the simplest structural pattern of enamel, where all the crystallites stand parallel
to each other and extend from the DEJ, perpendicular to the surface (Boyde 1971,
1989, Carlson 1990). Thus sectioning the tooth longitudinally cuts through the end of
the crystallites (Figure 3.17).

It is the absence of the Tome‟s process during the

secretory process of enamel production that accounts for the crystallites lacking prism
boundaries (sheaths) and it being more highly mineralised than others (Boyde 1971,
Shore et al. 1995). This type of enamel is also known as nonprismatic, aprismatic
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(Koenigswald & Clemens 1992) or prismless and is found in the permanent dentition of
many mammals including humans, especially at the enamel surface (Boyde 1989). A
thin inner prismless layer may also be found deposited at the DEJ (Eisenmann 1994a).

Figure 3.17: A schematic representation of a block of prismless enamel showing the crystallite
orientation in 3-D (from Carlson 1990: 538)

3.2.3.2 Prismatic Enamel
Prismatic enamel is distinguished by the presence of prisms within the fabric of the
enamel with a repetitive pattern in the orientation of the crystallites (Carlson 1990).
Four basic types of prismatic enamel have been identified to date: radial, tangential,
irregular and Hunter-Schreger bands (Koenigswald 1997a).

3.2.3.2.1 Hunter-Schreger Bands
Within prismatic enamel the variations in the orientation and shape of the prisms
(Carlson 1990) create an optical phenomenon known as Hunter-Schreger bands (HSB).
These are seen as alternating dark and light zones running obliquely from the dentine
to the outer surface of longitudinally sectioned enamel viewed in reflected light
(Koenigswald & Sander 1997, Hillson 1996: 153, Osborn and Ten Cate 1983: 140).
These optical manifestations are the result of the direction in which the prisms have
been sectioned relative to their axis (Mortell & Payton 1956), as prism decussation
(described in section 3.2.2.2.2) makes it impossible to cut the whole length of a single
prism (Osborn 1990).
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The three-dimensional course of prisms is complex; they have different neighbours at
different parts of their length (Boyde 1989). Where prisms are longitudinally sectioned
so the crystallites are parallel to the section plane, these zones are known as
parazones, which show up bright in polarized light (Hillson 1996: 153). In other parts of
the section prisms will be transversely sectioned as they bend away from the plane of
section. These areas are diazones and are darker in polarised light (Hillson 1986: 140).
Each Hunter-Schreger band comprises of a parazone and diazone (Figure 3.18) which
run in parallel bands (Osborn 1990). Prisms within one band are parallel to each other
while those in adjacent bands are at an angle of up to 90° to those in the adjacent band
(Carlson 1990).

Transverse
(Diazone)

A

Longitudinal
(Parazone)

B

Figure 3.18: A - A block of prisms showing decussation through the enamel which produce
Hunter-Schreger bands, seen as groups of light and dark bands (from Osborn & Ten Cate 1983:
140). B - A cross section through multiserial Hunter-Schreger bands, with prisms cut
perpendicular appearing circular and those cut obliquely appearing elliptical (from Carlson 1990:
536).

The appearance of these bands is influenced by a number of variables: the shape of
the DEJ and striae of Retzius, thickness of enamel, the increase in diameter of prism as
they move through the enamel, the course of the prisms in longitudinal plane and
change in the curve of the prisms in the transverse plane (Osborn 1990). These can all
be attributed to the shape of the tooth. The greater the difference in area between the
DEJ and external surface of the enamel, e.g. in the cusps of molars, the more the prism
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diameter increases, the more curved the bands and striae of Retzius, and the more
frequent the oscillations of the prisms, resulting in thicker enamel (Osborn 1990).

The term Hunter-Schreger band is used to describe not just the banding but also the
three-dimensional layers of prisms of alternating directions (Rensberger & Koenigswald
1980) which is thought to have functional significance (Carlson 1990). It is believed that
changes in prism direction increases the resistance of enamel to splitting by masticatory
forces (Rensberger & Koenigswald 1980) but also has a functional advantage of
differential resistance to wear (Stefen 1997), while producing abrasion ridges for
chewing (Rensberger & Koenigswald 1980).

4.3.3.2.1.1 Types of Hunter-Schreger bands
A number of types of Hunter-Schreger bands have been identified in the enamel
structure of mammals.

These may reflect the movement of ameloblast during

development and the study of these different types of HSB are thought to have
evolutionary and taxonomic implications (Suzuki et al. 1999).

Zone
Free
Enamel

A

B

Figure 3.19: Schematic drawings of horizontal Hunter-Schreger band types (A - after Fortelius
1985: 16) and Hunter-Schreger bands seen in enamel of sheep molar (B) at x40 magnification
(tooth ref: j1m2).
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Horizontal HSB is the most common type of prism decussation. It develops parallel
with the developing front of the enamel (i.e. parallel with the striae of Retzius, section
3.2.4.2), with alternating bands of differentially orientated crystallites.

These are

concentrically arranged around the cusp tip, in a spiral pattern (Figure 3.19A) (Fortelius
1985).

In ungulate dentition the enamel layer is thicker than many species; the zones are
longer and there are broader areas which are zone free (Hillson 1986: 141).

In

ovicaprines, these zone free belts are to be found at the DEJ and just below the crown
surface, while the middle half to two thirds is a decussation layer (see Figure 3.19B).
The zones curve along their length at an angle from the DEJ with the transition from
parazone to diazone being gradual, making boundaries between the zones more
indistinct (Hillson 1986: 142, Fortelius 1985). A thin layer of modified radial enamel is
regularly found close to the DEJ in Bovidae molars (Koenigswald 1997a).

3.2.4 Internal microscopic features of enamel
The process of amelogenesis leaves traces in the enamel structure; the most major of
which is caused by matrix secretion where the ameloblasts organise and orient the
crystals to create prisms (Rose et al. 1985, Hillson 1986:114). Regular changes in the
prism structure are also found preserved in the form of growth tracks. These reflect the
incremental growth of enamel (e.g. striae of Retzius, perikymata and prism cross
striations) and represent a record of time, a useful tool for determining the rate of
enamel formation. This is because there is a rhythm to amelogenesis, a variation in the
rate of enamel production (Hillson 1986: 119), but these incremental lines can only be
used if there is a complete understanding of their structure, morphogenesis and rate of
formation (Risnes 1998).
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This section presents details of the internal structures of enamel seen histologically,
including where possible details of those known to be seen in ovicaprines dentition, for
the purpose of later identification.

Firstly several structures (spindles, tufts and lamellae) have been identified as
prominences at the enamel-dentine junction which project into the enamel (Shore et al.
1995). These are described in Appendix 3.10, the last 2 of which were identified in
ovicaprine enamel during this study (Appendix Figure 3.5).

3.2.4.1 Prism Cross-striation
Prism cross-striations can be seen in the structure of the enamel as alternating light and
dark bands across the prisms occurring every few micrometers that give the impression
of swelling and constriction (Hillson 1996: 153). This is thought to represent fast and
constricted rates of secretion respectively, due to a variation in mineralization (Hillson
1986: 119, 1996: 155). Prism cross-striations may also be indicative of a diurnal or
circadian rhythm in enamel formation (Risnes 1998, Shellis 1998, Guatelli-Steinberg
2001) as it is believed that these striations are caused by cyclical variations in the rate
of enamel matrix secretion (Boyde 1976).

Experiments with laboratory animals counting the cross-striations between periodic
markers have shown that pairs of light and dark cross striations represent a 24 hour
rhythm (Hillson 1986 119-120, Hillson 1996: 156). It has also been established that the
rate of enamel formation is approximately 4µm per day and in ground sections these
periodic bands are noted to occur at intervals of 4µm on the enamel rods (Ten Cate
1985). Boyde (1979 cited in Dean 1987) theorised that changes during a 24 hour
period to the metabolic activity of ameloblasts lead to differences in the local
concentration of CO2 and, consequentially, carbonate content of the hydroxyapatite (the
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main mineral component in enamel). This change alters the refractive index of the
enamel prism resulting in the characteristic light and dark bands.

Figure 3.20: Prism cross-striations in human enamel seen in polarised transmitted light
microscopy. Dark arrows indicate clear cross-striations; hollow arrows show fine banding
between cross-striations. Field width approximately 140 µm (after Antoine et al. 1999: 50).

Prism cross striations can be seen well in ground sections observed using transmitted
light microscopy (Figure 3.20), but can also be emphasised by treatment with acid or
the use of a polarizing microscope (Hillson 1996: 155-6). There can, however, be
difficulties in achieving true longitudinal sections and that may account for false
observation of striations (Ten Cate 1985).

3.2.4.2 Striae of Retzius
This type of internal structure was first discovered by Anders Retzius in the 1830‟s
(Hillson & Bond 1997, Hillson 1986: 120) and was described as a series of lines cutting
across the enamel prism, running from the DEJ to the crown surface (Ten Cate 1985).
These structures vary in colour from light brown to nearly black in transmitted light and
it was for this reason that Retzius called them brown parallel lines „bränlicher Parrallel-
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Striche‟ (Hillson 1996: 157); although they do appear colourless or blue in reflected light
(Fawcett 1994: 581).

The Retzius lines in the outer clearer layer of enamel are curvilinear in structure, while
in the outer prismless layer the striae exhibit a staircase formation that is also found in
the cervical enamel. This „staircase‟ form is created by triangular regions whose apices
are directed towards the enamel surface (Weber et al. 1974). These incremental lines
indicate the position of the ameloblast layer and of the developing enamel surface at
different points of time and it is believed that these lines are evidence of rhythms,
together with other physiological/pathological events affecting formation (Risnes 1998:
332).

It has been found that the number of striae of Retzius produced varies depending on
the region of and the tooth being observed. Under the cusp the striae form in a series
of dome-like increments, one on top of the other, known as the appositional zone
(Figure 3.21) (Hillson & Bond 1997, Guatelli-Steinberg 2001). Although the number of
increments in the appositional zone is difficult to establish, a number of different studies
have produced similar results allowing rough estimates to be made for different teeth.
In the case of human canines and incisors there may be 20-35 striae of Retzius; in
comparison premolars have 35-50 and molars 50-80 (Hillson & Bond 1997).

This

difference between tooth classes can also be seen when considering the formation of
enamel outside the appositional zone. This area is called the imbricational zone and it
covers the lateral surface of the teeth (Figure 3.21) (Guatelli-Steinberg 2001). In this
zone sleeve like increments are formed on the side of the crown and overlap from cusp
tip to the CEJ. Where these striae meet the surface and are visible they are known as
perikymata (section 3.2.4.3).

It has been noted that in the incisors of humans
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imbricational increments may range between 100-250, canines as much as 300 and the
molars typically somewhere between 70-90 increments (Hillson & Bond 1997). There
are consequentially differences in the proportion of the tooth that is made up of these
zones.

For example, when comparing human molars and canines, the majority of

molars are made up of appositional enamel (up to 40-50%) whereas in canines and
incisors this makes up only 15-20% (Hillson & Bond 1997).

INCISOR

MOLAR

APPOSITIONAL
STRIAE OF
RETZIUS

50 – 80
INCREMENTS

25 – 35
INCREMENTS

70 – 90
INCREMENTS

100 – 250
INCREMENTS
IMBRICATIONAL
STRIAE OF
RETZIUS

LINES DRAWN EVERY 10 STRIAE
Figure 3.21: A diagrammatic representation of crown growth showing differences in number of
striae of Retzius between appositional and imbricational zones in incisor and molar teeth (after
Hillson & Bond 1997: 96).

Due to the diversity of geometry between tooth types, differences are also found in the
spacing and angle of striae of Retzius and their surface expression perikymata in the
imbrication enamel. Three distinct zones, the occlusal (near the cusp), the mid crown
and cervical have been identified. In the occlusal portion the increments are nearly
vertical (at approximately 15°) compared to the shallower mid crown at 30-40° which
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increases further in the cervical zone to near 60°. As the angle increases this causes
the spacing between striae or perikymata to decrease (Hillson & Bond 1997). Spacing,
therefore, changes from 30-40µm in the occlusal zone where perikymata relief is low to
between 15-20µm in the cervical portion of the tooth were perikymata relief is sharper
(Hillson 1996: 157, Hillson & Bond 1997).

Wilson & Schroff (1970) present their observations on the classification of three
different types of striae of Retzius, those of line, band and pathological striae. Line
striae were described as dark parallel lines at the side of teeth ending near the enamel
surface in perikymata which appear to be caused by a bending or notching of the
enamel rods.

Conversely band striae are found in cuspal and deeper enamel

encompassing the dentine cusp.

The bands are known to vary in width and are

associated with a definite bending of enamel rods, being at its greatest at the cusp tip
and decreasing cervically (Wilson & Schroff 1970). These characteristics were found to
be present in most striae (Hillson 1986: 124).

Although both line and band Retzius lines are believed to be related to a bending of
enamel rods, the third type, pathological bands (see section 4.2.1), appear to be
caused by structural differences in the organic matrix produced by a temporary
disturbance in the metabolism and affecting all prisms forming at that time (Rose et al.
1985).

3.2.4.2.1 Neonatal Line
Many Retzius lines can appear as accentuated lines or broad bands and are difficult to
integrate in the system of rhythmic lines. It is, therefore, thought that these are of a
different origin, a prominent example being the neonatal line (Risnes 1998: 346). The
neonatal line is the first enlarged or accentuated striae of Retzius (Ten Cate 1985,
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Hillson 1996: 159) found in the enamel of deciduous teeth and the permanent first
molars. It is believed to be caused by the trauma of birth and the following days
(Guatelli-Steinberg 2001) during which time systemic disturbances affect the developing
striae of Retzius (Hillson 1986: 125). This is supported by the fact that infants born by
Caesarean show a less marked or wide neonatal line (Eli et al. 1989, cited by Skinner
1992). Skinner (1992) found that the neonatal line could be easily identified, as the
enamel deposited prenatally was usually free of imperfections, perhaps reflecting the
intrauterine environment (Hillson 1986: 125). The neonatal line also often distorts or
bends the enamel formed at this point (Skinner 1992).

Viewed using different techniques the neonatal line has different appearances. In thick
sections (150µm) studied using a light microscope these lines appear as broad diffuse
bands (Hillson 1996: 159); but in thin sections, except the very outer prismless layer of
enamel, the neonatal line has a staircase configuration (Weber et al. 1974).

3.2.4.2.2 Counts of cross-striations between striae of Retzius
Counting the cross striations between the brown striae towards the crown surface can
give a periodicity, but this becomes difficult when looking at deeper increments as they
are harder to distinguish. Considerable research has been done on human enamel to
discover how many cross-striations there are between two striae of Retzius. It is now
generally thought that there are between 7 and 10 (average 8). This varies between
species and between individuals of same species but is constant within an individual‟s
dentition (Hillson 1996: 157, Guatelli-Steinberg 2001).

3.2.4.3 Perikymata
There are a number of regularly spaced grooves or incremental structures on the
surface of tooth crown generally referred to as perikymata, derived from the Greek peri
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meaning around and kymata, waves (Hillson & Bond, 1997).

These are seen as

troughs or furrows around the crown circumference following each other at regular
intervals down the tooth (Hillson 1986: 121) and are surface manifestations of striae of
Retzius. No perikymata are found in the incisal part of the enamel (appositional zone)
since the enamel strata constitute a complete dome shaped layer around the tip of the
dentine (Risnes 1998, Dean 1987) and therefore, the striae do not reach the surface.

Three types of perikymata have been identified in human dentition, based on
differences in their appearance in different parts of the tooth (Hillson & Bond 1997).
The occlusal type found towards the coronal part of the tooth, know as perikymata or
perikymata ridges, are shallow waves spaced approximately 100µm apart.

The

transition between the peaks and troughs is relatively smooth and all areas display
Tomes‟ process pits, as can be seen in Figure 3.22A (Hillson & Bond 1997). The midcrown type of perikymata (Figure 3.22B), have relatively sharp lines denoting the
grooves between waves, which are more closely packed at about 70µm (Hillson & Bond
1997, Guatelli-Steinberg 2001). The Tomes‟ process pits are more generally arranged
in bands just occlusal to the groove (Hillson & Bond 1997). Finally, the cervical types of
perikymata (Figure 3.23) are known as perikymata grooves or imbricational lines
(Guatelli-Steinberg 2001), from the Latin imbrex, a tile. These lines are less wave-like
and sharper, with a spacing of about 50µm, which gives an appearance of “over-lapping
sheets” (Hillson & Bond 1997: 91). Differences in the shape of teeth and therefore
angle of the underlying striae of Retzius determine what proportions of these different
perikymata types are found (Hillson & Bond 1997).
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AA

B

Figure 3.22: Perikymata occlusal type (A) and mid crown type (B); images taken with oblique
light source using SEM (Hillson & Bond 1997: 92 & 93).

D

E

C

Perikymata

Figure 3.23: Longitudinal section through enamel of a sheep mandibular M2 tooth displaying
striae of Retzius and cervical type perikymata. X10 magnification (Tooth Ref: j3m2). Key: D =
Dentine; E = Enamel; C = Cementum

3.2.4.4 Do these microstructures have regular time dependency?
The use of cross-striations, striae of Retzius and perikymata as a way of recording
development and reconstructing chronological history has been the subject of many
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debates, in which it has been argued that incremental structures may be artefacts of
methodological procedures (Weber & Glick 1975, Warshawsky & Bai 1983).

Warshawsky and Bai (1983) suggested that cross striations are caused by knife chatter
during the process of thin-sectioning. Using rat incisors to test this, due to their lack of
cross striations on the enamel rods; their method of thin-sectioning was seen to
produce light and dark alternating bands of varying periodicity. Warshawsky and Bai
(1983), therefore, speculated that different cutting methods and conditions would
produce differing periodicity and concluded that cross-striations found by looking at thinsectioned enamel with transmission electron microscopes should be suspected of being
artefacts. Shellis (1998), however, suggested that small scale damage such as knife
chatter could not cause cross striations in thick sections that would exactly mimic these
structures, especially in sections that have been polished. Conversely Weber and Glick
(1975) argued that the appearance of prism cross-striations was not due to the process
of cutting but rather artefacts caused by the plane of the section, cutting through groups
of prisms. True longitudinal sections through teeth are hard to achieve and the plane
will vary within and between sections. Weber and Glick (1975), therefore, argued the
structural interrelationships between groups of prisms was optically responsible for
producing these structures, but without any periodicity, and although they appear in
thick sections are not readily seen in thin-sections less than 2µm. This, however, has
been subsequently disproved. Tandem scanning microscopic analysis of enamel using
a very thin plane of approximately 1µm deep, several micrometer through the intact
surface, have confirmed the existence of cross-striations (Hillson 1996: 155).
Moreover, incremental structures have also been found in fractured teeth, observed
using SEM, which have not been subjected to the processes of thin-sectioning (Shellis
1998).
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A number of experiments have also been conducted to establish structural evidence for
the periodicity of incremental features of enamel. In the 1930‟s and 40‟s Schour et al.
compared the counts of cross-striations to known periods in human infants using the in
vivo induced marker, sodium fluoride. These experiments not only assessed the growth
rate of appositional enamel but more importantly verified that cross-striations were daily
increments (Fitzgerald 1998). This was corroborated by indirect studies in dentine. In
Japan, Masashiro Okada demonstrated that there were daily dentine increments in the
dentition of dogs, rabbits, pigs and monkeys.

The research on dentinogenesis in

rabbits used lead acetate to mark the teeth at various recorded intervals.

This

established that a pair of light and dark growth increments was deposited in a day and
that the number of pairs always corresponded to the number of days between the lead
markers (Rosenberg & Simmons 1980). These studies based on direct evidence are
significant in demonstrating that there is one rhythm underlying the production of both of
these hard tissues (Fitzgerald 1998).

Periodicity has also been found to vary in a consistent way according to tooth type and
the location within the tooth which makes it hard to explain these striations as artefacts.
Fitzgerald (1998) who looked at human dentition from three populations; Native
Americans, Medieval Britons and contemporary South Africans tested this hypothesis.
Fitzgerald calculated the circaseptan intervals by dividing the measured distance
between two striae of Retzius by the average cross-striation interval (the distance
between two cross-striations, which equals one day‟s growth). The author statistically
tested and demonstrated that the circaseptan intervals were uniform within a tooth
indicating that age estimation techniques derived from the use of microstructures of
enamel are valid; however more large scale studies need to be carried out in order to
provide more information on the variability of these structures within and between
populations (Fitzgerald 1998).
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Chapter 4. Developmental defects of enamel

Developmental defects of enamel are described as disturbances of the hard tissue
matrices and the process of mineralization during odontogenesis (Clarkson 1989) which
cause the defective formation of enamel (Miles & Grigson 1990: 437). These affect the
outer surface and/or the internal structure of the enamel depending on the process
disrupted and can be divided into two categories, qualitative and quantitative (Jälevik &
Norén 2000). This chapter discusses the defects in these two categories; describing
differences in appearance, formation and known causal stresses in order to determine
possible aetiologies for defects seen in the enamel of modern and archaeological
samples, particularly those associated with weaning.

This chapter also considers coronal cementum, a structure which could inhibit the
visibility of enamel defects and, finally, provides a background to previous methods
employed in the field of developmental enamel defect studies, where possible focusing
on analysis of Artiodactyla species and in particular ovicaprine dentition.

4.1 Qualitative defects
A qualitative defect is one which is identified visually as abnormalities in the
translucency of the enamel. This includes opacities and discoloured enamel (Clarkson
1989). These are produced during the maturation phase of enamel formation.

4.1.1 Enamel opacities
Many terms have been used in the past for opacities. These include mottled enamel,
internal enamel hypoplasia, enamel hypocalcification (Small & Murray 1978) and
hypomineralisation (Jälevik & Norén 2000). Two main types of opacities have been
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identified, diffuse and demarcated. Diffuse opacities are found in part or the entire
enamel surface, with a linear, patchy or continuous distribution and no defined
boundary with the adjacent normal enamel (Suckling 1989, Jalevik & Noren 2000).
Demarcated opacities have defined edges bordered by normal enamel. They vary in
colour (white, cream, yellow, brown) and differences in translucency (Jälevik & Norén
2000).

Opacities can occur at the enamel surface, within the inner enamel layer towards the
dentine enamel junction (DEJ) or affect the entire width of the enamel layer (Suga
1989). This type of defect can be distinguished from normal enamel in polarized light,
as being positively birefringent (Jälevik & Norén 2000). Opacities are likely to be the
result of dysfunction of the resorption activity, where ameloblasts fail to remove the
organic substance found in hypermineralised enamel (Crenshaw & Bawden 1984 cited
in Suga 1989) during the early maturation phase (Suga 1989). It is also possible,
however, that the ameloblasts have been affected during the secretion stage of
formation altering the physicochemical conditions prior to maturation (Jälevik & Norén
2000).

Much research into opacities have been done on human dentition (Miles & Grigson
1990: 437) as is evidenced by the identification of specific types such as molar incisor
hypomineralisation.

This type of opacity is characterized as regions of altered

translucency with areas being white, yellow or brown in the enamel of human molars or
incisors forming at the same time. Histologically it is seen as a clearly demarked area
of porous, poorly organized and severely hypomineralised enamel in the cuspal part of
the tooth (Ogden et al. 2007).

As a result these teeth are prone to caries and,

therefore, usually destroyed before this type of hypoplasia can be identified.
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4.2 Quantitative Defects
Quantitative defects are insults that can be measured and quantified. These include
accentuated striae and hypoplasia.

4.2.1 Accentuated striae of Retzius
Accentuated striae of Retzius, also known as pathological striae, Wilson or cluster
bands (Goodman & Rose 1990) are internal defects seen in longitudinal sections of
enamel as broad bands running perpendicular to the enamel prisms from the DEJ to the
crown surface (see section 3.2.4.2). Accentuated striae are defined as any striae of
Retzius exhibiting abnormal prism bending or a distortion of the prism structure (Rose
1977). The only difference between normal striae of Retzius and accentuated striae is
the nature of the system that triggered them (Fitzgerald & Saunders 2005).
Accentuated striae can be identified from normal striae of Retzius as being visible for at
least 75% of the length from the DEJ to the crown surface (Goodman & Rose 1990).

This type of microdefect is caused by a temporary disruption of the process of
amelogenesis (Goodman et al. 1984) resulting in a change in metabolism and the
direction of ameloblast movement (Rose et al. 1978). Accentuated striae are thought to
be more sensitive indicators of stress than enamel hypoplasia (Skinner & Goodman
1992); while hypoplasias represent a more severe disruption of enamel microstructure
(Goodman et al. 1984). It may be, therefore, that hypoplasia and accentuated striae of
Retzius can reflect the same disruption examined at different levels of analysis (Condon
1981 cited in Goodman et al. 1984).
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4.2.2 Enamel Hypoplasia
In the past, surface enamel defects were referred to by many names such as dental
erosion, premature caries, notched incisors, enamel aplasia and atrophied teeth
(Goodman & Rose 1990). The term „hypoplasia‟ was first proposed by Zsigmondy in
1893 who rejected earlier terms such as wavy enamel, honey-combed teeth and
erosion as improperly applied or incorrect expressions.

“Where individual organs or part of organs are defectively developed because of
external or internal noxæ, pathological anatomists are wont to employ the term
hypoplasia to express the condition. We may accordingly speak of a hypoplasia of the
enamel (Zsigmondy 1893: 714).”

Enamel hypoplasia is defined as a deficiency in the amount or thickness of enamel
caused by a disruption of the ameloblasts during the process of secretion (Goodman &
Rose 1990) and may occur as horizontally arranged pit or grooves of varying depths
and widths, down to a single perikymata groove, or may involve a complete absence of
enamel from the whole or part of the tooth (Hillson 1992, Commission on Oral Health
1982).

Hypoplasia is commonly associated with accentuated striae of Retzius

(Goodman & Rose 1990) but may also display a convergence of striae and absence of
prism structure at the enamel surface (Rose 1977). The convergence or bending of the
striae suggests that the ameloblasts had slowed in matrix production but not died
(Goodman & Rose 1990).

Problems can occur in identifying a true pathological

developmental defect from normal surface irregularities such as a prominent perikymata
(Goodman & Rose 1990). Only by histological examination of the underlying enamel
for disruptions in the structure can a defect be definitively identified.
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A number of different types of hypoplasia have been identified, the expression of which
are thought to reflect variations in tooth morphology and development, as well the level
of physiological stress (Lukacs 1999).

4.2.2.2 Types of hypoplasia
Variations in the appearance of hypoplasia result from the manner in which groups of
ameloblasts are affected by disruptions (Hillson & Bond 1997). The location of the
defect, thickness of the enamel surface (which influences the rate of mineralization) and
the temporary dysfunction or death of the cells, have all been found to account for these
differences. Cells damaged in their secretory phase may recover, but may not achieve
full thickness; while the number of cells affected will determine the size of the lesion
(Suckling & Purdell-Lewis 1982).

The Fédération Dentaire Internationale in the Defects of Dental Enamel (DDE) Index
classified four hypoplastic defects types: pits, horizontal grooves, vertical grooves and
missing enamel (Commission on Oral Health 1982). Researchers have used numerous
terms to describe these defects, however linear enamel hypoplasia, pit and plane type
hypoplasia are the main terms used as these describe real differences in way defects
are formed (see Figure 4.1). Enamel aplasia is the total deficiency of enamel and is the
most severe form of hypoplasia (Goodman & Rose 1990).

4.2.2.2.1 Linear Enamel Hypoplasia (LEH)
Linear enamel hypoplasia (LEH) is one of a number of terms used to describe the most
common form of hypoplasia and includes furrow-form, groove (Hillson & Bond 1997
Goodman & Rose 1990), chronologic/linear hypoplasia and aplasia (Goodman et al.
1984, Sarnat & Schour 1941). Mellanby‟s (1929) M-hypoplasia and G-hypoplasia also
fall into this category, where M-hypoplasia consists of a single or series of
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furrows/grooves and G-hypoplasia is characterised by pitting occurring in lines or wide
bands (Hillson 1992). As the name suggests LEH takes the form of horizontal lines,
grooves or as an array of pits (Goodman & Rose 1990, Hillson 1996: 167) in the form of
single or multiple lines and grooves (Guatelli-Steinberg 2001). It can involve a single
perikymata, which can only be seen microscopically, or be larger than 30 perikymata
(Hillson & Bond 1997).

Hypoplasia in humans is in the majority of cases also

associated with accentuated striae, either at the beginning, or randomly within the
defect (Goodman & Rose 1990).

PIT TYPE DEFECT
SEVERE/SHORT DURATION
 Seen as bending of the striae of Retzius and associated
pathological incremental band below the defect
 Sometimes has aprismatic enamel below defect

PLANE TYPE




SEVERE/SHORT DURATION

Pathological incremental band continuous with enamel surface
Slight bending of striae of Retzius in the outer enamel of ledge
Striae of Retzius more narrowly spaced

Defect

Defect
Slight
ledge

LINEAR ENAMEL DEFECT





Difference in spacing of perikymata
No other pathological incremental band involvement
Slightly more pronounced perikymata cervical to the defect
Cessation of matrix secretion by late secretory ameloblasts.

DEPRESSION




Defect

LESS SEVERE/LONGER LASTING

Special type of LEH found in pig molars
No disturbed microstructure or pathological bands
Bending of striae of Retzius in the outer enamel, with
perhaps reduction in the striae spacing

Defect

Figure 4.1: Descriptions and diagrams of hypoplastic defect types identified in pigs (Witzel et al.
2006, Dobney et al. 2002).
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A change in the spacing of perikymata has been found to indicate defects of the
furrow/linear kind with the spacing being wider on the occlusal face and narrower on the
cervical face of the defect (Hillson 1992). LEH can thus be divided into 3 parts, occlusal
wall, floor and cervical wall (Figure 4.2). The occlusal wall represents the period of
growth disruption, while the cervical wall indicates the period of recovery (Hillson &
Bond 1997). Unlike the other forms of hypoplasia this type of defect, which is closely
associated with striae of Retzius, cannot be seen in the buried enamel of the
appositional zone.

Figure 4.2: Illustration of occlusal and cervical walls of LEH (after Hubbard et al. 2009)



Depression

Depressions are a special type of LEH found in pig molars that are characterised by
broad, shallow grooves running horizontally around the tooth which display a
corresponding concavity in the dentine, seen histologically. No marked disturbances in
the internal morphology of the enamel, in the form of accentuated striae or aprismatic
enamel, are noted. There is, however, a bending of the striae of Retzius following the
concavity in the DEJ, with perhaps a reduced spacing of striae under the depression
(Witzel et al. 2006).
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4.2.2.2.2 Pit
Pits are focused areas of reduced enamel thickness (Witzel et al. 2006) which can vary
from over 500µm to tens of microns in diameter (Hillson & Bond 1997). These defects
may be singular or multiple, occur as a series running in horizontal bands or widely
scattered over large areas of the tooth. The main features of this type of defect are: an
accentuated striation continuous with the enamel at the bottom of the defect, a bending
of the striae of Retzius with the outline of the pit (Witzel et al. 2006) and exposed
Tomes‟ process pits or a thin layer of irregular enamel lining the floor of the pit, which
indicates abrupt disruption to ameloblasts. The depth of hypoplastic pits are related to
the position on the plane of the striae, the closer the defect is to the striation the
shallower it is. This association with the plane of striae of Retzius means that it can
also be found in the appositional enamel of the cusp (Hillson & Bond 1997). It is
believed that these defects represent acute stress episodes (Ensor & Irish 1995) and
that single pits may have a different aetiology from LEH and pit arrays (Griffin & Donlon
2009).

4.2.2.2.3 Plane
Plane type hypoplasia comprise of extended areas of reduced enamel thickness
marked by a pronounced ledge and associated with an accentuated striae of Retzius
that is continuous with the enamel surface within the defect (Figure 4.3), which
indicates the location of the enamel formation front at the time of the severe insult
(Witzel et al. 2006). The plane of the striae of Retzius is either partially or wholly
exposed. If only one striation is involved this means that the disturbance that initiated
the defect was of short duration (Hillson & Bond 1997). This type of hypoplasia is also
identified by a zone of aprismatic enamel found along the accentuated striae and a
bending of the striae of Retzius in the outermost enamel of the ledge (Witzel et al.
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2006). Unlike LEH this type of defect can be found in the appositional enamel of the
cusp (Hillson & Bond 1997).

Figure 4.3: Illustration of plane type defect (after Suga 1989: 196, Figure 15)

4.2.2.3 Other defect types identified in human and primates
Much work in the study of hypoplasia has been conducted on human and ape dentition,
during which a number of new types of defects have been identified, specific to
particular teeth and locations on them. These are localised hypoplasia of the primary
canine (Lukacs 1999), inter-proximal contact enamel hypoplasia (Skinner 1996) and
cuspal enamel hypoplasia (Ogden et al. 2007); all of which are described in Appendix
4.1.

4.3 Aetiology
There are over 90 known factors that can be responsible for developmental enamel
defects but it is not usually possible to identify the particular aetiology for a specific
defect (Jälevik & Norén 2000). Defects are likely to be caused by combinations of
factors and physiological processes.

For example, genetic factors may make an

individual susceptible to stress or may weaken ameloblasts, which combined with
nutrition level or illness may push the ameloblast past their threshold for disruption
(Goodman & Rose 1990). Poor nutrition may also reduce an individual‟s resistance to
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infection by depressing the immune response, while infectious diseases affect the
body‟s ability to absorb nutrients in the digestive system, especially protein (Mims 1982
cited in Hutchinson & Larsen 1988).
Developmental enamel defects can be diagnosed as resulting from one of three types
of conditions; hereditary anomalies, localised trauma or systemic stress (Goodman &
Rose 1990).

4.3.1 Hereditary
Hereditary defects disturb enamel formation from birth, affecting the development of the
whole tooth crown (Winter & Brook 1975) of both deciduous and permanent dentition.
As a rule this affects either the dentine or enamel structures, but not both. These
defects are also often diffuse or even vertically orientated (Gorlin & Goldman 1970 cited
in El-Najjar et al. 1978). The general term used for hereditary defects not associated
with systemic disease is amelogenesis imperfecta (Winter & Brook 1975); also termed
as enamel aplasia, enamel dysplasia, brown hypoplastic teeth or brown teeth (El-Najjar
et al. 1978). This occurs as two types, hypomineralisation and hypoplasia.

Hereditary defects are rare in modern populations (Goodman & Rose 1990) and due to
a reduction in resistance to wear in teeth with this defect type (Winter & Brook 1975)
are unlikely to be preserved in archaeological dentition (Hillson 1986: 128).

One example of amelogenesis imperfecta has, however, been seen in the permanent
and deciduous dentition of a six year old human child recovered from the Schild
cemetery in Illinois, dated to 1100AD. In this case the enamel in both sets of dentition
was anomalous and was very thin and irregular despite being hard and a normal colour.
The enamel also displayed vertical bands of pitting and wrinkling, while in some areas
the enamel was absent and the dentine exposed. These defects could not be attributed
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to the destructive processes of wear or erosion as they were also seen in the unerupted
teeth (Cook 1980).

4.3.2 Trauma
Direct trauma to the developing tooth has been proved to cause a hypoplastic response
in teeth. The resulting defect relates to the stage of enamel formation at the time of the
injury. Localised hypoplasia of the primary canine (LHPC, Appendix 4.1) is thought to
be the direct result of mild physical trauma, probably self inflicted, sustained during
infancy within the crypt in the jaw (Skinner 1996, Skinner & Newell 2003).

While

defects of this aetiology are rare, it is possible to distinguish insults of this kind as
trauma affects only the damaged tooth, unlike systemic which disturbs all teeth
developing at the same time (Goodman & Rose 1990).

4.3.3 Systemic stress
Defects that form a chronological pattern, due to systemic metabolic stress are
frequently referred to as chronologic or linear enamel hypoplasia (Goodman & Rose
1990).

These include nutritional deficiencies, infectious diseases and fluoride

exposure.

4.3.3.1 Nutrition and infectious diseases
Clinical trials have shown that deficiencies in protein, vitamins and minerals have
produced defects (Pindborg 1970). Lady May Mellanby experimentally demonstrated
that diets deficient in vitamin A and D fed to beagle dogs could produce a hypoplastic
reaction (Mellanby 1929), while rickets and scurvy, caused by vitamin C deficiency,
were also found to be a common cause of hypoplasia by Bunon in 1743 (cited in Sarnet
& Schour 1941). In humans there is also a link between weaning, the gradual loss of
nutrients from mother‟s milk and increased contact with pathogens, resulting in
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diarrhoea and possibly enamel hypoplasia (Moggi-Cecchi et al. 1994, Goodman et al.
1984), especially in those weaned onto a protein poor diet such as maize gruel (Blakey
et al. 1994).
A number of infectious diseases have also been the focus of clinical studies of
hypoplasia in human teeth. Generally those diseases causing high fever were found to
interrupt enamel growth (Molnar & Ward 1975). Bunon in the 1700s found defects in
the enamel of children who died of measles and smallpox (Hillson 1992); while
convulsions, meningitis and whooping-cough in early life were also thought to cause
insults (Sarnet & Schour 1941).

Finally it has also been suggested that oxygen

shortage, due to respiratory problems, can influence mineralization of enamel producing
opacities (van Amerongen & Kreulen 1995 cited in Jälevik & Norén 2000).

4.3.3.2 Fluorides
Humans and animals can be exposed to different levels of fluoride through food, water
and from the atmosphere (Møller 1982); the excessive ingestion of which during tooth
development causes dental fluorosis (Horowitz, 1989).

Fluorosis can disturb

ameloblasts during the secretion phase and produce hypoplasias or maturation phase
to cause opacities (Fejerskov et al. 1983). The amount of fluoride ingested, duration of
exposure and the age of the subject also affect the manifestation of this defect. It has
also been noted that the severity of dental fluorosis is less in deciduous dentition than
permanent due to the protective nature of the intrauterine environment and quicker
forming, thinner enamel (Møller 1982).

Dental fluorosis is characterized by opaque white areas in enamel which may become
striated, mottled or pitted, stained yellow to dark brown or show pronounced
accentuated perikymata and hypoplasia (Møller 1982).
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In humans all the tooth types of one individual do not display the same degree of
change, it is therefore, appropriate to describe the severity of fluorosis by a
classification system such as proposed by Thylstrup and Fejerskov in 1978 (Fejerskov
et al. 1983: 316) which describes differences between the reactions in the smooth
(imbricational) and occlusal surfaces. These can be anything from opaque lines to loss
of the outer surface, exposing porous enamel beneath (Thylstrup & Fejerskov 1978).

In animals the degree of fluorosis is recorded in a similar manner, from slight chalkywhite cross striations, seen as mottling, to generalised mottling in conjunction with
increased rate of wear and finally evidence of hypoplasia and hypomineralisation with a
high level of abrasion (Shupe & Olson 1983).

4.4 Duration and severity of defect
The duration of stress events were first determined by measuring the width of LEH, with
wider defects reflecting longer insults as proposed by Blakey and Armelagos in 1985
(cited in Hubbard et al. 2009).

Based on more recent understanding of enamel

formation processes, there are a number of reasons why defects widths vary, unrelated
to duration (Guatelli-Steinberg 2003). Firstly, perikymata spacing has been found to
vary in different regions of the crown (Figure 4.4A & B), while the more of a Retzius
plane is exposed at the enamel surface, the wider a defect appears as the striae are not
perpendicular to the surface (Figure 4.4D) (Guatelli-Steinberg 2003). Duration is
thought to only be reflected in the number of perikymata affected within the defect and
then only in the occlusal wall (Figure 4.2), otherwise the period of recovery is counted
as well (Hillson & Bond 1997).

Severity does not refer to the possible etiological agent or the degree of influence but
rather the degree of reaction to the stress, signified by the combined features of depth,
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height and rugosity of the defect, i.e. its size and appearance (Skinner & Newell 2003).
Aetiology does not seem to determine the defect appearance, however, as different
systemic factors have been seen to produce defects with similar characteristics
(Suckling 1989).

A

B

C

D

Figure 4.4: Explanations for variations in defect width. Cross section of enamel showing striae
of Retzius and perikymata, area of disturbed enamel formation indicated by horizontal dotted
line. A & B show that differences in perikymata spacing influence defect width; C shows a wider
defect is produced the more striae are involved; D illustrates that the more of the Retzius planes
are exposed, the wider the defect becomes (after Guatelli-Steinberg 2003: 321, Figure 8).

4.4.1 Discrete and Continuous disturbance
When comparing the level of stress that a population has suffered it is necessary to
determine whether insults are the result of discrete or continuous disturbance (Ensor &
Irish 1995). A discrete disturbance is considered a single event resulting in a localized
hypoplasia, in the form of a pit or thin groove, while a continuous insult is a long term
disturbance without immediate recovery that is considered chronic.

4.5 Developmental and morphological factors influencing
defect occurrence
Theoretically all teeth developing at the same time when systemic disturbance occurs
should exhibit corresponding defects. It has been found, however, that simultaneously
developing teeth do not display identical patterns of defects; in fact there is intra- and
inter-tooth variation, especially in frequency (Condon & Rose 1992).

The same
94

disturbance may vary in prominence and appearance depending on tooth type, the
surface and zone of the tooth and during which process of formation the tooth it occurs
in (Hillson 1992, Goodman & Armelagos 1985).

Firstly, there is the issue of tooth crown geometry (King et al. 2002). Molars have more
appositional enamel, where the striae of Retzius are buried beneath the cusp tip
(Hillson & Bond 1997), than do incisors and canine teeth (Figure 3.21). The nature of
appositional enamel means that certain forms of defects will not be reflected in it such
as LEH, although disturbances can be expressed as accentuated striae, opacities or
plane type defects. Spacing of the perikymata can affect the visibility of LEH, as it is
easier to distinguish defects in enamel where perikymata are more widely spaced (King
et al. 2002, Guatelli-Steinberg 2001), e.g. in teeth with a more imbricational enamel like
incisors and canines in humans (Hillson & Bond 1997). Crown height can also affect
variation in defect occurrence; the ameloblasts in larger teeth may function over a
longer period becoming increasingly fatigued (Guatelli-Steinberg 2001).

In studies of frequency of defects by location within tooth crowns of different tooth types
in humans it has been discovered that hypoplasia is most common in the mid-coronal
and cervical region of teeth, with the cuspal region being the least susceptible (Condon
& Rose 1992, Goodman & Armelagos 1985, Rose 1977). This appears to be related to
the rate of enamel deposition which is at its highest in the cuspal region and least
cervically (Condon & Rose 1992, Dean 1987). Thus enamel forming more quickly is
less vulnerable to disruption (Goodman & Armelagos 1985).

Thicker enamel is also more susceptible than thinner enamel (Suga 1989). The longer
ameloblasts have been secreting enamel matrix the more vulnerable they are to
disruption and consequently irreversible harm most frequently occurs to ameloblasts
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relatively late in their secretory phase (Suckling & Thurley 1984).

Differential

vulnerability may also explain why even the more severe hypoplasia usually only
involves one-half or less of the potential enamel thickness (Goodman & Rose 1990).

It has been found that certain teeth are more susceptible to defects than others. During
the formation of dentition, control mechanisms are responsible for determining the size
and shape of individual tooth classes (described in section 3.1.2). Those closest to the
polar teeth are under greatest control by genes and are the most stable while those
further away in the jaw are weaker and display more variability in morphology (Hillson
1986: 238). The more stable a tooth is the less able it is to respond to disturbances by
altering size or developmental timing. Hypoplasia, therefore, may be the only means of
responding to environmental stress. Those teeth under weaker genetic control may be
able to respond in a number of ways including slowing speed of development and
decreasing size. In humans those key or „polar‟ teeth under the greatest control by the
genes that govern development are the upper first incisors, lower lateral incisors,
canines and first premolars and molars (Goodman & Armelagos 1985). Goodman and
Armelagos (1985) thought that the field theory would explain the pattern of variability in
human dentition and found that in all cases teeth closer to the polar teeth were more
hypoplastic.

This is evidenced by a study by Condon and Rose (1992) which

discovered defects noted in human mandibular premolars had corresponding defects
visible within the canine, while defects were seen in canines with no corresponding
defects in the premolars. Hypoplasia appearing on less susceptible teeth, therefore,
may be more indicative of severe insults and comparing teeth of different susceptibility
may introduce error (Goodman & Armelagos 1985). Finally those teeth that develop
earlier tend to have more hypoplasia than later developing crowns (Goodman &
Armelagos 1985).
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4.6 Sex differences
Guatelli-Steinberg and Lucas (1999) conducted a review of anthropological, clinical and
archaeological research into the question of sex differences in prevalence of enamel
hypoplasia in both human and non-human primates.

It is believed that there are

inherent differences, with females being better buffered biologically against stress
episodes and males being more susceptible to LEH and LHPC. In humans, females
are better able to handle nutritional deprivation or periods of famine than males.
Despite this the results of their review discovered that with current studies and
information there is no evidence of sex differences caused by a greater resistance to
stress. In humans it has also been observed that there is no substantial difference in
occurrences of different hypoplastic forms between the sexes (Griffin & Donlon 2008)

4.7 Developmental defects identified in Artiodactyla species
Hypoplasia has been investigated in a few species of Artiodactyla including extant and
extinct giraffes (Franz-Odendaal 2004, Franz-Odendaal et al. 2003), sheep and pig.
Studies of hypoplasia in the dentition of wild boar and domesticated pig both modern
and archaeological (Ervynck & Dobney 1999, Dobney & Ervynck 1998: 2000, Dobney
et al. 2002, 2004, Witzel et al. 2006, Vanpoucke et al. 2008) have led to the description
of a number of criteria for identifying defect type based on observations of molar teeth.
Pit, plane and LEH type hypoplastic defects were found and a special form of LEH,
depression, was also documented (Witzel et al. 2006, Dobney et al. 2002). These are
described and illustrated in Figure 4.1.

4.7.1 Developmental defects identified in sheep (Ovis aries)
All studies of dental defects have concentrated on the incisor teeth for the purpose of
understanding factors influencing the appearance of defects of different types. The
experimental research included the effects of trauma, fluorosis and induced parasitism
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(Suckling 1980, Suckling & Purdell-Lewis 1982, Suckling & Thurley 1984, Purdell-Lewis
et al. 1987, Suckling et al. 1986).

4.7.1.1 Trauma
The effects of direct trauma to developing sheep dentition were tested by experimental
inducing lesions using sharp instruments inserted into the crypt and rounded
instruments pressed against the developing tooth germ of the central permanent incisor
(Suckling 1980). By administering oxytetracycline for three days after the operation it
was possible to mark the end of the experiment as this produced a fluorescent band
visible in the dentine. This was used to determine the ameloblast activity at the time of
the trauma and for comparing the location of the defect.

This type of injury produced a number of different defect types: enamel missing at the
site of the operative treatment with the surrounding enamel normal or opaque; missing
enamel remote from the treatment area in the form of a ledge or groove; opacities
varying in size, colour and location remote from treatment area; and accretions of hard
tissue. It is believed that the differences in defects were related to the ameloblast
activity at the time of the injury being altered either due to the direct damage,
inflammatory process from the procedure or transmitted pressure in the case of those
defects remote from the point of trauma (Suckling 1980).

It was found that 94% of the opaque lesions were caused by damage during the
maturation phase, while of those subjected to trauma during the secretion phase all
teeth had missing enamel remote from the site of the trauma (Suckling 1980). Despite
this it was not possible to accurately determine which were the result of „at‟ or „remote
from‟ the point of trauma as both have similar characteristics (Suckling 1980).
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A later study of the microscopic appearance and microhardness of the enamel around
the area of traumatically induced defects was conducted by Suckling and Purdell-Lewis
(1982).

In teeth disrupted during the secretory stage the opaque enamel formed

incisally of the defect was found to be very soft with a Knoop hardness value less than
150. These opacities are thought to reflect a temporary arrest of the maturation phase
of these cells before recovery. It was also noted that several had marked incremental
lines and that in all cases the defect was external to the line, which may indicate the
mineralization front at the time of the trauma (Suckling & Purdell-Lewis 1982).

4.7.1.2 Fluoride
In a study into the effects of fluorosis of dental enamel in sheep by Suckling and
Thurley (1984), animals were dosed with fluoride and killed at selected stages of tooth
development to work out the timing and origin of different types of fluorotic lesions.
Lesions were noted in all teeth in which enamel was forming at the point of dosing and
the gradation in severity of the effects of fluoride were found not to be due to variations
in the dosage but caused by the interference of the ameloblasts at differing stages of
development (Suckling & Thurley 1984).

Fluoride was found to produce pitting and porosity in sheep incisors (Deutsch et al.
1979), both in unerupted and erupted enamel (Suckling 1979) as well as diffuse
opacities and plane defects. Pits were found to vary in size but were shallow with
rounded edges, usually with an area of opaque enamel between pits. These were seen
in enamel both in its late secretory and maturation phase. Diffuse opacities were seen
to be produced by a dysfunction of ameloblasts in the final stages of maturation which
also left the enamel with reduced microhardness values. Finally plane type defects
were observed (Suckling & Thurley 1984). This type of lesion was shown to be the
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result of the death of cells during the secretory phase. All of these fluorotic lesions
were found to be external to an incremental line (Suckling & Thurley 1984).

Fluoride is taken into enamel and dentine quickly after ingestion where it is transported
to the mineralization front and incorporated into the apatite crystals (Nelson et al. 1989).
Examination of fluoride affected enamel using scanning electron microscopy showed
anomalous enamel with irregular crystallite formation (Purdell-Lewis et al. 1987). As
the surface layer of enamel is the last to become fully mineralized, prolonged excessive
intake of fluoride, therefore, affects the outer enamel more severely than the inner, as it
is formed by ameloblasts late in the secretory phase when they are more susceptible
(Suckling & Thurley 1984). Fluorosis is also found to have more marked effect during
the postsectretory phase in ovine enamel due to the slow process of maturation typical
of the species (Milhaud et al. 1992).

The effects of dental fluorosis were also studied in other Artiodactyla species, roe
(Capreolus capreolus) and red deer (Cervus elaphus) molars and premolars (Kierdorf &
Kierdorf 1997, 2000). Both plane and pit type defects were identified in cervid teeth. At
the bottom of these defects the enamel displayed an irregular structure lacking the
Tomes‟ process pits seen in surrounding enamel (Kierdorf & Kierdorf 1997).

It is

believed that severe fluoride damage to secretory ameloblasts causes the temporary
loss of the prism forming Tomes‟ process, creating a highly accentuated aprismatic
incremental band known at a calciotraumatic band. This is most clearly identified using
scanning electron microscopy or backscattered-electron imaging (Kierdorf & Kierdorf
1997).
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The appearance of fluorotic defects, therefore, depends on the concentration of the
dose, its duration and the phase of ameloblast activity (Nelson et al. 1989), not by the
dosage or weight of the animal (Suckling & Thurley 1984).

Enamel hypoplastic defect types in sheep








INCREMENTAL LINE
LESS SEVERE
Found in sheep which had suffered severe diarrhoea
Disruption in the arrangement of the enamel prisms
Vacuolization of cells, returning to normal activity

PIT OR GROOVE
LESS SEVERE
Shallow with rounded margins
Cessation of secretory ameloblasts
Disruption or death of small number of cells
late in secretory phase, with later recovery
of normal activity of cells adjacent





PLANE TYPE
SEVERE
Abrupt increase in thickness forming a ledge
Found in sheep suffering severe parasitism
Cessation of secretory function of cells, later
resumption of maturation function of cells





PLANE- TYPE (HYPOMINERALISED)
SEVERE
Found in sheep suffering severe parasitism
Abrupt increase in thickness forming a ledge
Death of all secretory cells with no further
mineralization of enamel

defect

defect
defects

defect
ledge

defect
ledge
hypomineralized

Figure 4.5: Descriptions with diagrams of developmental enamel defect types found in sheep
incisor teeth and suspected level of severity (Suckling & Thurley 1984, Suckling et al. 1986).

4.7.1.3 Parasites
By experimentally infecting a number of sheep with stomach parasites (Trichostrogylus
vitrinus and Ostertagia circumcincta larvae), Suckling et al. (1986) discovered that this
type of stress induced during early tooth development produced differing degrees of
hypoplastic lesions in the cervical half of the mandibular incisors, dependant on how
severely the infection took hold. The researchers also note that hypoplastic lesions
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followed damage to secretory cells and that with insults of increasing severity fewer
ameloblasts retained the capacity for recovery.

A number of different hypoplastic types were identified: pits, grooves, irregular areas of
missing enamel and plane types, with or without a cervically placed area of
hypermineralised enamel (Suckling et al. 1986).

SHEEP

DEER

Suckling 1980,
Suckling &
Purdell-Lewis
1982

Suckling &
Thurley
1984

Suckling et
al. 1986

Kierdorf &
Kierdorf 1997

Trauma

Fluoride

Parasites

Fluoride







Hypoplasia
Pits
Irregular area
missing enamel
Planes










Incremental lines
Opacities









Table 4.1: Different developmental enamel defect types and identified aetiologies for sheep and
deer.

4.7.1.4 Summary
Four different enamel hypoplastic defect types have been identified in the incisors and
molars of sheep: incremental lines, pits or grooves, and plane types with or without
associated hypomineralised enamel (Suckling et al. 1986, Suckling & Thurley 1984).
The characteristic features of these defects are described in Figure 4.5 and covered in
greater detail in section 4.2.2. These different defects types were seen in experimental
conditions to have been created by trauma, fluoride intake and parasitic infection,
summarised in Table 4.1.
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Short but severe stress, such as parasitic infection, caused during the process of matrix
secretion appears to result in the cessation of ameloblasts in their activities and the loss
of enamel thickness in the form of pits, grooves or plane hypoplasia.

Unless the

maturation phase was also affected the enamel produced was translucent.
Demarcated opacities were seen to result from acute insults to ameloblasts that had
completed the secretion phase but were in the process of mineralization. It was also
found in experiments inducing parasitic infection and trauma that demarcated opacities
found apically to a lesion could result from less severe but longer lasting interference to
the secretory cells during the recovery period (Suckling 1986). Diffuse opacities of
varying degrees in sheep were produced by chronic fluorosis. While the surface was
only hypomineralised when the cells were affected during the maturation phase, the
degree and depth was increased if both phases of formation were impacted.

A

summary of the factors that influence the appearance of developmental defects is
presented in Appendix Figure 4.2.

While the effects of only three types of stress have been studied in ovicaprines,
investigations in other mammals have described other systemic disturbances such as
infectious diseases and nutritional deficiencies. An understanding of other common
stresses to ovicaprines (Appendix 2.2 & 2.3) during the period of tooth formation must
therefore be considered when analysing developmental enamel defects.

4.8 Developmental enamel defects and cementum
Cementum is a structure found covering the enamel surface in some mammal species,
including ovicaprines (Hillson 1986: 164). To understand how this structure may affect
the visibility of dental enamel defects it is necessary to understand its histological
appearance and the nature of the bond with the enamel surface.
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Cementum is a mineralised dental tissue chemically similar to bone and comprises of
70% inorganic material, 21% collagen and 1% organic components (Williams & Elliott
1989 cited in Hillson 2005: 193). The inorganic portion is mainly formed of apatitic
minerals, principally calcium and phosphorus (Provenza 1988: 195), extrinsic and
intrinsic collagen.

A proportion of the organic content is composed of living cells,

cementocytes, which may be present within the cement (Hillson 1986: 162).
Cementocytes are cementoblasts that have become entrapped within spaces in the
developing precement matrix known as cementocyte lacunae (Hillson 1996: 200). The
composition of cement varies depending on which layer, part of the tooth and species is
being considered (Hillson 2005: 193) and as such different types of cement have been
recognised (described in Appendix 4.2).

4.8.1 Coronal cementum
The primary function of cementum in all mammals is to act as an attachment to hold the
tooth in place within its socket (Hillson 1986: 162). In most mammals this structure
coats only the roots; while in some it also covers the crown.

This type of cement is similar to that found around tooth roots, including acellular and
cellular, intermediate/afibrillar, intrinsic and mixed fibre cements (Hillson 1986: 163).
The purpose of this cementum formation is to act like root cement and hold the tooth
within the jaw. This is because high-crowned mammals, such as sheep and goats, start
to form roots late in tooth development perhaps after eruption, while the continuously
erupting teeth of rodents may have little or no roots (Hillson 1986: 164). To achieve this
cementum in the upper (supra-alveolar) portion of the tooth crown connects to the
gingivae, while the later forming lower cementum attaches to the periodontal ligament
(Weinreb & Sharav 1964).
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The formation of coronal cementum commences shortly after the secretory process is
finished, although maturation may not be complete (Listgarten 1968 cited in Hillson
1986: 163), either in small areas where the reduced enamel epithelium (REE) has
broken or after wider areas are exposed (Hammarström 1997). Where the REE has
disintegrated this allows mesenchymal cells to touch the surface of the enamel. It is
believed that these cells differentiate into cementoblasts (due to exposure to enamel
matrix proteins) and that this may initiate cementum production (Hammarström 1997).

There are two ways in which cementum attaches itself to the enamel surface. In the
first, when the apposition of enamel has finished, it leaves Tome‟s process pits on the
surface. After the maturation of enamel is complete cementum is then formed directly
onto the enamel surface and within the pits (Boyde 1989). The second method (found
in horse dentition) occurs when, after the formation of the enamel surface is complete, it
is partly resorbed by ostoeclasts prior to cementum deposition.

It is thought that this

method gives a better bond as it is difficult to separate the tissues (Boyde 1989).

4.8.1.1 Coronal cementum in bovine teeth
More research has been conducted into coronal cementum in cattle dentition (Ainamo
1970, Mills & Irving 1967, Glimcher et al. 1964) than sheep (Weinreb and Sharav 1964);
however, it was noted that the same process seen in the roots of humans and the
crown of cattle were observed in sheep (Weinreb & Sharav 1964), suggesting that
these observations can be applied to ovicaprines.

Cementum on the coronal surface of bovine dentition was found to be continuous with
that covering the roots.

It was also discovered to be chemically, structurally and

histologically similar to acellular and cellular cementum (Glimcher et al. 1964, described
in Appendix 4.2).
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In cattle and sheep the first layer deposited is thin and free of cells (acellular
cementum) and later thicker layers containing cementocytes (cellular cementum) which
extend from the roots up over the crown where the acellular layer is already deposited
(see Figure 4.6) (v. Korff 1932 cited in Schmidt 1971: 302). This process is complete in
ruminants by the time of tooth eruption (Ainamo 1969). In cuspal areas of cattle teeth
the functional period of cementum is short and therefore it is thinner, as it contains less
cellular elements (or increments) (Ainamo, 1970). Cementum can also be found within
the infundibulum of bovine molars (Hillson 2005: 194, Schmidt 1971), where it
maintains the efficiency of the occlusal surface (Schmidt 1971).

The nature of the attachment of cementum to enamel in bovidae is unknown. However,
it is clearly different from that of cementum to dentine, or enamel to dentine as
cementum flakes easily when the tooth is dry (Weinreb & Sharav 1964, Glimcher et al.
1964).

As the bond between enamel and cementum is much stronger in horses

(section 4.8.1), the method of attachment for cattle and sheep is not likely to be
resorption prior to deposition.

It is, therefore, probable that cementum forms on a

surface with Tome‟s pits. This may be supported by the discovery in sheep molars of
“fine, regular undulations” at the enamel-cementum junction which correspond with
individual prisms, into which cementum protrudes (Schmidt 1971: 397).

Enamel is undergoing the process of maturation when the cemental layer is first
deposited in cattle. This is a period of “great biochemical activity affecting the proteins
of the organic matrix of the enamel (Glimcher et al. 1964: 87)”. It also causes changes
to protein composition and a marked increase in solubility. Researchers have also
found an unusually high hydroxyproline content (approaching that of collagen) in the
outer third of bovine enamel, a change not found in the middle third, that is thought to
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be the result of a surface collagen contaminant (Glimcher et al. 1964). Perhaps this is
the result of cementum deposition.

Vertical
supporting fibres

Cementocytes

CEMENTUM
Horizontal
stratification

DENTINE

Figure 4.6: Transverse ground section of cattle (Bos taurus) molar root showing cementocytes;
note the inner darker layer has horizontal stratification and the lighter outer has vertical
supporting fibres (from Schmidt 1971: 305).

In cattle cementum serves two purposes. Firstly it prevents the formation of a deep
gingival pocket around the erupting tooth. Secondly it provides anchorage for the tooth
both by the short root (if any) and an area of the crown (Ainamo 1970). Because
bovine molars require repeated reattachment due to continual eruption, this results in a
build up of thick layers of cellular cementum on the root and cervical crown surface
(Ainamo 1970). These can be seen as horizontal grooves within the cementum on
cattle molars, especially in the apical area of the lingual surface in older individuals
(Kierdorf et al. 2006).

107

4.8.2 Coronal cementum and developmental enamel defects
In mammals with coronal cementum, where the whole of the enamel surface is covered,
viewing hypoplastic lesions macroscopically becomes almost impossible. This is
because the insult, caused when the enamel was forming, is filled with the later
deposited cementum, thereby rendering it invisible. Only by thin-sectioning the tooth
and viewing it microscopically is it possible to detect developmental enamel defects in
these teeth (Kierdorf et al. 2006).

This structure may even pose a problem in teeth without coronal cementum. In a study
of hypoplasia in pig dentition researchers discovered that defects in the enamel of
molar teeth were filled with a coarse and reticular structure which turned out to be
cellular cementum (Kierdorf et al. 2005). The authors believe that formation of this
coronal cementum, in a species that does not normally form it, is due to pathological
changes that cause the premature disintegration of the enamel epithelium (Kierdorf et
al. 2005).

Laminations in the structure of cementum should also not be confused with hypoplasia.
Kierdorf et al. (2006) noted that horizontal lines in the cementum on the surface of cattle
molars close to the roots were the result of erupting teeth. This imbricational pattern
was found to correspond to the formation of the cementum, with each groove
representing the edge of a new incremental layer. The accentuated pattern in older
individuals noted by Kierdorf et al. (2006) suggests the periodic process of progressive
eruption and the related apposition of new layers of cementum in order to aid in tooth
attachment. When these teeth were thin-sectioned no corresponding grooves could be
seen in the surface of the enamel.

Lesions were noted elsewhere on the tooth,

however, that had not been visible on the surface, as these insults were filled with
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cementum (Kierdorf et al. 2006). This questions the validity of macroscopic studies of
hypoplasia in bison, with anatomically similar teeth, conducted by Niven et al. (2004).

4.9 Previous methodologies used in hypoplastic studies
A review of published literature showed that there was no consistent method employed
for analysing hypoplasia and other enamel developmental defects. Each methodology
differed depending on the species studied, the nature of the dentition (archaeological,
fossil or modern), the level of study (whether external, macroscopic analysis (Dobney et
al. 2002, Lukacs 2001 and Goodman et al. 1985), internal, microscopic analysis (Witzel
et al. 2006, Fitzgerald & Saunders 2005 and Danforth & Giliberti 1992) or both) and
what questions the researchers were asking of the data.

It also became clear that there was very little consistency in defining and scoring defect
types, with most researchers creating their own set of criteria.

Although a scoring

system for developmental defects in human enamel was developed (DDE – Federation
Dentaire Internationale 1982) (see Appendix Table 4.2), this was subsequently found to
be inadequate (Skinner & Goodman 1992) partly due to the variety of different
manifestations but also because the system only described surface defects.

Finally, for hypoplasia to be useful, the study requires the age at which the insult
occurred to be determined. Some methods measure from the defect to the cementoenamel junction (CEJ) to determine when the disturbance is likely to have occurred,
while others count perikymata or striae of Retzius. Each methodology has issues of
practicality and accuracy, depending on what level of analysis is undertaken, which
need consideration before a technique is selected.
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4.9.1 Macroscopic Analysis
In studies of larger species such as bovids (Kierdorf et al. 2006, Niven et al. 2004,
2000, Byerly 2007), pigs (Dobney et al. 2002, Dobney & Ervynck 1998), humans
(Goodman et al. 1980) and apes (Lukacs 2001) hypoplasia can be seen quite clearly on
molars when viewed macroscopically.

This method has been applied to modern,

archaeological and fossil material.

Many studies have been conducted on the dentition of humans both in the field of
dentistry and anthropology and the majority of researchers have employed a variation
on the following method. Defects are identified under obliquely angled light and any
defects described or scored using a system like the Federation Dentaire Internationale
Developmental Defects of Dental Enamel Index, DDE (Commission on Oral Health
1982, see Appendix Table 4.2). The age at which the insult occurred is determined by
measuring from the defect to the CEJ, using thin-tipped callipers (to the tenth of a
millimetre), and the measurements are converted using standard tables of crown
formation times such as developed by Swärdstedt (1966 adapted from Massler et al.
1941, cited in Goodman et al. 1980). To confirm the presence of defects a magnifying
glass (Moggi-Cecchi et al. 1994) or binocular microscope (Hutchinson et al. 1988,
Goodman et al. 1980) can be employed. This method has also more recently been
applied to the dentition of hominids and great apes; e.g. Lukacs (2001, 1999) who used
a x10 hand lens to record the height, breadth and location of defects using the FDI
index; while Skinner (1996) studying late Pleistocene hominines from Eurasia, even
utilised the mineralization ages for human dentition by Goodman et al. (1980). These
studies, however, concentrated on the prevalence of hypoplastic defects: by gender
and age (Griffin & Donlon 2009, King et al. 2002), status (Blakey et al. 1994, Corruccini
et al. 1985) and for comparing populations (Goodman et al. 1980).
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Archaeologists and wildlife biologists have also applied macroscopic analysis of defects
to Artiodactylous (Giraffes and Pigs) species. Franz-Odendaal (2004) carried out a
study of both wild and captive modern giraffes. Any observed defects were described,
noting on which tooth the defect was found and its position relative to the CEJ. The age
at which the defect occurred was estimated using rough tooth developmental timings
and back-calculating approximately 8-12 months. This method provided an estimate to
within 1 year of the timing.

Linear enamel hypoplasia (LEH) was observed in pigs by holding the tooth at an
oblique angle to strong light to highlight defects (Dobney & Ervynck, 1998).

The

severity of the defect was recorded as slight, moderate or gross using photographic
templates and the position was noted by measuring from the lowest point of the defect
to the CEJ (Dobney & Ervynck 1998). The relative height of the LEH was compared to
the maximum height of the unworn cusp and using information on tooth eruption and
formation times the authors were able to compare the occurrence of LEH with major
events in the life cycle of the domestic pig (Dobney & Ervynck 2000). This method has
been used by zooarchaeologists as a tool for studying domestication and husbandry
(Dobney et al. 2004).

4.9.1.1 Problems with macroscopic analysis
Dobney and Ervynck (1998) in their analysis of pig hypoplasia found that some defects
could be overlooked, especially in heavily worn specimens, although this could be
overcome using a magnifying lens or low powered stereo-microscope. Wear on the
lingual surface, due to the abrasive actions of the tongue and food, was also thought to
lead to an under-representation of LEH (Dobney & Ervynck 1998). In addition it was
suggested that information could be lost due to occlusal dental wear, so to avoid errors
researchers decided that no teeth with more than one third of the crown worn away
111

should be recorded (Ensor & Irish 1995). Despite this, even in selecting unworn teeth
for study, macroscopic analysis of the enamel surface fails to take into account
appositional enamel, the enamel formed below the crown where defects would be
hidden (King et al. 2002, Hillson & Bond 1997).

There are also inconsistencies between different studies as to where defects should be
measured with regards to determining timings of the insults.

Some researchers

advocate the middle of the insult for acute hypoplasia such as thin grooves or pits, while
both the cervical and occlusal margins of continuous hypoplasia such as wide grooves
or plane type hypoplasia should be recorded (Ensor & Irish 1995, Hillson & Bond 1997).
Others suggest measuring from the lowest point of the LEH to the CEJ, unless it is a
gross defect then it should be measured from the midpoint (Dobney & Ervynck 1998).
Problems have also been encountered in finding the lowest point of the CEJ, due to
abnormal wear of the crown surface, unusual morphology and pathologies, and in
archaeological material due to preservation (Dobney & Ervynck 1998). Moreover, there
can be difficultly in accurately measuring to the CEJ, especially when the junction is not
visible in cases where the tooth is not fully erupted (Dobney & Ervynck 1998). This can
be a problem for species with hypsodont dentition where the CEJ is within the mandible
and would require the tooth to be extracted from the jaw.

Those studies that divided teeth into sections representing equal time of growth and
based on the average time of development, assume a constant rate of growth which is
not necessarily the case (Hillson & Bond 1997, Guatelli-Steinberg 2001). There is
variation in crown size and height, the length of crown formation and maturation time.
The rate of growth, therefore, needs to be established for each assemblage rather than
relying on standard tables like Massler (1941) and Swärdstedt (1966, described in
Goodman et al. 1980). To do this the average crown height of unworn cusps for each
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assemblage must be determined. In archaeological assemblages, however, this can be
problematic as few unworn teeth may be found. This also makes it difficult to compare
the height of LEH on crowns between populations (Dobney & Ervynck 1998).

While being able to look at the breadth of the defect may give an indication of the
duration of the disturbance, macroscopic analysis does not allow the depth of the defect
to be determined. The amount of enamel deficit (depth) may give an indication of
severity of the insult which is equally important to establish (Hillson & Bond 1997,
Danforth & Giliberti 1992, Suckling et al. 1986, Suckling 1989). This is particularly the
case in hypoplasia with similar widths but variations in depth (Ensor & Irish 1995).

This method also poses problems for studying those species that have cementum
covering the surface of the enamel (see section 4.8.1). A study of bison (Byerly 2007)
tried to obviate this problem by only noting defects where the cementum and calculus
deposits had flaked away and allowed enamel to be observed directly. Although this
did show that defects could be seen macroscopically in this species it did not allow
whole tooth surfaces to be observed, only small areas and then it was not necessarily
possible to see the whole extent of a defect. In this case as observation could not be
consistent and it is impossible to determine how representative those defects noted are.

Finally, this type of analysis does not allow the identification of subtle defects, i.e. those
that affect the incremental structures within enamel, only the more severe examples.
As a result only one end of a continuum of defects ranging from microscopic to insults
affecting the whole crown are recorded (Hillson 1992).
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4.9.2 Crown surface profiles
Using a tooth replica and a stylus which measures to a resolution between 4.2µm along
the horizontal axis and 0.4µm on the vertical axis, the crown surface can be profiled.
Information is sent to a computer where programs can be used on these measurements
to count perikymata, defects and patterns between teeth (Hillson & Jones 1989). To
make replicas, first a negative impression is taken of the tooth using silicone rubber and
then a positive replica is created using Araldite or epoxy resin.

Replicas are used because the stylus slightly scratches the surface it is profiling; epoxy
was discovered to be the best to withstand this. It was found, however, that replicas
lose some fine detail, while the machinery used in this method is not readily available
and has to be specially constructed (Hillson & Jones 1989).

4.9.3 Microscopic Analysis
Microscopic analysis allows the study of far smaller defects either by examination of the
surface or of histological sections. The choice of method depends on the level of detail
of the structures under investigation and the nature of the samples.

4.9.3.1 Scanning Electron Microscopy
Scanning electron microscopy (SEM) has an enormous depth of field and large range of
magnification that allows the analysis of both the topography of the crown surface and
tissue structures in tooth sections (Hillson 2005: 205, 1986: 174-5).

This type of

analysis can be used to observe perikymata, hypoplasia and other lesions on the
enamel surface, as well as look at internal structures in broken teeth, especially useful
in archaeological samples, polished surfaces (like facets on occlusal surfaces) or cut
surfaces (Hillson 1986: 175). Depending on the level of analysis, samples are treated
in different ways.
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In a comparative study of LEH in Neanderthal and Inuit forager teeth epoxy resin
replicas taken of the teeth studied were coated in silver-palladium alloy. This allowed
the number of perikymata or perikymata spacing relative to the width of defects to be
determined for the purpose of identifying the duration of the insult (Guatelli-Steinberg et
al. 2004).

In another study Guatelli-Steinberg (2003) used a SEM to examine the

negative silicon-rubber impressions of hominine teeth without creating epoxy replicas,
in which defects appeared as ridges.

Figure 4.7: An upper human first permanent molar, illustrating the poorly mineralised enamel
with Tomes‟ pits in the appositional zone of the tooth (Ogden et al. 2007, Figure 5: 963).

While studies of the tooth surface using SEM analysis is most frequently done by
making a replica, analysis can now be conducted on uncoated samples as has recently
been on human molars from the post-Medieval cemetery of Broadgate in London
(Ogden et al. 2007). Using a SEM the researchers were able to study the enamel
surface within large hypoplastic areas which can be seen to display Tomes‟ process
pits (Figure 4.7), evidence of the abrupt cessation of matrix production (Ogden et al.
2007).
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A number of studies have also employed SEM to understand dental effects of fluorosis
in deer (Kierdorf & Kierdorf 1997) and pigs (Kierdorf et al. 2000, Kierdorf et al. 2004).
Deer teeth (Cervus elaphus and Capreolus capreolus) were studied by firstly removing
mineralised deposits using NaOCl; these teeth were then mounted and splutter coated.
Some teeth were also etched with HCl acid to look at subsurface enamel. Internal
analysis was conducted by sectioning in a bucco-lingual direction both embedded and
non-embedded teeth. Some of these were etched with phosphoric acid before coating
the samples in gold for observation (Kierdorf & Kierdorf 1997). Similar methods were
used

on

pig

dentition

to

look

at

accentuated

Retzius

lines,

perikymata,

hypomineralization and hypoplastic lesions (Kierdorf et al. 2000: 2004).

Using a SEM has the advantage of being able to focus to greater depth and look at
structures less than a micron, at prism level (Hillson 1988). Moreover, this kind of
analysis does not require the sample to be translucent or whole, thereby allowing the
use of fragmented teeth to look within structure or examination of replicas to study
surface (Hillson 1988). However, SEM analysis only allows the study of the surface
aspect of defects; it can not be used to determine depth of enamel affected.

4.9.3.2 Thin-section
Histological analysis allows the study of defects within the internal structure of the
enamel at the same time as surface hypoplasia. There is, however, no consistent
methodology for this type of analysis; with details like the thickness of section for
viewing varying depending on the species and the level of structure in which the
investigator is interested. A number of different techniques have been employed in
studying developmental enamel defects in thin section depending on the nature of the
tooth under investigation, whether modern, archaeological or fossil.
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One method of preparation is known as intact sectioning, which involves sawing,
grinding and polishing. It is possible to do this with modern teeth that have been fixed
in formaldehyde, after they have been cleaned and mounted in DPX (Reid & Dean
2000). The fragile nature of archaeological material, however, usually requires that
these tissues be embedded in a suitable material (Hillson 1986: 168). In one study
superglue was used to protect very fragile teeth whilst undergoing the embedding
process (Reid et al. 1998).

Both modern and archaeological studies of human

(Fitzgerald & Saunders 2005, Jalevik & Noren 2000, Danforth & Giliberti 1992) and
animal dentition (Witzel et al. 2006, Kierdorf et al. 2005, Cutress et al. 1996) have used
similar thin-section techniques on embedded teeth.

For teeth to be viewed in

transmitted or polarized light, teeth are cleaned and vacuum-embedded in epoxy or
polyester resin before being cut with an electric diamond tip saw microtome, ground
and polished to a thickness of approximately 100µm (Danforth & Giliberti 1992,
Fitzgerald & Saunders 2005, Kierdorf et al. 2006: 2005, Dirks et al. 2002).

The other method is to use demineralised (also known as decalcified) samples; this has
been applied to both modern and fossil samples. By using different acids including
formic, nitric and hydrochloric, the calcium phosphate minerals within the enamel,
dentine and cementum may be dissolved (Hillson 1986: 169-170). For example, Dean
et al. (1993) interested in studying striae of Retzius and perikymata in the fossil remains
of a juvenile hominid (Paranthropus robustus), ground sections of embedded teeth to
100µm then lightly etched with 0.5% phosphoric acid. This method of etching is used to
enhance

mineralised

structures

within

enamel

such

as

striae

of

Retzius.

Demineralising samples, however, is a destructive process which can have
disadvantages for studying archaeological material as it can eliminate almost all dental
tissue completely if preservation is poor. Recording ground and polished sections prior
to demineralising, therefore, limits the information lost (Hillson 1986: 170). Although
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some studies use transmitted light microscopy to view histological sections the majority
employ polarizing light (Jalevik & Noren 2000, Fitzgerald & Saunders 2005, Danforth &
Giliberti 1992).

This type of microscope is useful in determining the direction of

crystallites within enamel and mineralization (Hillson 1986: 173).

4.9.3.2.1 Problems with sectioning
The main disadvantages of histological approaches are the destructive and time
consuming procedures required to section the tooth. This method also requires the
dental tissues to be translucent which is not a problem with fresh samples, but can be a
problem with archaeological specimens that can be rendered opaque by preservation
processes. It also does not resolve detail less than 1µm (Hillson 1988). Due to the
undulating nature of enamel prisms and their long length it is also virtually impossible to
section a tooth parallel to a prism throughout its entire course (Skinner & Goodman
1992, Osborn 1990).

Sections are likely to cut prisms obliquely leading to optical

phenomenon like Hunter-Schreger bands (Mortell & Peyton 1956) (see section
3.2.3.2.1). In studying hypoplasia dimensions in thin-section, it is also not possible to
take three width measurements along the course of the defect to produce an average
as some macroscopic studies advocate (Guatelli-Steinberg et al. 2004). Finally, this
method is destructive and not all sources are willing to allow dental material to be lost.
Although in the case of a fossil tooth from a hominid (Paranthropus robustus) it was
possible to take a section along an existing crack, which was later repaired with dental
resins before being returned to the museum collection (Dean et al. 1993).

4.9.4 Scoring/Recording enamel defects
Earlier studies of enamel defects recorded hypoplasia and hypomineralisation in terms
of type and severity. Sarnat and Schour (1941) described morphologic characteristics
of hypoplasia based on macroscopic examination. Hypoplasia was noted as being
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singular or multiple (compound and complex), smooth or pitted and narrow or wide;
where narrow defects were indicative of acute insults and wide defects were the result
of chronic disturbances. Lady Mellanby, who conducted hypoplastic studies on dogs,
developed a recording scheme based on standard photographs using the grades very
slight, slight, moderate, severe and gross (Mellanby 1929). Similar systems have since
been used in studies of archaeological pig molars by Dobney and Ervynck (1998).
Thylstrup and Fejerskov (1978) also defined the TF index for recording dental fluorosis
based on clinical observations, although it is argued that defects should be described
without making a diagnosis as other factors may produce similar results (Clarkson
1989).

Goodman et al. (1980) applied both classification schemes in their study of defects in
archaeological human teeth. They found that the majority of hypoplasia identified were
intermediate to Sarnet and Schour‟s (1941) categories. Problems were also discovered
with Mellanby‟s 5 score system, as the last two types were found to be very rare, at
approximately 1 per 1000 teeth examined, while the researchers found it difficult to
distinguish between the two least severe grades.

The lack of an internationally accepted classification system for enamel defects in
human dentition led a working group, The Federation Dentaire Internationale, to
develop a flexible recording system to eliminate confusion.

This system the

Developmental Defects of Dental Enamel Index (DDE) was designed to be simple to
use, especially for those using computers as all its codes are numbers and letters
(Commission on Oral Health 1982). The system was developed so a researcher can
record the type, number and location of a defect on the lingual and buccal surface of a
tooth using a specially designed chart and following the codes in Appendix Table 4.2.
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Since the DDE index was created, however, researchers have encountered major
problems using the system (Clarkson 1989). Firstly there was no distinction between
demarcated or diffuse opacities, which have epidemiological significance. The system
also did not allow for the distinction between single and multiple pits, or distinguish
linear arrangements of pits versus a random distribution (Goodman & Rose 1990).
Finally it did not allow for the description of defect size, depth and width which may
indicate severity or describe the minimum criterion for scoring a defect (Skinner &
Goodman 1992).

Defect Category
Normal
Demarcated opacities
White/cream
Yellow/brown
Diffuse opacities
Lines
Patches
Confluent
Confluent/patchy +
staining + loss of enamel
Hypoplasia
Pits
Missing enamel
Any other defects
Extent of Defect
Normal
Less than < 1/3
At least 1/2 < 2/3
At least 2/3

Code
0
1
2
3
4
5
6

7
8
9
0
1
2
3

Table 4.2: Modified DDE index for use in general purpose epidemiological studies (Clarkson
1989).

This led to the adjustment of the index for the purpose of general epidemiological
studies (Table 4.2). The modified index uses a single score for defects, rather than two
and considers the demarcation of an area of opacity (whether demarcated or diffuse)
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more important than the colour (Clarkson 1989).

Finally, although this method of

recording can be adjusted it can really only be used when recording defects on the
surface of the tooth not microscopically.

Microdefects such as accentuated striae of Retzius are recorded and measured to the
CEJ if it is reflected in both the lingual and buccal surfaces and if the striae are
continuous from the enamel surface to the DEJ, or close to it (Goodman & Rose 1990).

4.9.5 Methods of estimating timing of enamel defects
Where defects, such as LEH, are associated with growth layers that form with regularity
over time, it is possible to infer the approximate time of the insult by its location on the
tooth crown (Dobney & Ervynck 2000). This is done by measuring from the defect to
the CEJ and converting the measurement by applying mean crown height charts or
using a regression equation (Hillson 1996: 172).

The first to note the chronological potential of hypoplasia were Sarnet & Schour (1941)
who compared the location of the insult with tooth development standards proposed by
Massler et al. (1941) (Goodman & Rose 1990). This was later refined by Swärdstedt
(1966, describe in Goodman et al. 1980) who also used the developmental standards
established by Massler et al. in one of the first studies in bioarchaeology to determine
when a defect formed in human dentition. Knowing the age at which development
started and finished, as well as the average crown height in a particular tooth and using
the distance of the defect from the CEJ, it was possible to interpolate the age and divide
the tooth crowns into half year developmental zones.

This was later redrawn by

Goodman et al. (1980, Figure 4.8) in a method has since been widely used.
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CEJ

CEJ

Figure 4.8: Goodman et al. (1980) crown height chart. Nb. The numbers to the right of each
line are the length of the tooth crown in mm while the numbers on the left are the corresponding
ages (Goodman et al. 1980, modified from Swärdstedt 1966 from sequence by Massler et al.
1944).

From this information linear regression equations have been calculated, using the mean
crown height of a tooth and taking into account population variation based on the
assumption of constant velocity (Goodman & Rose 1990). The basic linear regression
equation presented in Goodman and Song (1998) is seen below.

Age at formation = - [(1/velocity) x distance of LEH from CEJ] + age at crown
completion

This method, however, fails to take into account the appositional enamel (Figure 3.21).
It also ignores variation in crown height and development timings, between individuals
and populations (King et al. 2002). As tooth size has been shown to vary between and
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within populations and sexes this can affect the estimated age.

It is, therefore

recommended that which ever method is used, it is based on the mean population
crown height (Goodman & Song 1999).

In order to take into account the appositional enamel Reid and Dean (2000) developed
a method of determining the timing of LEH in anterior human dentition using counts of
perikymata.

Enamel formation times were calculated using longitudinally sectioned

teeth by counting striae of Retzius and converting the data to days using the crossstriation periodicity for each tooth. It was also noted that the rate of crown completion is
clearly independent of tooth length as there was no evidence that longer crowns take
longer to form.

Figure 4.9: Reid and Dean (2000) timings of permanent anterior tooth growth in years after
birth. The ages at the cusp tip reflect the first visible enamel formed to the last formed enamel at
the buccal cervix (after Reid & Dean 2000: 138).

Reid and Dean (2000) also revealed that enamel growth is not constant, but rather
slows as development continues from cusp to cervix, so that the growth curve is
curvilinear rather than linear. The decile chart developed to accurately estimate age
reflects this (Figure 4.9). To compute the estimated age initially requires the conversion
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of the distance of the defect from the CEJ into percentage of the crown height, by
dividing the measurement by the crown height for unworn teeth (or reconstructed CH
for worn teeth) and multiplying by 100 (Martin et al. 2008).

A comparison of the regression equations of Goodman and Song (1998), based on
Swärdstedt‟s (1966) data, and Reid and Dean‟s (2000) decile chart showed that there
was a statistically significant difference of between 1-4 months (Martin et al. 2008).
Despite this Martin et al. (2008) believe that this small difference is not so great as to
invalidate previous bioarchaeological studies using linear regression, although stating
that the Reid and Dean (2000) method is more accurate.

Another problem is how reliable is it to apply modern data to archaeological samples.
In studies of archaeological pig teeth, the relative height of the defect is compared to
the maximum height of unworn cups (Dobney & Ervynck 1998). To do this crown
height by cusp needs to be established for all unworn teeth to determine a mean for the
sample. If the mean crown height is not statistically different then comparisons can be
made between populations. If the means are statistically different Dobney and Ervynck
(1998) suggest converting measurements per cusp and tooth into comparative values
using the equation below.

Mean crown height of standard population x LEH height = adjusted LEH height
Mean crown height of population

This method takes into account possible size differences in dentition between
populations (Dobney et al. 2004).
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4.9.6 Duration of defect
Some studies were not concerned with the timings of events within a population but the
relative length of stress by tooth. Blakey et al. (1994) suggested that by measuring the
width of the defect it is possible to determine the duration of the systemic stress that
affects the tooth; this is especially the case with LEH as these are associated with
incremental growth of the tooth.

In LEH it has been noted that perikymata are more widely spaced in the occlusal wall of
the defect (indicating the area of disrupted growth) while in the cervical wall the
perikymata are spaced normally indicating a recovery and return to normal growth
(Hillson & Bond 1997, Guatelli-Steinberg et al. 2004).

Hillson and Bond (1997)

recommend that defect width is not an accurate indication of the duration of defect as it
includes both the period of disturbance and recovery, instead recommending the
counting of perikymata within the occlusal wall.

This was considered especially

important as perikymata spacing was found to vary between teeth and within the tooth
crown (section 3.2.4.3) (Hillson & Bond 1997). Perikymata, however, can be indistinct
and cannot always be continuously counted within a defect (Guatelli-Steinberg et al.
2004). A recent study also discovered that while the number of perikymata within a
defect closely correlated with the defect width when regions of the tooth crown are
analysed separately, it was not possible to statistically predict the number of perikymata
within the width of a defect (Hubbard et al. 2009). It appears, therefore, that a choice
must be made; to use the more accurate method of counting perikymata in smaller
number of samples where these structures can be seen consistently over a distance or
a potentially less accurate method, measuring defect widths, in a larger number of
samples (Hubbard et al. 2009).
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4.9.7 Problems and observational errors
The change in emphasis of research from presence/absence studies to those that
consider breadth and depth of defects to establish duration and severity of the insult
were seen to produce problems of inter- and intra-observer errors (Danforth & Giliberti
1992).

This highlighted the need for a standardised system of recording enamel

defects such as attempted by the FDI developmental defect of enamel (DDE) Index for
repeatability and inter-observer reliability (Guatelli-Steinberg 2001).

In addition, there are problems determining whether a defect is a single insult or more
than one episode occurring in close proximity and, the ability to determine the borders
of defects to determine duration and severity. Danforth and Giliberti (1992) suggest
that a depth of less than 0.05mm should be ignored as defects as a number of
pre/posteruptive influences could perhaps produce such minimal depressions. These
researchers also suggest that hypoplastic defects should be recorded as multiple if the
intervening tooth surface rose to reach the expected level of the surface, and if it did not
then as a single episode (Danforth & Giliberti 1992).

In studies where the age at occurrence or duration of insult is important, the method of
measuring to the CEJ has its own problems. It may not take into account the time
taken for the appositional enamel of the cusp to form (Danforth & Giliberti 1992) and it
can be difficult to establish the lowest point of CEJ, to determine an accurate baseline
for calculating when an insult occurred (Dobney & Ervynck 1998). Moreover it has
been discovered that hypoplasia can be obscured by coronal cementum found on
ungulate and suid teeth, which has been seen to fill defects, making it hard to identify
these insults macroscopically (Kierdorf et al. 2006, Kierdorf et al. 2005).
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Another analytical problem is mortality selection. A lower mean age at death has been
noted in human individuals with accentuated striae of Retzius and hypoplasia than
those without (Rose et al. 1978), which can mean that differences in rate of defects
between populations could merely be a reflection of differences in the age structure
(Rose et al. 1985, Rose et al. 1978).

This could also be reflected in studies of

archaeological animal remains, where a study of defects could help to explain if a
population was reflective of selective culling profile or natural mortality, as those with
defects are likely to have been more susceptible to stress. For this reason comparable
studies require the age structure of the samples to be similar.

4.9.8 Previous methods used on sheep teeth
A number of studies have been conducted on sheep by clinically inducing enamel
defects using trauma (Suckling 1980), intestinal parasites (Suckling et al. 1986, PurdellLewis et al. 1987) and fluoride (Suckling & Thurley 1984, Suckling 1986, Purdell-Lewis
et al. 1987) (see section 4.7.1). All investigations into hypoplasia in modern sheep
were carried out on incisors, where in the case of severe insults it was possible to see
the defects macroscopically. Defects were induced in lambs after oxytetracycline was
administered marking the beginning and end of the experiments. The sheep were then
killed and the incisors were removed for examination, firstly macroscopically and then
with a x10 dissecting microscope. Thin-sections of these modern teeth were also taken
mid-axially using a diamond blade, the section demineralised, embedded and cut to
thickness of 5µm which was then stained.

The sections were observed with light

microscopy and ultra violet light to find the tetracycline band (Suckling et al. 1986,
Suckling 1980). In the study of LEH in another ungulate species, Kierdorf et al. (2006)
sectioned epoxy resin embedded cattle molars for microscopic analysis that were
ground and polished to a thickness of 50 µm.
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Hypoplasia
Score

Macroscopic appearance

0

Normal enamel

1

Pit or groove affecting outer enamel only

2

Irregular areas of missing enamel

3

Narrowing of labial enamel with cervically
placed ledge, enamel well mineralised

3

Narrowing of labial enamel with cervically
placed ledge, enamel hypomineralised

Table 4.3: Hypoplasia scoring system for sheep incisors developed by Suckling et al. (1986:
431).

A system for scoring hypoplastic lesions in sheep incisors was developed by Suckling
et al. (1986) from mild reactions scored 1 and 2 to severe disruptions scored 3 as
described in Table 4.3 above.

4.9.9 Previous methods applied in the study of weaning age
The identification of age at weaning has been the focus of a number of enamel defect
studies in humans (Moggi-Cecchi et al. 1994, Blakey et al. 1994, Corruccini et al. 1985)
and has also been identified in giraffes (Franz-Odendaal 2004) and pig (Dobney et al.
2002, Dobney & Ervynck 2000).

Despite the variety of different species studied similar methodologies were applied. A
macroscopic examination of the teeth is usually conducted and measurements taken
from the defect to the cementum enamel junction (CEJ) using sliding callipers
(Corruccini et al. 1985, Mocci-Cecchi et al. 1994, Franz-Odendaal 2004, Dobney &
Ervynck 1998). The frequency of defects is then plotted by age (Corruccini et al. 1985,
Mocci-Cecchi et al. 1994), which is determined in humans using a scale such as
adapted by Goodman et al. (1980, see section 4.9.5) and peaks within the distribution
identified.

In studies where weaning might have occurred during the formation of
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several teeth, it is necessary to negate the effects of overestimating the number of
stress events, which may have resulted from the same insult. To remedy this the
developmental period for a tooth should be divided into 3 month periods and defects
appearing on different teeth in the same individual from the same period counted only
once (Mocci-Cecchi et al. 1994). In other species, such as in pig, where weaning is
likely to be reflected in a single tooth, the average unworn crown height for a population
is simply divided by the amount of time taken to form the crown to determine the
approximate age at which defects occurred.
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Chapter 5. Methodology

It was necessary to develop a method of analysing developmental enamel defects that
could be applied to modern and archaeological ovicaprine dentition. The first stage of
methodological development was, therefore, to evaluate the potential of the most widely
used techniques, macroscopic and histological analysis.

This chapter describes firstly the assessment of macroscopic analysis as a potential
method for identifying developmental defects in sheep and then the examination of
histological techniques. The latter was tested on modern practice jaws until a workable
technique was developed which was then applied to modern samples of known lifestyle
(section 5.1) to determine if weaning could be identified. On sectioning the modern
samples a number of problems were noted that needed to be considered, resulting in a
refinement of the methodology and development of criteria for the later selection of
archaeological samples.

Finally, a model for identifying weaning strategies based on the location of
developmental defects in relation to crown height was developed.

5.1 Modern samples
Samples were secured from a number of locations in the North Atlantic region and in
Greece to provide modern examples of weaning practices under different husbandry
systems, in particular natural weaning. The aim was to establish whether weaning
could be identified using developmental enamel defects and whether the position of any
such „weaning‟ defect varied within dentition. Different diets were also considered in
order to understand the effects of different stresses. Samples from modern populations
in Orkney, Iceland and Greenland from Northern short-tailed breeds were studied which
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should be comparable to archaeological samples from these countries and regions.
Mandibles from Greece were also selected as examples of a different husbandry
system.

All of the modern samples were kindly provided by Dr Ingrid Mainland from

material gathered for microwear analysis (Mainland 2003, 2000a, 2000b, 1998a, 1998b
and 1997). Samples were randomly selected from those available in each sample
group not displaying evidence of destructive pathology, such as caries. Details of the
selected samples are presented in Appendix Tables 5.1 – 5.5.

5.1.1 Orkney
Samples were obtained from three islands in Orkney (Figure 5.1): North Ronaldsay,
Rousay and Westray.

These represent two sheep breeds, Shetland and North

Ronaldsay, and two different diets, grazing and seaweed eating, selected to be
compared to a number of archaeological sites from Orkney but also with other North
Atlantic sites.

5.1.1.1 Modern seaweed eating sheep
Seaweed eating sheep were sampled to provide modern dentition from naturally
weaned individuals, however the animals are also resource stressed, as diet for these
animals is dependant on the tide (Hansen et al. 2003). The extent to which this may
complicate weaning signatures is, therefore, of interest, especially as there is
ethnographical evidence for the use of seaweed as winter fodder in Orkney (Martin
1698 cited in Ryder 1983) and in Iceland where it could make up to 50% of the winter
diet (Ingimundarson 1989).

It takes up to 2 weeks for the micro-flora of the rumen to adapt and stabilize after
dietary change (Orpin et al. 1985). In seaweed eating sheep there is an absence of the

131

cellulolytic bacteria found in all sheep feeding on terrestrial plants; the rumen bacteria
are, instead adapted to xylan that occurs in significant levels in seaweed (Orpin et al.
1985) which makes the microbiology of these seaweed fed sheep unusual (Balasse et
al. 2005). Because these changes in the digestive system take a while before seaweed
can be properly digested it is thought that this kind of change in diet might be reflected
as a defect within dental enamel and identification of this kind of stress may be useful in
interpreting archaeological samples.

5.1.1.1.1 North Ronaldsay n = 4
Four teeth were sampled from North Ronaldsay sheep, a primitive short-tail breed
thought to be survivals of a late Iron Age breed, their fleeces being more developed
than the Soay (Ryder 1983: 765). The sheep on North Ronaldsay today are still kept
under an old communal husbandry system apparently unchanged since the 19th century
(Ryder 1983: 531) described in section 2.1.1.

The sheep are kept on the shore by a 12-mile dyke around the perimeter of the island
(Fenton 1997: 466) with only poor quality grass available.

Sheep feed instead on

seaweed growing on the foreshore and dislodged fronds (Orpin et al. 1985), which
constitutes their main diet, and have access to drinking water supplied by ponds and
streams (Hansen et al. 2003). Apart from during the lambing period, the sheep are only
driven into pounds a couple of times a year for shearing, selection for slaughter and for
scoring (counting and marking sheep). Otherwise the community leaves the sheep to
live unhindered (Fenton 1997: 469).

Lambing takes place in Orkney within a three week period between late April and May
(Ryder 1983: 533). Ewes are kept off the shore from this time, penned or tethered with
their lambs until August (Ryder 1983: 533). Ewes, therefore, live on a diet of seaweed
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for 7 months and grass for 5 months; while rams and wethers, apart from the first 4-5
months of life, rely on seaweed year round.

Figure 5.1: Map of the Orkney Isles showing the locations of modern samples studied.

Four samples of North Ronaldsay sheep were chosen randomly from mandibles
collected from disarticulated skeletons found on the shore at various locations along the
south coast of the island.

Information on the age and sex of these sheep were

recorded where possible, determined using dental wear analysis (Payne 1973) and
morphological characteristics of the jaw and pelvis (Payne 1985, Halstead et al. 2002,
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Boessneck 1969). The jaws removed from the remains were clean of flesh but for
health and safety reasons were bleached.

These North Ronaldsay sheep represent examples of a mixed economy strategy (meat
and wool) of herding under an old husbandry system.

Relying almost entirely on

procuring seaweed year round is likely to be stressful, however as this resource is more
plentiful in winter, when storms and strong tides wash up sub-littoral weeds, the animals
are better fed at this time (Ryder 1983: 531). It is likely, therefore, that any defects
noted in the dentition will be located differently from those of grazers.

These samples are also examples of natural weaning, as suckling continues as late as
the ewe will allow, which could be up to 4-5 months, depending on the diet of the
mother. The change in diet from milk and grass to seaweed should also be reflected at
roughly 4-5 months. Stable isotope analysis of the diet of some of the individuals from
this seaweed eating group (NBN/01, TWIG/01 and TWIG/05), however, suggests that
there was a small but constant amount of grass in the North Ronaldsay diet (Balasse et
al. 2009). This confirms accounts from local farmers which indicate that sheep will
graze on grasses and other vegetation outside the sea-dyke all year round but
preferentially select seaweed especially during the winter months (Mainland pers.
comm.).



Twigness, North Ronaldsay

Two jaws were selected from a sample of 7 ram skulls collected by Billy Muir (Mainland
pers. comm.) from animals that probably died on the shore at Twigness, located on the
south west point of North Ronaldsay (Figure 5.2).
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SWN, North Ronaldsay

One sample was selected from the five jaws found on the shore between Twigness and
Gretchen Loch (Figure 5.2) recovered from disarticulated skeletons.

Although the

remains of this individual could not be sexed, stable isotope analysis of the M2 tooth
from this jaw, to establish the diet of this individual (Balasse et al. 2009), reflected a
year round diet of seaweed was consumed suggesting that this individual was male.

Figure 5.2: Map of North Ronaldsay and pictures of a North Ronaldsay sheep and lamb
(map adapted from www.visitorkney.com/orkney_isles/north_ronaldsay; photos by I. Mainland)



Bay of Nouster, North Ronaldsay

The jaw of a ewe was selected from three mandibles discovered on the shore in the
Bay of Nouster between the pier and Brides Ithy (Figure 5.2).

5.1.1.1.2 Holm of Aikerness, Westray n = 4
The Holm of Aikerness (Figure 5.1) is an uninhabited islet, ¾ of a mile long, off the
north east coast of Westray in the Papa sound, on which live an approximately 140
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strong flock of North Ronaldsay sheep known as „holmies‟ (Mainland pers. comm.).
The flock lives on seaweed alone, as grazing is very limited on the island, and they also
have the added stress of very little water. The only fresh water on the island comes
from rainwater, formed in a pool within a depression at one end of the island, which is
also periodically contaminated by salt water during storms (Balasse et al. 2009). It is
not unknown for sheep to die during summer due to a lack of water (Mainland field
notes 2004). Unlike the sheep reared on North Ronaldsay, the Holm of Aikerness ewes
are not removed from the island nor have access to grazing during the lambing season.
The only human interaction with the sheep is a yearly dip and occasional culling
(Mainland field notes 2004).

The jaws were collected by Dr. Mainland on the island from defleshed skeletons of
individuals that had died above the high tide line, and later bleached. Four jaws were
selected from the nine available. Unfortunately no pelvii were recovered from these
particular skeletons so these samples remain unsexed.

Due to the more feral nature of the flock from which these samples derive, these
individuals should represent a most highly stressed herding strategy, with a diet reliant
on the tide and fresh water on the climate. It should be possible to see a weaning line
due to the stress of changing to a diet of seaweed, but it should also be possible to see
seasonal stress associated with scarcity of food and water in summer.

5.1.1.2 Modern grazers
For comparison with naturally weaned sheep it was necessary to study some that had
been artificially weaned; for that reason a sample of sheep reared in Orkney under
similar climatic conditions were selected. As these animals had subsisted on a diet of
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grass alone it would also be possible to note any variations that might result from
differences in diet.

5.1.1.2.1 Rousay, Orkney n = 8
The jaws of 19 Shetland sheep were obtained from a single farm on the island of
Rousay, north of the Orkney mainland (Figure 5.2). Shetland sheep are comparable to
the North Ronaldsay breed also being Northern short-tails (Figure 5.3), although they
are less specialised (Mainland pers. comm.).

Born between the end of April and

beginning of May 2003 these sheep were raised on a diet of grass with no access to
seaweed. Male lambs were castrated within the first 2 weeks of life. The lambs were
separated from their mothers at the age of 5 to 6 months in September/October. Some
individuals displayed some distress during this period by crying for their mothers,
possibly an indication that they were still suckling. These sheep were not housed or
provided a supplemented diet but grazed outdoors throughout winter. At the age of
eighteen months these animals, both male and female, were slaughtered on the same
day for their meat, and jaws collected at this point from the abattoir. The jaws were
cleaned of flesh by boiling in water and were later bleached. From this group a sample
of 8 jaws were randomly selected for study (Appendix Table 5.2).

Figure 5.3: Pictures of Shetland sheep from Rousay, Orkney and Icelandic sheep from
Mývatnssveit, Northern Iceland (photos by I Mainland).
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These samples are examples of animals reared for the meat market under a controlled
husbandry system. While providing a comparative sample for the Orcadian seaweed
eating sheep these sample teeth should also provide information on the effects of the
stress of separation as well as weaning on the development of enamel.

5.1.1.3 Iceland n = 8
Modern Icelandic sheep (see Figure 5.3) are of the Northern European short-tailed
breed and directly descend from the animals first introduced to the country by the Norse
settlers after 860AD, either directly from Norway or via North Scotland and the Faeroes
(Ryder 1983: 545). As such, these samples are directly comparable to both Icelandic
and North Atlantic archaeological samples. Sample dentition was available for study
from lambs raised on two farms, Garðar and Gautländ (Appendix Figure 5.1), in the
region of Lake Mývatn in the Northeast of Iceland, in the traditional method for meat
production.

Born in May, indoors or near the farm, the lambs were taken into the hills where they
lived with their mothers until September, when they were brought down to the lowlands
for slaughter. The sample consists of male and female individuals aged approximately
five months (Mainland pers. comm.). At this age the lambs should have just been
weaned before slaughter, dependant on the quality of the mother‟s diet, so a
developmental enamel defect representing the stress of weaning may be evident. Eight
mandibles were randomly sampled, four from a total of 27 from Garðar, and 4 from 26
collected from Gautländ. All these animals were slaughtered for their meat, at which
point the jaws were collected, defleshed in boiling water and cleaned with bleach.

These sheep are comparable to the grazing Shetland sheep from Rousay, as in both
groups the lambs were separated from the ewes and possibly weaned at 4-5 months.
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Differences in environmental and climatic conditions between Iceland and the Northern
Isles could also be reflected in these samples.

The Icelandic samples were also

examples of animals reared under a transhumance system of husbandry.

5.1.1.4 Greenland n = 8
Eight jaws were selected from a sample of 91 modern wethers from Greenland. All
were of the Icelandic sheep breed, which were imported into the country (Mainland
pers. comm.). The lambs were born in May 1996 at the Upernaviarsuk agricultural
research station, located 10km north east of Julianehåb (Qaqortoq) at the entrance to
the Igaliko fjord (Rose et al. 1984) (see Appendix Figure 5.2). These lambs were all
castrated in early July prior to being taken to upland pastures where they were run with
their mothers until 5-6 months of age when they were completely separated from the
ewes (Mainland pers. comm.). This group of lambs was then divided, with half being
housed indoors during winter and fed hay, while the others were grazed outdoors and
not supplemented; until January when they were slaughtered aged 8-9 months
(Mainland 2000b).

The jaws were collected at the point of slaughter, defleshed in

boiling water and cleaned with bleach. Four individuals were selected at random from
these 2 groups.

These samples are directly comparable to the Icelandic samples, although raised in
different climates. Unlike the Icelandic samples, however, these 2 Greenlandic groups
may reflect variations in levels of stress due to differences in over wintering practices. It
might also be possible to see the effects of the stress of castration in the enamel of
individuals from this group.
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5.1.1.5 Greece n = 8
As modern ovicaprine dairy flocks in the North Atlantic are rare in this modern market
economy it was necessary to look outside this region for material to study.

This

sample, an example of a Greek contemporary mixed milk and meat subsistence
economy, provides an important comparison to the meat production herding systems
employed in Iceland and Orkney.

Seventeen sheep and goat jaws were collected during an ethnographical study of
Greek farming practices by Dr Paul Halstead. This particular sample was obtained from
Plikati (Figure 5.4), a village in the northern Pindos Mountains in the province of
Ioannina in the Epirus region (Mainland 2003) in which each household kept between 5
and 20 sheep and goats for domestic consumption (Halstead 1998). The Plikati sheep
are likely to have been a local unimproved breed, most probably of the Zackel type
(Halstead per. comm.), of which there are numerous breeds (Ryder 1983: 321-4).

Figure 5.4: Map of Greece with location of Plikati and picture of sheep being driven to pasture
in Plikati (photo by I Mainland).
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The Plikati individuals were born during the winter of 1991/2, with the exception of
number 15 which was a yearling at death and born the previous spring. The sex of the
animals was not recorded but it is probable that the sample contains both male and
females. All the animals, except one (no. 6) which was excluded from this study, were
reared indoors by individual households on a mixture of hay (both grassy and leafy) and
supplemented with bran and grain (Mainland 1994). As these animals were kept for
milk and meat, weaning occurred at 3 months or greater, to allow the lambs and kids to
put on weight while still allowing for milk to be collected. In fact, samples no 8, 10 and
11 were known to be still suckling until about 3 weeks before slaughter when the ewes
and does had been allowed out to graze, marking the point of separation/weaning as
the lambs and kids remained indoors (Halstead pers. comm.). Slaughter was in April, in
time for an Easter feast during which it is traditional in Greece to spit roast sheep and
goats whole, with the head attached. The jaws were therefore, removed from the
carcass after it had been cooked and required boiling to remove traces of meat prior to
bleaching. Eight jaws were selected out of a sample of 17 (9 sheep, 8 goats) (Appendix
Table 5.4).

Although these animals were born in winter, they had led a sheltered life. There were
several animals per byre so there was potential for the transmission of infection, but
they were not over crowded. It is also likely that these animals were stressed by the
cold as it was an especially bitter winter in 1991/2 (Halstead per. comm.).

The Plikati samples could reflect differences in husbandry practices, most especially as
the animals were born in winter, as well as differences between species, as most of the
individuals in this sample were goats. Depending on the age of the individual, which
varied between 3 and 7 months (except for yearling number 15) (Mainland 1994) it may
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not be possible to view the weaning line in all animals, as in some cases they were
weaned just prior to death.

5.1.1.6 Comparison of the modern samples
Histological examination of the modern samples should provide an understanding of
internal structures of enamel and should allow visibility of the neonatal line to be
assessed when looking at different aged individuals.

The known details of these

animals‟ lives should also help to identify stresses such as castration as in the
Greenlandic samples, to help in developing criteria for the understanding of
archaeological samples.

Examining these modern samples will allow the following comparisons to be made.



DIFFERENT WEANING TIMES - Rousay vs. Greek vs. Greenlandic and Icelandic



DIETS – seaweed (North Ronaldsay/Holm of Aikerness) vs. grazing (Rousay,
Icelandic and Greenlandic).



DIFFERENT LEVELS OF STRESS (food and water) – North Ronaldsay vs. Holm of
Aikerness in comparison to Plikati

5.2 Exploring methods for examining developmental defects in
ovicaprine dentition
While a review of research in the field of developmental enamel defects showed that a
number of different techniques have previously been employed (Chapter 4), it seemed
appropriate to first consider those methods that had already been applied to sheep
(section 4.9.8) and other Artiodactyla species.

Previous research of hypoplasia in
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sheep was limited to the incisors, concentrating primarily on the macroscopic
appearance of these lesions, with microscopic analysis conducted to confirm the
defects were the result of the artificially induced stressor. As the goal of this research
was to ultimately develop a method that could be applied to archaeological remains,
non-destructive methods were considered first. Based on the success of macroscopic
analyses of pig dentition (section 4.9.1) it was decided to explore the possibility of using
this method on sheep dentition.

5.2.1 Macroscopic analysis of sheep teeth
In sheep a layer of cementum is normally deposited on well mineralised enamel after
ameloblast regression and prior to tooth eruption (Suckling et al. 1986, see section
4.8.1.1). To determine if this would pose a problem for this research and to check if
developmental defects could be identified macroscopically in sheep dentition, an initial
study was conducted on 90 modern mandibles from Greenlandic sheep aged between
8 and 9 months at death (section 5.1.1.4).

Analysis was carried out on all mandibular teeth; the deciduous incisors, canines,
premolars and first molar in both jaws. In most cases the anterior teeth had become
dislodged from the jaw and could be inspected individually. Only the portion of the
tooth above the level of the jaw could be assessed in the premolars and M1. The teeth
were firstly examined using the naked eye and then with the aid of a x10 magnification
hand lens, in both cases at an oblique angle to a strong light source following methods
presented by Dobney and Ervynck (1998). No defects were noted on any of the
approximately 1260 teeth examined.

It is known that certain stresses can produce enamel defects (section 4.3). The lack of
macroscopic defects seen in this sample group, therefore, suggested that the lifestyle of
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these animals reared under modern farming conditions, either had not been sufficiently
stressful to create hypoplastic lesions, that the defects created were too fine to be
detected macroscopically (due to the small nature of the teeth or thinness of the
enamel) and/or visibility of these insults were obscured by cementum.

For these

reasons histological analysis was deemed to be the best solution to observing
developmental enamel defects in sheep dentition as well as internal structures of the
enamel such as the neonatal line and striae of Retzius, while overcoming the problem
of coronal cementum.

5.2.2 Developing a histological method for studying weaning
defects in ovicaprine dentition
As there has been little previous histological research into developmental defects in
sheep teeth it was important to establish a methodology for thin-sectioning that could be
applied to both modern and archaeological ovicaprine dentition. It was also necessary
to determine which tooth would reflect the period of development from birth to after
weaning. This section, therefore, presents the choice of tooth and recording criteria
used, together with a description of the procedures employed for embedding and thinsectioning.

5.2.2.1 Which tooth?
It was decided that the tooth to be studied should be from the lower jaw as mandibular
tooth rows are often more completely preserved in archaeological contexts, being less
affected by taphonomic processes than the maxilla; allowing the tooth to be more
accurately aged (section 3.1.5), with the jaw providing some protection for the roots and
enamel. It was then necessary to identify a permanent tooth that starts forming prior to
birth and for which the development period extends beyond the latest age at which
weaning is likely to have occurred; in lambs this is 6 months (Appendix 2.2). Studying
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the chronology of the development of sheep dentition (Figure 5.5) it can be seen that
analysis of the M1 would be most productive as it should be possible to see a neonatal
line and the crown formed until 9 months (Weinreb & Sharav 1964).

Furthermore, it was essential to decide which way to section the tooth. Sectioning
longitudinally allows the full length of the enamel surface to be viewed; while in a buccolingual section allows an examination of both surfaces. This is especially important as
there may be differences in prevalence and expression of defects between the lingual
and buccal surfaces (section 4.5). The lingual enamel in sheep teeth is thinner than the
buccal and as such mineralisation is completed quicker on the enamel surface
(Suckling 1986). Having determined which direction to section the molar, which cusp
would be best to study? Considering the anterior cusp in ovicaprine lower molars erupt
and come into wear before the posterior, the latter was chosen, as more enamel would
be visible.

Figure 5.5: Chronology of tooth development in sheep (based on data from Weinreb & Sharav
1964, Moran & O‟Connor 1994). Nb. The length of the bar indicates the total length of time the
crown is forming; the grey area indicates the period during which the tooth is erupting and
coming into occlusion
145

Finally, sectioning requires the teeth to be removed from the jaw. To extract these
dental structures by pulling was deemed too damaging to the root and possibly the
surface of the enamel. It was necessary, therefore, to cut the mandible either side of
the tooth with a hacksaw, taking into account that the tooth roots bend posteriorly.

5.2.2.2 Recording the teeth
Sectioning is a destructive process and hence as much information as possible was
recorded prior to embedding and sectioning the teeth. For this reason the jaws and the
teeth to be sectioned were first photographed in the lingual, buccal and occlusal planes
for a visual record. Teeth displaying signs of destructive pathology, such as caries,
were rejected for study as this could adversely affect the visibility of the defects.

Information on wear stages and age were noted following Payne (1973) outlined in
section 3.1.5.1. Payne‟s recording system was selected because it is rapid, descriptive
and could easily be converted to Grant‟s MWS system.

Distinction between the

ovicaprines species was also determined, for those that were unknown, using
morphological features described by Payne (1985) and Halstead et al. (2002) (see
Appendix 3.2). Due to differences in herding strategies between these species it was
decided, where possible, to select only sheep teeth for examination. Measurements of
the M1 tooth were taken using digital callipers, as described in Figure 5.6 (presented in
Appendix Table 5.6). These were taken to provide a record of the crown height within
the sample groups. If the tooth could not be removed from surrounding bone without
damage, then as many measurements as possible were recorded. All measurements
were taken to the greatest extent. Finally, negative casts of the occlusal surface of the
teeth were taken for later microwear analysis, using Coltene President‟s Jet, Regular
Body.
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Measurements of Ovicaprine Dentition

6

5
11

7
10

4

8&9
buccal
and

1 – anterior/posterior width
2 – width of anterior cusp
3 – width of posterior cusp
4 – length of buccal posterior cusp from occlusal surface to the CEJ
5 – length of lingual posterior cusp from occlusal surface to the CEJ
6 – length of buccal anterior cusp from occlusal surface to the CEJ
7 – length of lingual anterior cusp from occlusal surface to the CEJ
8 – anterior/posterior width of buccal surface at the CEJ
9 – anterior/posterior width of lingual surface at the CEJ
10 – greatest length of anterior cusp from occlusal surface to end of roots
11 – greatest length of posterior cusp from occlusal surface to end of roots
All measurements were taken in millimetres using digital callipers

Figure 5.6: Illustration and description of the measurements taken of mandibular M 1 tooth

5.2.2.3 Histological methodology
This methodology needed to take into account differences in the nature of modern and
archaeological samples so that a universal technique could be applied. For this reason
the teeth were embedded, a process employed to protect the delicate nature of the
teeth during sectioning (Hillson 1986: 168).

Based on previous studies of dental

microstructures in both modern and prehistoric samples the most frequently used
practice was to employ a diamond saw to cut sections to a thickness of 200µm, before
grinding to a final thickness of 100µm and polishing (Schwartz et al. 2003, Marks et al.
1996, Skinner 1992, Huda & Bowman 1994). To test these procedures 9 modern
practice sheep molars (M1 and M2) from 6 jaws were used (see Appendix Tables 5.7 &
5.8).
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5.2.2.3.1 Embedding
The first stage was to clean the teeth of dirt and other debris in an ultrasonic bath. To
speed the drying process the teeth were then dehydrated in increasingly stronger
concentrations of absolute ethanol (50% - 75% - 100%). The alcohol was then allowed
to evaporate before the tooth was embedded in resin. For this purpose Buehler Epothin resin was selected for use as it did not require heating to cure. The Epo-thin resin
and hardener were carefully mixed to a ratio of 100:36 for 5 minutes and allowed to rest
for 5 minutes prior to pouring into the mould around the tooth. Once the resin had been
poured the mould was placed in a vacuum chamber for 48 hours to ensure that the
resin had completely surrounded and permeated the structure of the tooth.

Initial testing found that bubbles of air were produced during this process and became
trapped around the sample, despite great care being taken not to introduce air into the
resin while stirring. To overcome this problem the samples were placed in a bell jar
which was brought up to vacuum, taking 15-20 minutes, and then released.

This

process was repeated until no bubbles could be seen in the resin around the sample.
Samples were then left in the vacuum chamber for 48 hours to cure.

5.2.2.3.2 Moulds
The moulds recommended for use with the Leica SP1600 saw microtome were 30mm
cylinders, close to the maximum diameter the machine clamp could accommodate. As
the samples needed to be lying on their sides in order to be longitudinally sectioned,
some molars were too long to fit and required the roots to be removed. To overcome
this problem, it was necessary to develop a thinner mould that could accommodate a
full ovicaprine molar, therefore, requiring less resin and less time to section.
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The greatest length, width and breadth measurements (Figure 5.7) of 96 archaeological
loose ovicaprine M1 and M2 molars were taken to determine the necessary dimensions
of the mould (see Appendix Table 5.9).

WIDTH
Range 8.95-17.16mm
Average 13.95mm
LENGTH
Range 16.08-36.89mm
Average 29.89mm
BREADTH
Range 4.85-9.27mm
Average 6.55mm

Figure 5.7: Dimensions required and average measurements recorded for determining size of
mould to house ovicaprine M1 and M2 teeth.

The greatest length for these teeth was identified to be 36.89mm, the width 17.16mm
and breadth 9.27mm. A few millimetres were added to these figures to allow for the
possibility of larger teeth and for clearance so that the tooth would not touch the side
and could be completely surrounded by resin. This determined the dimensions for the
part of the mould to house the tooth (see Figure 5.8). The mould also required a peg to
fit in the clamp during the sectioning process which needed to be greater than 12mm in
diameter, the minimum diameter that the clamp is capable of holding.

To create the mould, firstly a template was constructed of metal to the size of the final
mould. Silicon rubber was deemed the best medium to use because of its strength, its
suitability for use with epoxy resin and ability to produce moulds with large undercuts.
For this purpose RTV Silicone Mould Rubber T20 (obtained from Alec Tiranti Ltd) was
used together with T6 catalyst (1 part catalyst to 20 parts silicone by weight).
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40 mm

20mm

15mm
20mm

15mm

Figure 5.8: Design with dimensions of mould used for embedding mandibular sheep molars

Teeth were placed on the mesial surface within the mould as the posterior cusp was to
be sectioned.

It was found easier to persuade the tooth to remain upright in this

position due to the small flat surface of the mesial fold. Due to the tapered nature of
ovicaprine molars, especially in the posterior cusp which is more rounded than the
anterior, cutting through the centre of the cusp meant that the sample needed to be
angled, usually in two directions. The resin peg allowed this where a solid mould would
have been more restrictive.

Figure 5.9: Photograph of embedded sheep molar using mould; diagrams showing angles of cut
required to section through middle of posterior cusp.
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5.2.2.3.3 Thin-Sectioning
Different methods of thin-sectioning using a Leica SP1600 saw microtome were tried on
the 9 embedded practice molars to establish the best method to use. Initial sections
were taken at a thickness of 100µm, which were allowed to dry for 48 hours prior to
gluing.

Unfortunately the tooth lifted away from the resin damaging the delicate

structures of the tooth.

Later microscopic observations revealed the need to polish both sides of the section
prior to gluing it to a slide to get rid of knife chatter that obscured the internal structure.
To eliminate these problems the tooth was sectioned to a thickness of 200µm, although
this thickness was found to be too thin for hand polishing. The resin started to curl as it
dried, so the section was placed between glass sheets to prevent this. Despite this
action, enamel from the tooth still fell out of the resin. A second section was taken at
350µm which appeared stronger. One side of this section was hand polished with
Buehler 1µm micropolish alumina powder; although care needed to be taken when
handling the section as it was possible to bend the resin even at that thickness. The
section was then cleaned of this paste with water and allowed to dry for 48 hours,
between glass sheets to prevent warping. It was then glued to a slide using Epo-thin
resin and dried for a further 48 hours. Resin was used to fill any remaining scratches,
which being of the same material would not notice. While this method helped with the
issue of scratches, bubbles formed in the resin beneath the sample which made
viewing the teeth more difficult.

While it was found that modern teeth could be sectioned to a thickness of 350µm
without the dental structures peeling from the surrounding resin, in the later practice
with an archaeological tooth it was discovered that even at a thickness of 350µm the
tooth chipped and pulled away from the resin. As it was not possible to polish the
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sample in the machine after the face cut had been taken or place the sample back in
the machine after the face surface had been polished it was decided to try UV glue.
After the face cut was taken the slide was glued to the surface whilst still in the machine
using UV glue (Loctite 358 adhesive UV curing) and cured under an ultra violet light for
30 minutes. This ensured that the tooth structures adhered to the slide prior to cutting.
Once cured the sample was sectioned to a thickness of 300µm.

The slide was then ground down to between approximately 100-200µm (assessed on
an individual slide basis) using a Buehler Pheonix Beta Grinder/Polisher and silicon
carbide abrasive papers P600 (25µm) and P2500 (10µm).

The sample was then

polished to remove scratches from the grinding process using Metadi supreme diamond
suspension polycrystalline of different abrasive levels down to 1µm.

Due to the nature of ovicaprine M1 teeth it was difficult to section through the centre of
the posterior cusp, as the tooth tapers toward the root but also due to the curved nature
of the buccal cusp (see Figure 5.9). Using the flat surface of a glass slide to judge the
angle of the sample in the clamp in relation to the saw blade allowed small adjustments
to be made in 2 directions to ensure a level section is taken. Up to 3 sections could be
taken in the region of the middle of the cusp.

5.2.2.3.4 Final histological methodology
The following histological methods were applied to both the modern and archaeological
samples.

Cleaning tooth
 Clean with water in an ultrasonic bath


Dehydrate in absolute ethanol in increasing concentrations (50% - 75% - 100%)
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Embedding
 Place tooth in the mould and cover with Epo-thin epoxy resin, at 100 parts resin to
36 of hardener


Put in vacuum chamber until reaches full vacuum, leave a few minutes then release



Repeat until no bubbles can be seen in the resin



Leave in vacuum chamber for 48 hours

Thin Sectioning
 Using a saw microtome take a face cut.


While still in machine use UV glue (Loctite 358 adhesive UV curing) to glue a slide
to the sample, cure with UV lamp before making the next cut, to a thickness of
300µm

Grinding and Polishing
 Using a grinding/polishing wheel and decreasing silicon carbide abrasive paper from
25µm to 10µm grind until structures can be seen under microscope.


When the desired level of thickness is reached, polish using diamond suspension
polycrystalline of different abrasive levels down to 1µm

5.2.2.3.5 Viewing teeth and capturing images
Samples were viewed using an Olympus BX51 transmitted light microscope with
polarizing facility. An attached Olympus DP70 microscope digital camera was used in
conjunction with the Olympus software program analySIS to capture images of the teeth
and take measurements. Adobe Photoshop 6 was used to join images together.

5.2.2.3.6 Measuring structures
A number of different measurements were taken using the microscope image capturing
package analySIS, using the angle and arbitrary measurements functions. All length
measurements were taken perpendicular rather than following the curve of the tooth.
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Two previously established methods of determining the age at which a defect occurred
are, distance from CEJ in relation to crown height and counting perikymata/striae
(section 4.9.5). To apply the former method measurements needed to be taken to
calculate an average tooth crown height, because ovicaprine molars come into wear
before the tooth enamel has finish forming to the CEJ (see section 5.3.3.2).

This

required measurements of unworn molars and those that had an established CEJ,
taken to a common point on the tooth present in both. In this case the bottom of the
infundibulum (section 3.1) which could be observed in thin sectioned teeth.
Measurements of unworn teeth from the tooth cusps to the bottom of the infundibulum
(Figure 5.10c & d) were taken and from the bottom of the infundibulum to the CEJ in
older individuals (Figure 5.10e & f) in both the buccal and lingual surfaces. As this
measurement includes the appositional enamel of the cusp and enamel formed
prenatally, it was necessary to determine where within the tooth cusp the neonatal line
fell. Measurements were taken of unworn samples from the highest point of the cusp to
the point were the neonatal line met the DEJ in both the buccal and lingual surfaces
(Figure 6.10a & b).

To establish if perikymata could be used to age defects

measurements of the perikymata spacing were also taken, perpendicularly at the
surface from one furrow to the next (Figure 5.10h).

Hypoplastic defects were measured at the surface perpendicularly to the neonatal line
or CEJ (Figure 5.10i & j), from the start of the defect and the point of total recovery. If
any signs of recovery were noted within the defect, this point was also recorded.
Measurements of accentuated striae were taken from the point the striation reached the
DEJ to the neonatal line or the CEJ.
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Lingual

Lingual

Buccal
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d
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Enamel
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h

Perikymata

CEJ

i
j
Figure 5.10: Measurements taken on M1 ovicaprine molars as part of the histology analysis
A & B = from unworn cusp to neonatal line at DEJ on lingual and buccal side
C & D = from unworn cusp to bottom of infundibulum on both sides
E & F = bottom of infundibulum to CEJ on lingual and buccal sides
G = accentuated striae at DEJ to CEJ
H = perikymata spacing
I & J = from the start to end of defect to the CEJ
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5.2.2.3.7 Protocol for recording developmental defects
The histological study not only allowed the examination of enamel for accentuated
striae of Retzius, a lesser form of developmental defect, but also the neonatal line.
Identifying the position of the neonatal line within the enamel allowed a more refined
determination of age at which a defect occurred, as age could be related to the birth of
the animal. The neonatal line was recognised as the first accentuated striae to appear
in the enamel starting at the coronal tip of the tooth crown, above which the enamel is
free of structures (see section 3.2.4.2.1).

Hypoplastic defects were identified as one of a number of different types using the
criteria described in section 4.2.2.2, Figure 4.1 and Figure 4.5. Once the presence of a
hypoplastic defect had been determined its position on the crown was recorded by
measuring from the occlusal and cervical margins to the neonatal line along a
perpendicular axis, unless this was not possible in which case measurements were
taken to the CEJ (Figure 5.10).

Accentuated striae were distinguished from normal striae of Retzius as being visible for
at least 75% of the length from the DEJ to the crown surface (Goodman & Rose 1990).
Identified accentuated striae were only recorded if they could be discerned at the DEJ
and as systemic stress events affect all enamel that is forming at the same time (Hillson
& Bond 1997, Goodman & Rose 1990), only accentuated striae that were reflected in
both lingual and buccal surfaces were recorded (section 4.9.4). Measurements were
taken from the DEJ to the neonatal line (or CEJ if not possible).

5.3 Methodological development
Once the younger modern samples (section 5.1) had been sectioned a number of
issues with identifying and recording developmental enamel defects were discovered
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which had not been seen in the practice molars. These were problems of the visibility
of structures due to processes of formation and wear, as well as thin-sectioning. Finally
problems associated with determining the age at which a defect occurred needed to be
resolved before any results could be analysed. The following section outlines these
problems, describes refinements to the methodology and presents criteria used to
select archaeological sample teeth.

5.3.1 Visibility of enamel
When sectioning the modern teeth, two problems were noted that affected the degree
and amount of enamel structures that were viewable in thin-section. The first was due
to the processes of formation, secretion and maturation; the other was the loss of
enamel, especially that containing the neonatal line, to the process of tooth wear. The
processes of formation had rendered it impossible to ascertain if developmental defects
related to weaning had formed, while the loss of information due to wear meant that the
region examined would not be representative of the period from birth to 6 months,
thereby producing misleading results.

5.3.1.1 Formation
It became evident on sectioning the modern (Icelandic, Greenlandic and Greek)
samples (section 5.1), which were much younger than the practice molars, that it was
not possible to see internal structures in some of the teeth. This was dependant on the
age of the individual and appeared to reflect differences in the level of formation
attained by the teeth sectioned. Even before thin sectioning, the differences in the
process of enamel formation could be seen macroscopically on the surface of young
teeth, as a change in colour and texture.
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In the modern sample teeth where enamel formation was ongoing (Icelandic Garðar
and Gautländ; Greek Plikati), the enamel being deposited in the cervical portion of the
tooth appeared reddish brown and shiny, the maturing enamel further up the tooth was
rough and light brown and the matured enamel, cream coloured and smooth (Figure
5.11).

0
MATURE
1
2CM

MATURATION

SECRETED

Figure 5.11: Buccal surface of right mandibular M1 sheep molar displaying phases of formation.
Nb. occlusal surface orientated to top, posterior cusp to left of figure (Tooth Ref: GAUT/23,
known age 5-6mths).

The progressive mineralization of developing enamel in ovicaprines was described by
Suga (1982, presented in section 3.2) as occurring in two phases, secretion and
maturation (summarised in Appendix Table 5.10).

Secreted enamel appears

transparent in transmitted light, while secondary mineralisatiron rendered the enamel
very dark, most likely due to the removal of organic matrix substances creating
microspaces (Suga 1982, Weinmann et al. 1942); with enamel in the tertiary stage
gradually becoming more transparent and in the quaternary stage normal.
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Figure 5.12: Developing enamel at the cervical portion of a sheep molar, showing different
zones of mineralization (Tooth Ref. PLIK/12, known age 6mth) at X40 magnification. Key: E =
enamel; D = dentine

Studying the younger modern thin sectioned teeth from Garðar, Gautländ and Plikati it
was possible to identify these different areas of maturation within the enamel (Figure
5.12).

It also became obvious that during the primary maturation phase internal

structures such as striae of Retzius, which are created during the matrix formation
stage (Weinmann et al. 1942), were not visible due to the transparent appearance of
the enamel; this was also the case in the region of secondary maturation where the
enamel appeared black.

The 8 teeth from individuals aged 5-6 months (Icelandic

Garðar and Gautländ) also showed that approximately half the tooth appeared to be in
the primary to tertiary phases of mineralisation, which meant that any accentuated
striae formed at this time relating to the stress of weaning would not be visible. This
established that for the purpose of analysing accentuated striae of Retzius and
hypoplasia, it would be necessary for the enamel between the neonatal line and CEJ to
be fully mature. To determine this, therefore, required knowledge of how long it took to
pass through these stages of formation and the earliest age at which the process would
be complete.

Although Suga (1982) identified the stages of maturation in sheep and goat molars, the
study did not include the timing and duration of the different stages of development,
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which has been determined histologically for sheep incisors (Suckling, 1980). There is
also very little research on the timing of different events in the development of sheep
dentition, other than eruption and wear (Weinreb & Sharav 1964, Milhaud et al. 1987,
Witter & Misek 1999, Thurley 1985).

The only study that provides a time for the

completion of the crown formation in the M1 tooth (Weinreb & Sharav 1964) gave an
age of approximately 9 months, stating that at this age the roots start to form, but not
clarifying whether the crown had finished maturing.

A study of the modern sheep

samples used in this thesis was conducted to establish rough timings for the formation
of the tooth at different locations; for example when the infundibulum, lingual and buccal
surfaces had formed and finished maturing.

Based on the examination of the modern samples (Garðar, Gautländ and Plikati), at 5-6
month the fully formed infundibulum could still be seen to be maturing, but only half of
the secreted enamel in the lingual and buccal surfaces had matured. This compared
well with the tooth development timings presented by Weinreb and Sharav (1964), who
state that two thirds of the M1 tooth formed between 3-6 months.

Examination of the 8 Greenlandic samples, showed that by 8-9 months of age the
infundibulum was fully matured and the surface enamel had almost completed
maturing; with all but two teeth finished forming and maturing in the lingual surface,
while the buccal was still maturing towards the most cervical region in all these
samples.

These results are summarised in Table 5.1 by Payne wear stage.

The

Greenlandic teeth, however, were from castrates and there are differing views as to
whether this affects tooth formation rates (see Appendix 3.3).

Enamel development in modern Greenlandic, Icelandic and Greek sheep teeth
indicates that full maturation of enamel formed between birth and the CEJ occurs by at
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least Payne stage 9A, ie. 9 months. It was also necessary, however, to determine at
what age the neonatal line would be lost to wear.

PAYNE M1 WEAR
STAGE

TO
TO

M1
CODE

INFUNDIBULUM

SURFACE ENAMEL TO
FORM

0

NOT FULLY
SECRETED

2/3 TO FORM

2A – 5A

STILL MATURING

>1/2 – 1/2 STILL TO MATURE

5A – 6A

ALMOST MATURED

1/2 STILL TO MATURE

>6A

MATURED

>
TO

6A – 8A

<1/2 - <1/4 STILL TO
MATURE

9A

MATURED

Table 5.1: Summary of timings of formation of ovicaprine M1 molars, based on observations of
modern samples. Raw data in Appendix Table 5.11.

5.3.1.2 Neonatal line
The neonatal line was identified as a line extending upwards from the DEJ towards the
enamel surface close to the tooth cusp (Figure 5.13) in the youngest modern samples
(Icelandic & Greek). It was also noted that the neonatal line always appeared clearest
in lingual surface and the enamel of the lingual infundibulum. Prior to examining the
histological samples it was anticipated that the neonatal line would be seen in most of
the modern teeth with the exception of the especially worn molars from the seaweed
eating sheep sample.

It became obvious, however, that as the tooth is worn the

neonatal line is rapidly removed, as only 21 of the 40 (53%) modern teeth sectioned
had the neonatal line present.

An examination of the wear stages for these jaws

(Appendix Table 5.12) showed that the neonatal line was seen in individuals aged 6-12
months (wear stage C; Figure 5.13 Tooth 1) and up to wear stage D (1-2 years),
although the neonatal line was only just present in one of the eight Rousay samples
aged 18 months (Figure 5.13 Tooth 3).
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N

N

N

Tooth 1
Molar Wear Stage

Tooth 2
Molar Wear Stage

Tooth 3
Molar Wear Stage

Figure 5.13: Sections showing the position of the neonatal line (N) in the lingual enamel of
ovicaprine dentition at different wear stages. Key: Tooth 1 – 7mths, Payne Stage B, 2-6 mths,
(PLIK/08 – capra); Tooth 2 – 8-9mths, Payne Stage C, 6-12mth (UP/82 – ovis); Tooth 3 –
18mths, Payne Stage D, 1-2 years (ROU/17 – ovis)

As already mentioned this study requires individuals with molars that have significantly
matured enamel (section 5.3.1.1) displaying the neonatal line. The neonatal line was
identified in 7 out of 8 (87.5%) of modern teeth from individuals aged 8-9 months old
and half of the individuals in this sample group were found to have a definitive CEJ.
Unfortunately they had not quite finished maturing. While six had almost finished on the
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buccal side, two had a more significant proportion left to mature, although these
represent the youngest of this group according to Grant‟s MWS ageing method.

The optimum age and wear stage to study the enamel of ovicaprines and see the
neonatal line, seems, therefore, to be between Payne wear stage 9A for the M1 in jaws
of individuals aged to stage C (6-12 months) and ideally up to wear stage 3C in the M2
of individuals aged to stage D, with at least one of the posterior cusps remaining
unworn. Based on the presence/absence of the neonatal line for the M2 wear stages,
presented in Appendix Table 5.12, the M2 should be at a wear stage less than 5A.

5.3.1.3 Selection criteria for archaeological samples
It was determined using the modern samples that for the purpose of the archaeological
histological study it is necessary to choose a tooth in which the level of tooth
development and wear will allow the greatest area of tooth to be visible. The M1 tooth
needs to be at Payne‟s wear stage 9A for the enamel to be mature to the CEJ in both
the lingual and buccal surface. Wear stage 9A, however, is a long wear stage during
which the neonatal line can become worn away. Teeth for study should, therefore, be
selected from jaws in which the M2 is in wear up to stage 5A, but ideally younger than
stage 3C, in order to optimise the enamel present, and to see the neonatal line and
defects up to the CEJ.

5.3.2 Problems viewing and recording developmental enamel
defects
Certain problems were discovered when viewing the enamel of the modern samples
that hindered the analysis of samples for hypoplasia. The first was the presence of a
mysterious layer that hampered the identification of the true enamel surface and
therefore, surface defects. The other was differential visibility of developmental defects
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between the lingual and buccal surfaces, based on preservation and the process of
thin-sectioning.

5.3.2.1 Unidentified layer
The surface of the enamel of the three sectioned practice sheep molars (Jaw 1 M2, Jaw
3 M2 and Heb 1 M1) were seen to be covered in a layer of cementum, although in some
places this structure had chipped or peeled from the enamel. From the lacunae (or
cementocytes) seen within this structure (Figures 5.14 & 5.15) it was possible to
determine that the cementum was cellular in nature (Bath-Balogh & Feherenbach 1997:
194). More confusing, however, was a layer noted between the cementum and the
enamel, which was not present for the whole length of the tooth but appeared in
patches (Figure 5.14, unknown layer).

Cementocytes

Cementum

Pits
Enamel

Unknown layer

Figure 5.14: Longitudinal section of a sheep molar showing an unknown layer between enamel
and cementum. magnification x200 (Tooth Ref: J1m2)

This layer appeared different from the cementum found above, containing pitting
towards the surface of the enamel, but also containing cementocytes found in
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cementum. There were two possible explanations for this layer, the presence of a layer
of intermediate/afibrillar cementum or a layer of prism-free enamel (section 3.2.3.1).
Intermediate cementum (see Appendix 4.2) is laid down prior to cementum formation, is
heavily mineralised but contains no cementoctyes. This explanation can, therefore, be
discounted. In the permanent dentition of many mammals a thin layer of prismless
enamel forms on the surface (Boyde 1989). In ungulates, however, it is not unusual for
there to be no true surface layer of non-prismatic enamel, with the enamel surface
instead displaying Tome‟s process pits, perhaps for the purpose of increasing the area
of attachment for cementum (Fortelius 1985).

ENAMEL

Cementocytes
deeper within
the cement

Cementocytes

CEMENTUM

PRISM ENDS

Figure 5.15: Transverse section through a sheep molar showing the true boundary between the
enamel surface and cementum, as well as structures within cementum (Tooth Ref: Hebj2m2).

To clarify the nature of this layer another tooth was sectioned transversely (Figure 5.15)
to try to establish what was causing it. This immediately solved the confusion; the edge
of the enamel could quite clearly be seen as well as the ends of the prisms which
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terminate with a Tome‟s process pit. It appeared, therefore, that this mysterious layer
was the result of viewing structures through each other, with the unknown layer in
Figure 5.14 showing the enamel surface and outer edge of the cementum further within
the tooth. This was caused by the angle at which the section was taken. Affected by
the curvature of the tooth and thickness of enamel, this was a useful indicator of
sections being taken at the wrong angle, suggesting that further sections needed to be
taken.

5.3.2.2 Buccal and lingual surfaces
Some researchers state that potential accentuated striae of Retzius can only be
counted as a developmental enamel defect resulting from a systemic stress if it is
reflected in all enamel developing at the same time (Goodman & Rose 1990) i.e. in both
the lingual and buccal surfaces in a single tooth. In sheep molars, up to the bottom of
the infundibulum accentuated striae can be reflected in 3 surfaces, the lingual, buccal
and lingual infundibulum. The buccal infundibulum is too thin for observations to be
made. Below this level these structures are visible in the lingual and buccal surfaces
(Figure 5.16).

It was noted in all modern ovicaprine M1, however, that the buccal surface extends
further than the lingual (Figure 5.16). This is not due to differences in the rate of
formation of enamel between the lingual and buccal surfaces, as accentuated striae
and the neonatal line can be seen to form at the same horizontal level. It is rather
because the lingual cusp starts to form before the buccal, as this cusp comes into wear
sooner. The differences in position of the CEJ on the tooth crown therefore appear to
reflect differences in the angle and level of wear on the tooth, which is angled from the
lingual down to buccal cusp in the mandibular molars.
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As the lingual surface finishes maturing prior to the buccal, illustrated by the modern
Greenlandic teeth (Table 5.1), the distance between the end of the lingual and the end
of the buccal surface, therefore, appears to represent a period of time towards the end
of the development of the tooth not reflected in any other part (Figure 5.16, star). This
being the case it is necessary to record defects and accentuated striae within this area,
as they represent the latest events occurring during the formation of the tooth. It also
means, however, that defects found in this part of the tooth development can not be
checked against any other part of the tooth (section 5.2.2.3.7).

*
NB*. Not to Scale
Figure 5.16: Schematic arrangement of enamel surfaces in the M1 tooth, showing the visibility
of accentuated striae within these surfaces. Key: B = buccal; L = lingual; star = buccal surface
formed after the lingual has finished, arrows indicate accentuated striae

Defects found in different regions of sheep molars can, therefore, be reflected in 3, 2 or
only 1 surface and, although accentuated striae should be recorded for all surfaces in
which they are visible, it was necessary to determine which surface could be more
reliably used in terms of viewing accentuated striae.
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5.3.2.2.1 Statistical likelihood of seeing accentuated striae
A number of factors can reduce the visibility of defects and striae within a tooth. These
include preservation (taphonomy/removal from the jaw), incorrect sectioning (wrong
angle) which can produce Hunter Schreger Bands (HSB – section 3.2.3.2.1), bubbles
created within the resin or during the gluing process and the maturity of the tooth. Too
young and tooth formation processes obscure structures; too old and too much of the
tooth is removed through wear.

NB* - not to scale

Figure 5.17: Frequency and percentage of
accentuated striae seen in the enamel
surfaces, buccal (B) and lingual (L) of 12
modern sheep teeth.
(Raw data Appendix Table 5.13-5.16).

*
When comparing the frequency and percentage of accentuated striae in the different
surfaces and regions of the tooth of the modern samples (Figure 5.17), excluding the
younger teeth (Garðar, Gautländ and Plikati), it can be seen that the lingual side is
clearly the best for observing accentuated striae, reflecting 100% of cases found
between the occlusal plane and the lingual CEJ. This is important as only 50-60% of
these accentuated striae were reflected in the same regions of the buccal surface.
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94% OK
6% BAD

56% OK
44% BAD

NB* - not to scale

Figure 5.18: Percentage and frequency of good and bad sections by tooth region for the 24
modern teeth. Key: HSB = Hunter Schreger Bands. Raw data in Appendix Table 5.17.

To clarify why the buccal surface was so poor for recording accentuated striae, a record
was made of the number of surfaces striae were noted in and observations made on
the likely reasons for their absence, including impact of taphonomy, presence of HSB,
and those teeth that had yet to mature.

Figure 5.18 shows a break down of the frequency and percentage of times it was
possible to view internal structures such as striae of Retzius by area of the tooth.
Looking at the lingual surface as a whole in 94% of samples structures were observable
and in only 6% it was not possible, all of which were due to HSB. In the buccal surface,
up to the bottom of the lingual surface, 56% of the time the observations were possible;
of the 44% of teeth in which observations could not be made 18% was due to
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preservation. Therefore, over a third of the modern teeth sampled were sectioned
wrongly in the buccal surface, most likely due to the thickness of this enamel.

5.3.2.2.2 Problems of sectioning the buccal surface
As the data above (Figures 5.17 and 5.18) have shown, approximately half the time the
structures of the buccal enamel surface were not viewable because of problems with
sectioning. This is likely due to the nature of ungulate type enamel (section 3.2.3.2.1)
and the curvature of the buccal cusp (section 3.1, see Figure 3.6). Unlike the flatter and
thinner lingual surface, the buccal surface is not easy to section perpendicularly.
Taking a section that is not perpendicular can also mean that coronal cementum is cut
obliquely and can show through the enamel, as in Figure 5.14.

To correct this there was no other recourse but to take another section. However, there
is a limit to how many can be taken from the middle of the cusp before the section is
affected by the tapering nature of the tooth.

Choosing the lingual surface for

measurements obviates this problem, although examination of the buccal surface
towards the CEJ is also needed.

5.3.2.3 Visibility of structures in modern and archaeological teeth
When the archaeological teeth were sectioned, internal structures of the enamel were
found to be more easily viewed than in the modern teeth. Taphonomic processes
during burial had rendered the enamel of the archaeological samples more opaque
(Hillson 1988) than the modern. A review of previous research using stains on dental
structures found none that were applied to mature enamel. Haematoxylin and eosin
were used on sheep tooth structures, however this was to study the formation of teeth
and was used specifically for highlighting the cells and tissues that form them (Thurley
1985). The only stain found to be employed on mature enamel was used in conjunction
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with the process of etching. Hydrochloric acid was used to highlight striae of Retzius
and silver nitrate was applied to aid viewing these structures (Wilson & Schroff 1970).
Unfortunately this kind of processing is destructive and used when studying structures
at a much greater depth within the enamel than is intended in this study.

Although there may be differential visibility of defects such as accentuated striae
between the modern and archaeological samples, this is not necessary a problem, as
the modern samples are used as a reference for understanding the distribution of
defects for interpreting the archaeological samples, not for direct comparison.

5.3.3 Timing the defect
Two methods commonly used to determine the age at which a defect occurred are
counting perikymata, which are converted to days using cross-striations counts to
create mean crown height charts (Reid & Dean 2000, Reid et al. 1998), or plotting
measurements from the CEJ by average unworn crown height against the time taken to
form the tooth (Dobney et al. 2002, Dobney & Ervynck 2000, 1998). These methods
are reviewed in section 4.9.5, while specific issues related to this application are
discussed here.

5.3.3.1 Perikymata
Using perikymata to determine the age at which a defect occurred requires the ability to
count every perikymata along the tooth surface for establishing periodicity (King et al.
2002). A review of previous research revealed that this had not been done for sheep
and goats.

In the study of the 32 modern and 4 practice sheep molars only one, the M2 of practice
Jaw 3, had visible perikymata towards the CEJ. This could be because perikymata,
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which can be lost by wear, are shallower and broader closer to the cusp. Further down
the enamel surface they become more prominent until the cervix of the tooth is reached
(Boyde 1971).

This gave the first indication that there may be problems in identifying

defects, as slight LEH are identified as differences in the spacing of perikymata width
down the tooth.

The first approach to solving this problem was to try to find representatives in the
occlusal, middle and cervical zone in both surfaces to try to determine an average
spacing. Distances from the CEJ or neonatal line could then be divided by this average
measurement.

This was not possible in the modern samples; however, when the

archaeological teeth were sectioned striae of Retzius and perikymata could be seen
clearer. Measurements were possible in 27 of the 40 archaeological teeth sectioned
(method described in section 5.2.2.3.6), although only consistently towards the CEJ.
While it was possible to take measurements at the CEJ for both the lingual and buccal
surfaces, few measurements were possible towards the occlusal plane except in the
lingual surface. The average measurements are presented in Table 5.2.

BUC OCC
BUC MID
BUC CER
LING OCC
LING MID
LING CER

No.
240
11
3

Average
0.043
0.100
0.040

Table 5.2: Frequency and average measurement (in mm) of perikymata spacing by region of
tooth from archaeological teeth, based on data presented in Appendix Tables 5.18-5.20. Key:
BUC = buccal; LING = lingual; OCC = occlusal; CER = cervical

As again measurements were only possible towards the CEJ a new approach was tried
to see if these structures could be seen macroscopically on the enamel surface using
scanning electron microscopy (SEM).
172

5.3.3.1.1 Determining perikymata spacing using SEM
To check if sectioning at incorrect angles was affecting the possibility of observing
these structures it was decided to see if perikymata could be distinguished from the
surface of the enamel instead. An archaeological sheep/goat mandibular right M1/2 at
Payne‟s wear stage 2A was selected for study under an SEM, in which the anterior
cusps were in wear but the posterior were unworn. No visible pathology or hypoplasia
was noted in the tooth. Examination of the cervical region of the tooth showed it had
not finished forming; it was still in the process of maturing and had sustained some
taphonomic damage.

The highest portions of the cusp surfaces (the middle strips) were polished using
Metadi diamond suspension fluid on a polishing disc to try to remove coronal cementum
and highlight perikymata. Polishing was carried out longitudinally down the tooth so
that this process would not create artefacts in the enamel surface that could be
confused with perikymata. SEM analysis concentrated on the lingual surface, being
flatter and the cementum generally thinner, but also on the posterior cusp as this was
determined to be the best for examination in the histological dental defect study.

For the study of perikymata in this manner it would appear that another method of
removing cementum without damaging enamel needs to be found. Polishing in some
places had not removed enough cementum, while in other places polishing had
possibly removed surface features as well as cementum. Close examination of the
surface showed that in this sample it was only possible to view perikymata at the
bottom of the tooth, where these structures could be clearly seen macroscopically in the
buccal surface by angling away from light source (Figure 5.19).

Measurements of

perikymata were possible cervically on the buccal surface of the anterior cusp and the
lingual surface of the posterior cusp (Table 5.3), because cementum had not yet been
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deposited on this maturing enamel. As this tooth had not finished forming and was
without roots, however, it was not possible to definitively determine which region these
measurements related to.

Figure 5.19: SEM image of perikymata seen on the buccal surface of the anterior cusp of an
ovicaprine molar. Magnification x40, incline 40˚. NB. The base of the tooth is towards the right
of the image

ANTERIOR
BUCCAL

NO.

POSTERIOR
LINGUAL

NO.

AVERAGE

84.92

20

88.22

14

86.28

Table 5.3: Frequency and average measurements (in µm) of perikymata viewed using SEM on
the buccal surface of the anterior cusp and lingual surface of the posterior cusp of a loose
ovicaprine lower M1/2 molar from archaeological site of Snusgar (SG07 cxt 2103 Tr T). Raw
data in Appendix Table 5.21 and 5.22.

5.3.3.1.2 Calculating perikymata spacing
Disparity in the visibility of perikymata in different regions of the tooth could be due to
the different types of perikymata (described in section 3.2.4.3), as those in the occlusal
and mid crown area form very shallow waves that are more widely spaced than those in
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the cervical region.

These differences between perikymata reflect the fundamental

differences in the geometry of the crown formation, affecting the angle of the planes of
striae of Retzius (Hillson & Bond 1997). This has been documented in human dentition.
A similar pattern was seen reflected in sheep molars as in human central incisors
(Hillson & Bond 1997), both of which have a large area of imbricational enamel.
Dividing the tooth into three areas, the occlusal, middle and cervical thirds it could be
seen that the angles of the striae differed greatly; the angles appearing smaller towards
the occlusal plane where striae were more vertical when they met the enamel surface,
than those seen in the cervical region of the tooth. In comparison to human dentition
this would appear to suggest that spacing between perikymata would be greater
towards the occlusal surface than towards the CEJ.

To calculate average perikymata spacing in different areas of sheep molars,
measurements of the angles at the DEJ were taken (at magnification x4) for the three
regions (Table 5.4), as well as perpendicular distances between striae of Retzius (Table
5.5), taken in 19 archaeological teeth. Using the principle of trigonometry it was then
possible to determine average spacing in different regions on the buccal and lingual
sides of the tooth (Figure 5.20). This confirmed that the spacing between perikymata
are larger towards the occlusal plane and showed a slight difference between the
buccal and lingual surfaces. These averages are presented in Table 5.6.

BUC OCC
BUC MID
BUC CER
LING OCC
LING MID
LING CER

No.
4
12
70
15
9
36

Average
3.67°
5.10°
12.16°
3.34°
4.15°
7.54°

Table 5.4: Frequency and average measurement of the angle of striae of Retzius by region of
tooth from archaeological teeth. Key: BUC = buccal; LING = lingual; OCC = occlusal; CER =
cervical Appendix Table 5.29-5.35
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BUC OCC
BUC MID
BUC CEJ
LING OCC
LING MID
LING CEJ
LING INF OCC
LING INF MED

No.
25
137
33
28
30
8
-

Average
0.0075
0.0076
0.0068
0.0063
0.0067
0.0071
-

Table 5.5: Frequency and average measurement of striae of Retzius (in mm) by region of tooth
from archaeological teeth. Key: BUC = buccal; LING = lingual; OCC = occlusal; CER =
cervical; INF = infundibulum Raw data Appendix Tables 5.23-5.28

NB* - not to scale
Figure 5.20: Estimating the spacing between perikymata in different zones of the buccal enamel
of a M1 tooth using average angle measurements and trigonometry.
KEY: E = enamel; D = dentine; O = occlusal; M = middle; C = cervical; CEJ = cementum enamel
junction; SOFR = striae of Retzius

Comparison of the calculated spacing (Table 5.6) with the measurements taken (Table
5.2) indicate that in the lingual occlusal and cervical region these were similar. The
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calculated figures are also comparable to the average perikymata spacing in human
central incisors, which are 100µm in the occlusal region, 70µm in the middle and 50µm
in the cervical region (Hillson & Bond 1997, section 3.2.4.3).

SPACING
BUC OCC
BUC MID
BUC CER
LING OCC
LING MID
LING CEJ

0.117
0.084
0.036
0.117
0.087
0.050

AVERAGE

TOOTH
AVERAGE

0.079
0.082
0.085

Table 5.6: Calculated average perikymata spacing (in mm) for different regions of the buccal
and lingual surfaces of posterior cusp and average spacing by side. Key: BUC = buccal; LING
= lingual; OCC = occlusal; CER = cervical

This study could not, however, establish what proportion of the tooth was represented
by the different spacing of perikymata, which most likely varies gradually through the
tooth crown. It was, therefore, necessary to calculate an average for the lingual and
buccal surface (Table 5.6).

Determining the periodicity of perikymata was also a

problem. It was not possible to consistently view cross striations to produce a count
between striae of Retzius and the distance between striae of Retzius determined by
Schour and Hoffman (1939) was based on 11 measurements of one sheep tooth.
Furthermore, one perikymata might not represent a single striae of Retzius, as the
proportion varies between tooth types (Hillson 1992). It was, therefore, necessary to
determine the length of time one perikymata might represent based on average crown
height measurements (presented in section 5.3.3.2). By dividing 25.2mm, the average
amount of enamel formed between the neonatal line and the CEJ, by the average
perikymata spacing of both sides, 0.082mm (Table 5.6), an average of 307 perikymata
should be found. This figure divided by the 26 weeks during which this amount of
enamel would have formed means that 11.8 perikymata would need to form in a week
or 1.69 perikymata per day.
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5.3.3.2 Crown height measurements
Other studies use the position of the defect in relation to the average height of an
unworn crown to provide an indication of when an incident occurred (Dobney et al.
2002, Blakey et al. 1994). Unfortunately ovicaprine teeth come in to wear several
months before the roots start to develop so it is impossible to determine an average
crown height from one tooth, and as a review of research into sheep dentition showed
that no previous study had calculated this, it was necessary to determine an average
measurement for the lower first molar.

To estimate this, a point on the tooth present in both worn and unworn teeth was
needed; in this case the bottom of the infundibulum (section 3.1), which could be
observed in thin sectioned teeth. To work out an average required measurements to be
taken of modern unworn teeth from the tooth cusps to the bottom of the infundibulum
and further measurements from older individuals from the bottom of the infundibulum to
the CEJ in both the buccal and lingual surfaces (see section 5.2.2.3.6).

Measurements of unworn teeth were taken from the cusp to the infundibulum of 5
modern samples (from Garðar and Plikati); this number was necessarily reduced to 3.
The sample size was so small because teeth examined macroscopically and recorded
using Payne‟s wear stage method considers a tooth as unworn until dentine can be
seen. On histological inspection 2 of the samples had been subject to wear but not
enough to reach the dentine. The posterior cusps of the tooth can be worn on average
up to 0.27mm (270µm) on the lingual cusp and 0.14mm (140µm) on the buccal cusp
before reaching dentine and being considered worn (based on measurements of 5
unworn modern samples – Appendix Table 5.36). It is therefore likely that the tooth will
have been in wear before it is noted. Finally while more teeth need to be sectioned and
measured to increase the sample size, it is difficult to find unworn teeth for which the
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infundibulum is fully formed. Measurements taken from the infundibulum to the CEJ
were only possible for 21 modern teeth due to the process of maturation, so to increase
the sample size the archaeological samples were also measured for a total of 61
measurements for the lingual surface and 58 for the buccal surface.

It was then necessary to determine the average distance and range of the neonatal line
from the unworn cusp tip in both the buccal and lingual surface of the posterior cusp of
the M1. Only unworn samples and those with slight wear to the enamel (included due to
the small sample size) were used and measured perpendicularly from the highest point
of the cusp to the point where the neonatal line met the DEJ.

These results are

presented in Table 5.7 below. Due to problems with sectioning, discussed in section
6.3.2.2.2, the neonatal line was not seen as often on the buccal side and these
measurements are based on only two observations.

BUCCAL
LINGUAL

N
2
10

AVERAGE
5.41
5.56

MIN-MAX
5.25-5.57
4.31-6.55

RANGE
0.32
2.24

Table 5.7: Average distance from the cusp tip to where the neonatal line meets DEJ in mm for
buccal and lingual surfaces (N = no of observations).

An average crown height for the posterior cusp of sheep M1 molar was determined by
adding together the average measurements from the cusp tip to the infundibulum and
the infundibulum to the CEJ.

Having determined these figures the average

measurement to the neonatal line was subtracted to give the average crown height
formed between birth and the CEJ at 6 months, which represents 80% of the total tooth
crown. All the averages are presented in Figure 5.21.
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Lingual

Buccal

Figure 5.21: Average measurements of sheep M1 taken from sectioned teeth, providing
average total crown height for both the buccal and lingual surfaces. Raw data presented in
Appendix Table 5.37 & 5.38.

To assess the distribution of the accentuated striae within a tooth the frequency of
occurrence were plotted by millimetre from the neonatal line to CEJ. Following a similar
method proposed by Blakey et al. (1994), in a study of weaning age in humans, the
total crown height is divided by the time it takes to form. In this study the area from
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birth to the CEJ, an average of 25.2mm, is known to take roughly 6 months to be
secreted, it is possible to divide this into two month increments.

To align the

measurements of defects recorded in the buccal and lingual surfaces, the difference
between the infundibulum and the CEJ on the lingual side is subtracted from the
infundibulum to the buccal CEJ for each tooth. This difference is then added to the
lingual measurements.

An average crown height should be calculated for each population studied, as this could
differ between groups and breeds (Hillson 1986: 242). This was not possible, however,
within this study as it would require the sectioning of a greater number of molars.

5.3.3.3 Comparing perikymata and crown height methods of ageing
developmental enamel defects
To compare these different methods it was decided to test the different approaches,
mentioned above in sections 5.3.3.1 and 5.3.3.2, on modern data to decide the best to
apply in this study. The measurements of 2 accentuated striae of Retzius from the CEJ
in the modern sample ROU/01 (5.12mm and 1.50mm) were used to determine the age
at which these insults occurred.


Perikymata

Dividing the distance between the defect and the CEJ by the average perikymata
spacing measurement (0.082mm) gives the number of perikymata between the defect
and the CEJ. This can be converted to days by dividing by the number of perikymata
formed in a day (1.69). Subtracting this figure from the average 183 days it takes to
form the tooth from birth and dividing the result by the average number of days in a
month (30.5 days) gives the number of months after birth that the defect occurred. This
has been done for the two measurements taken from the modern tooth ROU/01 below
in Figure 5.22.
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5.12mm ÷ 0.082 = 62.4 pk from CEJ
62.4 pk ÷ 1.69 = 36.9 days
183 – 36.9 days = 146.1 days
146.1 days ÷ 30.5 = 4.8 months

1.50mm ÷ 0.082 = 18.3 pk from CEJ
18.3 pk ÷ 1.69 = 10.8 days
183 – 10.8 days = 172.2 days
172.2 days ÷ 30.5 = 5.6 months

Figure 5.22: Calculating age at which accentuated striae occurred for modern sample ROU/01
using average perikymata spacing measurements. Key: PK = perikymata



Crown Height

In this method the accentuated striae are simply plotted as a distance by millimetre from
the CEJ or neonatal line (Figure 5.23). The average distance between the neonatal line
and the CEJ (25.2mm) was then divided into two month periods to which the plotted
striae could be compared. In this case the striation at 5.12mm from the CEJ falls
between 4.5 and 5 months and the striation at 1.5mm is close to 5.5 months.

Figure 5.23: Frequency of accentuated striae by distance from the CEJ in millimetres for the
modern sample ROU/01. NB. grey area indicates the part of the tooth lost to wear

While using perikymata spacing could provide a more precise age at which the defect
occurred, this method is based on average measurements that have been extrapolated
from calculated perikymata spacing. Further studies of ovicaprine dentition are required
to establish decile charts for sheep, like those for humans produced by Reid and Dean
(2000, described in section 4.9.5), which take into account the non-linear rate of enamel
formation. As it is not possible to determine the rate of enamel formation for sheep
molar at this time without further intensive research it is best to continue with the
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hypothesis of constant velocity (Goodman & Rose 1990). Although plotting frequency
of defects by distance from the CEJ in millimetres is a simplified method and timing of
the defect very broadly established, it is patterning within the distribution that should
give an indication of weaning. It is, however, encouraging that the ages calculated from
perikymata spacing (Figure 5.22) are similar to those plotted by millimetre from the CEJ
(Figure 5.23).

5.3.4 Interpretation of age at weaning
Based on the ethnographic and historical accounts of husbandry practices in the North
Atlantic discussed in Chapter 2, it was possible to suggest likely weaning strategies
dependant on whether the desired product is milk, meat, wool or a mixed subsistence
system (section 2.2.3).

Using this data and allowing for differences in birth date it is possible to suggest regions
of the tooth between the neonatal line and the CEJ for which peaks in the frequency
distribution of developmental enamel defects are likely to reflect different production
systems (Table 5.8). Accordingly, distributions plotted by distance from the neonatal
line in millimetres should be compared to this model to interpret the archaeological
results in Chapter 10.

Age

Distance
from neo

birth-1mth
1-2mths
2-3mths
3-4mths
4-5mths

0-4.2mm
4.2-8.4mm
8.4-12.6mm
12.6-16.8mm
16.8-21mm

5-6mths

21-25.2mm

Weaning strategy

2mth periods

weaning milk/meat

0-8.4mm

weaning meat/milk

8.4-16.8mm

weaning meat&/or wool

16.8-25.2mm

Table 5.8: Describing the regions of the enamel within which weaning is likely to indicate a
mixed milk/meat subsistence or optimised meat and/or wool production strategy
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Chapter 6. Methods applied to archaeological samples

This chapter presents details of the archaeological samples analysed as part of the
histological study of developmental enamel defects. Archaeological sites from the Iron
Age and Norse period in the North Atlantic were selected for comparison with the
modern samples but also to highlight changes in herding strategies between the two
periods.

Also outlined in this chapter are the methods used and sites examined as part of a
mortality analysis study. This study was undertaken to aid in the interpretation of the
sites examined as part of the histological analysis and also to assess whether
information gleaned was comparable to that provided by mortality analysis.

6.1 Archaeological sample groups selected for histological
analysis
This thesis is mainly about methodological development and hence could be applied in
any context.

The selection of archaeological samples was largely contingent on

availability of modern comparatives; consequently it was necessary to obtain
archaeological samples from as similar a location as possible. The majority of modern
samples derived from the North Atlantic (section 5.1), where sheep have played a very
important role as indicated in Chapter 2. As a result it was decided to select sites from
Orkney and Iceland.

Since there is literary evidence for the use of ovicaprines for milk in Iceland during the
Norse period (section 2.1.4), it was determined that this period should be studied to see
if milking, as a strategy, could be discerned.

Furthermore, as Scandinavian settlers

had moved to Orkney as well as Iceland during this time it seemed appropriate to select
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comparable Norse sites in Orkney. The Icelandic sites were chosen for their location in
the Mývatnssveit region and proximity to the farms from which the modern samples
derived, Hofstaðir being close to Garðar and Sveigakot close to Gautländ (Appendix
Figure 5.1).

The Orcadian site of Earl‟s Bu was chosen for its high status and

suggested links to the Earl of Orkney being comparable with Hofstaðir, a chieftain‟s
farm. The site of Snusgar was selected because of the availability of the samples, but
also as an example of an earlier site.

The choice of all these sites allowed a

comparison of ovicaprine husbandry between the different islands.

Finally, the

selection of Iron Age Mine Howe afforded the opportunity to examine the possibility of
changes in farming practices and ovicaprine herding strategies between the Iron Age
and Norse period in Orkney.

All sample teeth were selected based on the criteria established in section 5.3.1.3 and
details of sample wear stage and measurements can be found in Appendix Tables 6.1
and 6.2.

6.1.1 Mine Howe, Tankerness, Mainland Orkney n = 8
Mine Howe is an Iron Age site in the parish of Tankerness, located 5 miles east of
Kirkwall (Figure 6.1) on mainland Orkney (Harrison 2005). The site consists of an
underground structure with 28 stone steps leading to a small chamber, 1.3m in
diameter, with a 4m high corbelled stone roof. This structure is set into the top of a
large circular mound (95m across) and surrounded by a 2m deep ditch (Card & Downes
2003). It is believed that the underground structure and the ditch are part of the same
monument, dating to the latter part of the early Iron Age (600-100BC) as there are
similarities in the design and construction with broch sites in Orkney (Card & Downes
2003).
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Figure 6.1: Map of Orkney showing location of archaeological sites examined in histological and
correspondence analysis study.

Outside the ditch to the west of the monument is located a roundhouse, primarily
occupied between 100BC -110 AD (middle Iron Age), and its associated midden
(Harrison 2005). This structure has been identified as a workshop or smithy rather than
a domestic dwelling with evidence of copper-alloy artefact production and iron smelting,
as well as the recovery of the remains of a furnace (Card et al. 2004). The metal
working activity on site is found to have continued into the later Iron Age. It is believed
that the presence of the metalworking structure is likely to have enhanced the status
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and importance of the site (Card & Downes 2003), which is supported by the discovery
of „high status‟ artefacts such as brooches and Roman glass (Harrison 2005).

The 150 ovicaprine mandibles were recovered from the fills of the ditch around the
monument and the midden surrounding the workshop structure during the excavations
between 2000 and 2005. From this total only 8 mandibles were found to fit the criteria
for histological study (section 5.3.1.3).

6.1.2 Snusgar, Sandwick, Orkney n = 6
The „Castle of Snusgar‟ mound known as Snusgar is located 30m inland of the Bay of
Skaill (Figure 6.1), on the east coast of the mainland of Orkney (Griffiths 2005).
Excavations have revealed well preserved structures and a complex series of building
phases, some with stone walls present to almost full height (Griffith et al. 2008). A large
longhouse has been identified with the byre end separated from the dwelling space by a
wall (Pitts 2008); the curvilinear walls of this structure suggesting it dates to the Viking
age period (Griffith et al. 2008). The entrance to this building opens onto a paved area
opposite a series of steps leading to another building (Pitts 2008) dating to the late
Norse/medieval period (Griffith et al. 2008). Radiocarbon dates have shown that the
site was occupied between c. AD 1000-1200 and buried by a sandstorm in the mid 15th
century (Pitts 2008).

Six jaws were chosen from the 21 recorded from the excavation period 2004-2006. As
the excavations at the site are on going and as such phasing has not yet been
determined, these jaws are from different trenches excavated in different mounds.
These mandibles, therefore, represent the husbandry practices for the site in general.
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6.1.3 Earls’ Bu, Orphir, Orkney n = 6
The Norse site of Earl‟s Bu, in the parish of Orphir on mainland Orkney, is located on a
slight incline on the north shore of the Scapa Flow (Figure 6.1). The site has a history
of excavation dating back to 1859 with the most recent occurring in 1993 (Batey 2003a)
and includes the remains of the Round church and Norse hall believed to have been
mentioned in the Orkneyinga saga for the year 1135 as a residence of Earls Paul and
Harald (Graham-Campbell & Batey 1998). The Earl‟s estate is described in the saga as
a large farmstead “standing on the hillside sloping down behind the farm buildings….
There was a great drinking hall at Orphir, with a door at the south wall near the eastern
gable, and in front of the hall, just a few paces down from it, stood a fine church
(Pálsson & Edwards 1981: 125, chapter 66).” The name bu´ refers to a farm estate in
Icelandic (Thomson & Simpson 2006).

Near the remains of the Round church, believed to have been built by Earl Hakon
Paulson after his crusade to Jerusalem, other structures were uncovered during
excavations in the 1930s. While these were traditionally thought to be the remains of
the „drinking hall‟, they are difficult to interpret but have been dated to the Late Norse
period (11th-15th centuries) (Batey et al. 1992). Later excavations, between 1978 and
1993, adjacent to the Bu site have uncovered a stone under-house and head and tail
race of a horizontal mill built during the Viking period (Graham-Campbell & Batey 1998).
This structure was overlain by midden material dated to the 11-12th century, likely to be
contemporary with the occupation of the hall, and by later middens from the 13-14th
centuries (Mainland 1995). The presence of the horizontal mill within this Late Norse
estate strongly suggests that Earl‟s Bu was a site of high-status activity on mainland
Orkney (Batey 2003b).
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Six mandibles were chosen for histological analysis from the 43 jaws available (not
including modern/unstratified contexts) from the identified faunal remains from the 1314th century late Norse midden.

6.1.4 Hofstaðir, Mývatnssveit, Iceland n = 10
Hofstaðir is located in the upper Laxá river valley on the west side of Lake Mývatn in
northeast Iceland (McGovern et al. 2006a).

Excavations revealed a working farm

(McGovern et al. 2007) established immediately after the deposition of the Landnám
tephra, during the first period of settlement (Landnám from Old Norse: land take) in ca.
AD874.

When the site was first discovered in 1908 the long house was initially

interpreted as a large feasting hall or pre-Christian Norse temple-farm of high status
due to its unusually large size (Simpson et al. 1999), although this led to prominent
debate. The hall structure (Area AB, Figure 6.2) measured more than 40m long and 9m
wide (Simpson et al. 2004) or 270m2, in comparison to most Viking age halls which
range between 60-90m2 (McGovern et al. 2007); this is now thought to be the hall of a
major chieftains farm in the 10th century (McGovern et al. 2006a). Excavations also
revealed an oval pit house (Area G) measuring 6.7m by 5.75m probably one of the first
buildings occupied on site adjacent to the main structure (Simpson et al. 2003,
McGovern et al. 2007). The site was still occupied until the early 12th century but by
then was a upper/middle ranking farm, not elite (McGovern et al. 2006), before finally
being abandoned by 1158 AD (Simpson et al. 2003, Vésteinsson 2004).

Excavations conducted between 1992 and 2001 by the Archaeological Institute of
Iceland produced a large collection of faunal remains from the sites middens spanning
the 10th to early 12th centuries of occupation (McGovern et al. 2006a). The midden
material from which the mandibles were recovered (Phases 1 and 2&3) were excavated
from structures G and E (McGovern et al. 2009). Of the 87 mandibles available for
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sectioning, not displaying dental pathology (especially broken mouth), ten were
selected. All jaws were from Area G, with 1 exception from Area A (Figure 6.2). These
are dated to c. 940-1050AD.

Figure 6.2: Plan of Hofstaðir, Iceland (after McGovern et al. 2007: 32)

6.1.5 Sveigakot, Mývatnssveit, Iceland n = 10
Sveigakot is the site of a low status farm in the Mývatnssveit region of Iceland
(Vésteinsson 2004) located less than 12 km south of Hofstaðir, on the east side of the
Kráká river (McGovern et al. 2006a). The earliest occupied buildings were found to be
a series of small sunken dwellings (Area T) dated to shortly after the AD871± 2
Landnám tephra (Simpson et al. 2004), which were replaced by a small Viking age long
house (60m2, Area S) in the late 10th century AD (McGovern et al. 2007, Simpson et al.
2004).

This structure had seen some modification during its occupation, with one

period of abandonment only a few decades after its construction.

The site was

reoccupied during the 11th century when the house was made smaller by 35m2,
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suggesting the later household was less prosperous than the original settlers. The site
was finally abandoned by the early 13th century (McGovern et al. 2007). Excavation
also recovered significant faunal remains from within the sunken building (Area T) and a
large sheet midden (Area M), which have been divided into three main phases. Animal
bone from Area M (Phase AU 1 and 2) were dated to late 9th to mid 10th century AD,
while in Area T, Phase AU 3 provided remains dated to the reoccupation of the long
house during the later 11th to early 12 century AD (McGovern et al. 2004b). The 10
jaws selected from the 98 available were all recovered from Area T (Phase AU 3)
therefore represent the later occupation of the longhouse, between 1030-1170AD
(McGovern et al. 2004b).

6.2 Summary of methods applied to archaeological samples in
the histology section
Teeth were embedded and sectioned following methods in section 5.2.2.3.4. These
sections were then examined for the presence of a neonatal line and developmental
defects. Measurements of the relative position of defects were recorded in relation to
the neonatal (where identified) or alternatively the CEJ, following methods described in
section 5.2.2.3.6.

This data was then plotted as a frequency distribution by distance from the CEJ by
individual tooth and by sample group to determine the age at which these insults
occurred and note any trend in order to identify the herding practice employed (see
section 5.3.4).
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6.3 Analysis of mortality patterns and species representation of
selected North Atlantic sites.
Mortality analysis was undertaken firstly to provide a basis for understanding sheep
husbandry during the Iron Age and Norse periods in the North Atlantic and to aid in the
interpretation of the sites examined as part of the developmental enamel defect study.
This analysis could not be limited to those sites as they were too few to identify trends
using NISP and correspondence analysis (CA).

This more extensive analysis,

however, does not attempt to provide a comprehensive review of sheep husbandry
through time in the North Atlantic, as this was beyond the remit of this thesis.

A

secondary aim was to assess these techniques, as methodological comparatives for the
histological techniques being developed as part of this research. This approach also
allows an assessment of how much additional information can actually be gleaned from
the histological study, especially in comparison to the new CA approach.

Firstly the relative proportions of ovicaprine remains to the other domestic species on
site were compared to gain an understanding of the importance of sheep and goats
within the economy of the site. Mortality analysis was conducted using two methods.
The first method was to identify ovicaprine culling profiles from the demographic
structure of the herd using Payne‟s production models and survivorship curves to
distinguish which production strategy was employed. Correspondence analysis was
applied to the mortality data to see if differences between a large number of mortality
profiles were statistically different, as Helmer et al. (2007) argue that this method of
interpretation is not distorted by subjectivity like Payne‟s culling profiles.

6.3.1 Sites examined as part of mortality analysis
To help with the identification and interpretation of patterns within the developmental
enamel defect data it was decided to compare the histological results with mortality data
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derived for other North Atlantic Iron Age and Norse sites. The sites examined as part of
the histological study are therefore included, while Greenland and the Hebrides are also
included to provide the widest possible context with regards to Iron Age and Norse
husbandry. The sites selected represent all those published with comparable wear
stage data (ie using Payne or Grant‟s method) for which more than 10 jaws were
recordable. General descriptions of the sites listed below in Table 6.1 are presented in
Appendix 6.1.

Region

Period

IA
Orkney
Norse

Hebrides

IA

Norse

Iceland

Greenland

Norse

Norse

Site
Pool
Tofts Ness
Howe 7
Howe 8
Mine Howe
Pool

No.
Jaws
53
42
84
72
150
174

Snusgar

21

Earl‟s Bu
Dun Vulan
Cill Donnain
Cille Pheadair
Bornais
Baleshare
Hornish Point
Bornais
Hofstaðir 1
Hofstaðir 2&3
Sveigakot 1&2
Sveigakot 3
Hrísheimar
E71s
V52a
V51
GUS

36
114
18
219
10
49
12
38
87
90
14
84
12
61
35
14
20

Source
Mulville et al. 2005
Serjeantson & Bond 2007a
Smith 1994
Mainland per. comm.
Mulville et al. 2005
Ewens & Mainland 2006, 2007, Ewens
et al. 2010
Mainland per. comm.
Mulville et al. 2005

Halstead 2003, Mulville et al. 2005
Mulville et al. 2005
McGovern et al. 2009
McGovern et al. 2004b
McGovern & Perdikaris 2002
Mainland & Halstead 2005
Enghoff 2003

Table 6.1: North Atlantic sites examined as part of the mortality analysis, number of jaws and
sources of the wear stage data.
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6.3.2 Methods used in the analysis of mortality profiles and
species representation
The following section outlines the methods employed in studying species representation
(triplots) and mortality analysis (mortality profiles and correspondence analysis).

6.3.2.1 Triplots
To determine the importance of ovicaprines on a site, as an indicator of husbandry
practices and food procurement strategies, it was necessary to compare the quantity of
remains of this taxon recovered to that of the other domesticated species. The easiest
method of quantifying absolute abundance and most frequently presented in faunal
reports is the Number of Identified Specimens or NISP (O‟Connor 2000). To allow
direct comparison of different assemblages, however, it is necessary to convert this
data to relative abundance (O‟Connor 2010); this was done by converting NISP data for
each species to a percentage of the total or % NISP.

Triplots or ternary diagrams were created to compare the relative percentages (%
NISP) of the domesticated species (cattle, sheep/goat and pig) on these sites, in which
the sides of the triangle represented a percentage scale (Shennan 1997: 312).
Percentages were calculated from NISP data (presented in Appendix Table 7.1 & 7.2)
and triplots were produced by the computer program TriDraw 4.5a (Hualde 2005).

6.3.2.2 Mortality Profiles
Mortality profiles were used for comparison with CA plots and for interpretation
purposes. The relative percentage of individuals that died at each age group (Payne‟s
A-I stages) were calculated for each site and plotted as bar charts using Excel. The
data for this presented in Appendix Tables 7.3-7.7. Payne‟s ageing system (section
3.1.5.1) was used because most site reports used this method. It was not possible to
use the more refined systems proposed by Jones (2006) and Greenfield and Arnold
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(2008) (Appendix 3.6) because the published data was not presented in a form that
could be converted.

Percentage survivorship was also calculated for each site

(Appendix Tables 7.3-7.7) and plotted as a line graph in comparison to Payne‟s optimal
models (see Figure 1.1).

6.3.2.3 Correspondence analysis plot
CA is a statistical method of looking for patterning, in terms of counts or
presence/absence data, by removing the effect of differential assemblage size. As an
ordination method CA compresses the information of a large number of variables (in
this case Payne‟s wear stages) into a much smaller number of variables, ideally two or
three, with the loss of as little information as possible (Shennan 1997: 266-7). The data
is then presented in scattergrams in terms of these variables to note any trends or
groupings. Mortality data presented in this way should highlight any patterning in sites,
with those displaying similar mortality profiles being gathered together in the scatterplot.
Atypical sites would also be identified as outliers. This method is, therefore, being used
to identify relationships between sites which may not be obvious looking at histograms
or survivorship curves.

CA was applied to the NISP per age class (Payne‟s A-I) by site and/or occupation
phase. These assemblages and variables (Payne‟s wear stages) were then plotted in
two dimensional symmetric CA space using Canoco for Windows 4.5 (Braak & Smilauer
1997-2002) and CanoDraw for Windows 4.0 (Smilauer 1999-2002). The data used in
this analysis is presented in Appendix Table 7.8.

6.3.2.3.1

Refining Payne’s model for interpretation of correspondence
analysis results in North Atlantic context

While Payne‟s theoretical models of optimal management strategies are important for
indicating herding strategies that enhanced the potential for single goal production it
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does not identify mixed subsistence economies or different production strategies
producing similar harvest profiles (Halstead 1998). For this reason Vigne et al. (2007)
and Helmer et al. (2007) came up with additional profiles (Appendix Table 7.9) based
on modern herding systems in the south of France to interpret their correspondence
analysis.

Due to differences in the climate and landscape between southern Europe and the
North Atlantic region, however, there are variations in ovicaprine farming techniques
and times. To be better able to interpret mortality profiles, therefore, it was necessary
to understand and account for differences between southern France and North Atlantic,
making adjustments to the model by Helmer et al. (2007) accordingly (Table 6.2).
Archaeological and historical evidence has shown that, with the exception of
Greenland, sheep have mainly been utilised for mixed subsistence (section 2.1.6);
where maximising the returns is important and rearing animals for milk would not
preclude farmers from collecting meat and wool as well.

Payne‟s (1973) optimum model for milk production (dairying) shows that most lambs
and kids in dairying herds are killed early, to release milk for human consumption but
also as they compete with milking females for pasture (Halstead 1998); historically in
Iceland, however, farmers only killed lambs at birth in bad years when to suckle them
would kill the ewe (Adalsteinsson 1991).

This seems to follow the old Norwegian

system of mixed milk and meat production where it was not usual to kill lambs during
the first year but rather wait until the following autumn (roughly 18 months) to allow
these animals a whole year to put on weight (Bergsåker 1978). This was also desirable
as these animals would have produced one clip of wool. When lambs are killed at
around the time of weaning, at 4-5 months (wear stage B), in autumn it can be
concluded that milk was more important (Thorgeirsson & Thorsteinsson 1989). This
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culling could also signify that there are restrictions on fodder and that supplies are
insufficient to overwinter surplus animals. This fits with Payne‟s mixed milk and meat
model where animals are killed prior to their first winter at 6-9 months if winter feed is
scarce (Payne 1973). Both ewes and does can provide milk until between 4-7 years old
(wear stage G) (Davis 1984, Naudé & Hofmeyr 1981, Gall 1981a), a culling of adult
females of this age would, therefore, also suggest a system where milk was being
exploited by humans.

Wear
Stage/Age

Description

Product

A
0-2 mth

Culling lambs for milk production

Intensive
Milk

B
2-6 mth

Culling lambs for meat (fodder issues), culling
occurring in autumn as not enough fodder to over
winter stock

C
6-12 mth

Culling yearlings for meat „tender meat‟, allowed
to put on more fat prior to killing

D
1-2 yrs

Culling for meat at maximum weight

Milk & Meat

Meat

E
2-3 yrs
F
3-4 yrs
G
4-6 yrs
H
6-8 yrs
I
8-10 yrs

Continuation of culling males for meat at
maximum weight, culling of milking females
because of decreased milk yield
Culling females because of decreased milk yield &
breeding females because of decreased lamb
production
Continuation of culling breeding females and
culling of adult wethers due to decreased quality
of fleece
Continuation of the culling of adult wethers and
final adjustment of herd structure

Milk & Meat

Intensive
Wool

Table 6.2: Ovicaprine herding strategies in North Atlantic based on ethnographical and
historical data for the interpretation of correspondence analysis plots of mortality profiles.

Wool is best from mature animals (Hurst 2005: 45), in particular wethers and barren
sheep. To increase production of wool in ewes, it is necessary to replace sheep stock
rapidly and feed well (Ingimundarson 1992).

This competes with sustaining many
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lambs, which are not able to produce wool until a year old (Ryder 1993). Intensification
of wool production, therefore, means more wethers and fewer young, with many lambs
culled between 4-6 months, which has low meat production efficiency (Ingimundarson
1992). This would show in the mortality profile as a culling of animals at around 6-8
years old (wear stage H) when wool quality starts to fall (Payne 1973); these animals
were usually slaughtered in autumn when the outlook for winter was bad (Adalsteinsson
1991).

Payne‟s (1973) meat model suggests that killing is optimal at between 18 and 30
months (1.5-2.5 years) but 2-3 years is more likely if winter feeding presents no
problems. It is known that the Orkney sheep take up to 3-4 years to reach maturity
(Ryder 1983: 533); it is likely, therefore, that other Northern short-tail breeds in the
North Atlantic (the Shetland, Icelandic and Faroe sheep) would have reach maturity at a
similar time. The slaughter of these older animals would be more optimal. Kids in
contrast attain 80% of their adult weight by 18 months (Trodahl et al. 1981). It is,
therefore, possible that meat production in the North Atlantic region would be
represented by the culling of animals between wear stages D and F (1-4 years).
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Chapter 7. Results of Mortality Analysis

This chapter presents the results of a triplot analysis of domesticated species
representation, conventional mortality profiles for sheep/goat based on Payne‟s wear
stages and correspondence analysis of selected North Atlantic sites for comparison to
the histological study (Chapter 12). The sites are discussed individually, by geographic
location and period, with a summary of the trends.

Mortality profiles are used for

comparison with correspondence analysis (CA) plots to check the validity of the results
as well as for interpretation purposes.

7.1 Results of triplot analysis of species representation
Triplots were produced to compare the relative percentage of the three main domestic
species (sheep/goat, cattle and pig) on each site. These were used to determine the
relative importance of ovicaprines, as an indicator of husbandry practices and food
procurement strategies. Figures 7.1 and 7.2 present the data for the Iron Age (IA) and
Norse period sites respectively, while Figure 7.3 shows the distribution by location and
period for all sites allowing overall trends to be identified.

To clarify the relationship between sheep/goat and cattle utilisation, with regards the
potential for milking, a direct comparison was also made between these species and is
presented in Figure 7.4 and Table 7.1.

7.1.1 Orkney Iron Age sites
Both Pool and Howe showed roughly equal usage of cattle and sheep, between 3050%, while pig utilisation lay between 10-20%. There was, however, a change over
time between the early and late Iron Age occupation phases at Howe with cattle

199

becoming less dominate over sheep/goat and an accompanying increase in the
importance of pig from 16% to 21% of the total domesticates. In contrast, Tofts Ness
and Mine Howe indicate greater emphasis on particular species.

Tofts Ness displayed a clear emphasis on ovicaprines (67.02%) and the lowest
percentage of pig on Orkney IA sites examined, at 2.18%. By contrast Mine Howe was
shown to have the highest percentage of cattle (59.70%), with a much lower
representation of sheep/goat (25.88%).
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Figure 7.1: Triplot graph of Iron Age sites on the North Atlantic islands of Orkney and the Outer
Hebrides in terms of the percentage of domestic species sheep/goat, cattle and pig.
Key: Orkney = black; Hebridean = open.

7.1.2 Orkney Norse sites
Two of the three Norse Orcadian sites follow roughly the same pattern as IA Pool and
Howe. At Snusgar and Norse Pool cattle and sheep/goat appear to be regarded as
equally important (between 40-50%) while again pig has a low representation at roughly
10%. Comparing the ratio of cattle to ovicaprine there seems to have been little change
at Pool between the IA and Norse periods, with only a slight decrease in the
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representation of cattle from 43.81% to 41.36% and a slight increase in sheep/goat
from 43.79% to 49.46%.

The exception is Earl‟s Bu which while having a similar

percentage of cattle to Snusgar (49%) has the lowest amount of sheep/goat at 27% and
the highest representation of pig at 24%.

7.1.3 Hebridean IA sites
Dun Vulan, Cill Donnain and IA Bornais are clustered on the plot (Figure 7.1), with a
ratio of sheep/goat to cattle between 40 to 50%, and pig comprising less than 20% of
the major domesticate species on site. The other two IA sites examined, Hornish Point
and Baleshare, have a much higher percentage of ovicaprines, closer to 60% (59.63
and 59.67% respectively) with cattle at 28.21% and 34.44% respectively. Dun Vulan
has the highest percentage of pig at 15.78%.
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Figure 7.2: Triplot graph of Norse sites on the North Atlantic islands of Orkney, Hebrides,
Iceland and Greenland in terms of the percentage of domestic species sheep/goat, cattle and
pig. Key: Orkney = open; Hebridean = light grey; Icelandic = black; Greenlandic = dark grey
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7.1.4 Hebridean Norse sites
The two Norse Hebridean sites Bornais and Cille Pheadair have very similar species
representations, 55% sheep/goat, 35% cattle and 10% pig (Figure 7.2). Comparing
species representation at Bornais between the IA and Norse period, a shift in emphasis
can be seen with an increase in sheep/goat of 8% and a decrease in cattle of 10%.

7.1.5 Icelandic sites
The Icelandic sites of Hofstaðir and Sveigakot have a much higher representation of
ovicaprines, between 60-80%, than is evident in Orkney or the Hebrides, with much
lower numbers of cattle at 20-30% and with pig at less than 10%. There is, however, a
slight change in emphasis between Sveigakot Phase 1&2 and Phase 3, with an
increase of sheep/goat from 65.21% to 78.13% and at the same time a large reduction
in pig, from 7.69% to 0.79%. At Hofstaðir there does not appear to have been much
change in species utilisation between Phase 1 and Phase 2&3, with an average of 73%
sheep/goat, 24% cattle and 3% pig. At both Hofstaðir and Sveigakot pig remains do not
represent more than 10% of the domesticated species. Hrísheimar is the exception to
this pattern with pig present at 24%, the highest percentage of all the North Atlantic
sites examined. This also coincides with the lowest representation of cattle at 15%.

7.1.6 Greenlandic sites
Unlike the other Norse settlements examined, very little pig remains (less than 1%)
were recovered from any of the Greenlandic sites studied. There also appears to be no
clear pattern between the Greenlandic sites.

E71s and GUS have a very high

percentage of sheep/goat at nearly 80% to 20% cattle, V52a has roughly equal
proportions of ovicaprines and cattle, while V51 has a low proportion of sheep/goat
(34%) to cattle (66%).
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7.1.7 Summary
The Iron Age sites in Orkney and the Hebrides exhibit an emphasis on ovicaprine and
cattle (Figure 7.3). The majority of sites display roughly similar proportions of these
domesticated species with 40-50% cattle, 40-50% sheep/goat and 10-20% pig. The
exceptions are a small group of sites, Tofts Ness, Baleshare and Hornish Point, which
have a strong emphasis on sheep/goat (67%, 60% and 60%, respectively) while in
contrast at Mine Howe, the emphasis is on cattle where relatively few sheep were
identified (26%) (Figure 7.1). At the multi-phased Howe, cattle became less dominant
over sheep/goat with an increase in the importance of pig from 16-21% of
domesticates.
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Figure 7.3: A combined triplot of Iron Age and Norse sites in the North Atlantic. Key: IA = open;
Norse = black.

When looking at the Norse sites in Orkney (Figure 7.3) similar proportions of
domesticated species are seen as in the Iron Age sites, again with a 40-50% emphasis
on both sheep/goat and cattle. An exception is the Earl‟s Bu which has a very much
higher percentage of pig (24%). Conversely, it also has less than 30% representation
of ovicaprines (Figure 7.2). The Hebridean Norse sites, Cille Pheadair and Bornais, fall
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closer to Baleshare and Hornish Point on the graph illustrating a slight increase in
dominance of sheep/goat remains (55%) over cattle (35%) at these sites.

In

comparison with the Scottish Isles, the Icelandic sites have a very much higher
percentage of sheep/goat, between 60-80%, with cattle only present on site at between
20-30%. The exception to this pattern is Hrísheimar which has the lowest percentage
of sheep/goat (61%) and cattle (15%), but the highest proportion of pig at 24%. There
is also a slight change over time at Sveigakot between phases with an increase in
sheep/goat of 13% and a large reduction in pig from 7.69% to 0.79%.

While very little or no pig remains were recovered from all the Greenlandic sites (ie. less
than 1%), big differences can be seen between the importance of sheep/goat and
cattle.

At E71s and GUS both have a very high proportion of ovicaprines

(approximately 77%), while at the other end of the extreme V51 has 41%
representation.

7.1.8 Cattle to ovicaprine ratio
The graphs in Figures 7.1-3 include pig to gain an overall understanding of the relative
contribution of domesticated species to the economy of the sites considered across the
North Atlantic, as this will affect the utilisation of milk, meat and wool for each species.
Of specific interest to this thesis, however, is the importance of milk, which is not
derived from pigs.

A further graph was thus produced to look only at the relative

importance of milk producing species, namely cattle and sheep/goats.

In this

comparison (Figure 7.4 and Table 7.1) it can be seen that the inclusion of pig had
affected the ratio of sheep to cattle, at sites such as Earl‟s Bu, Howe 8 and Hrísheimar
with higher proportions of pig, in all cases in favour of sheep/goat. It also allowed a
more direct comparison with the Greenlandic sites for which very little or no pig remains
were recovered.
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Figure 7.4: Percentage of sheep/goat to cattle for all North Atlantic sites.
Nb. Graph arranged with Iron Age sites on right hand side and Norse on the left.
Key: HSH = Hrísheimar; HOF = Hofstaðir; SVK = Sveigakot
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HOWE 7
HOWE 8
MINEHOWE
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50.01
59.93
45.32
69.76
31.48
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49.99
40.07
54.68
30.24
68.52

POOL N
EARLS BU
SNUSGAR

45.54
64.97
55.55

54.46
35.03
44.44

44.64

BORNAIS IA
BALESHARE
H POINT
D VULAN
C DONNAIN

47.9
36.59
32.11
37.12
47.91

52.1
63.41
67.89
62.88
52.09

59.67

BORNAIS N
C PHEADAIR

40.23
38.17

59.77
61.83

60.8

HSH
HOF 1
HOF 2&3
SVK 1&2
SVK 3

21.63
26.2
27.47
29.36
21.24

78.37
73.8
72.53
70.64
78.76

74.82

E71s
GUS
V51
V52a

22.51
27.45
58.56
37.37

77.49
72.55
41.44
62.63

63.53

GREENLAND

48.68

Table 7.1: Percentage of cattle to sheep/goat for
all sites
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Percentage of cattle to sheep

7.2 Results of Mortality Profiles
Payne‟s wear stages for each site were used to create mortality profiles (Figures 7.5-6)
and percentage survivorship or mortality curves (Figures 7.7- 7.12) for comparison with
Payne‟s optimum culling strategies. The results of this analysis are summarised here
and discussed in greater detail in Appendix 7.1.

7.2.1 Summary
All the IA sites in Orkney considered in this study have little or no representation of
neonatal ovicaprine mandibles (ie. 0-2months, wear stage A). The exception to this is
the site of Howe which in the earlier Phase 7 has the highest percentage of wear stage
A (17%) of all North Atlantic sites examined. In comparison with the Norse sites for this
region there is a slight shift over time in favour of killing older animals at stages D and E
(1-3 years).

Comparing the IA with Norse occupation at Pool, however, very little

difference can be seen in the mortality plots.

At the Hebridean IA sites there appears to be an emphasis, with the exception of Cill
Donnain, on the culling of ovicaprines between 6-12 months, although the other wear
stages are present at varying proportions. At Cill Donnain the emphasis is between 2-3
years (E). Both Baleshare and Hornish Point lack individuals in wear stage D (1-2
years); a pattern not seen in any of the other North Atlantic sites. Between the Iron Age
and Norse period occupation at Bornais there is a change to utilising older animals,
from stage C to D, while the Norse site of Cille Pheadair shows a small emphasis at 4-6
years (G).

There doesn‟t appear to be any real pattern in distribution between the Icelandic sites
examined, except for a dearth of individuals aged between 2-6 months. Both multi-
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phased sites Hofstaðir and Sveigakot show a change in herding strategy through time
with the emphasis on culling slightly older individuals in later periods.

Comparing the Greenlandic sites there appears to be a slight similarity between the age
distributions of the sites GUS and V51 with the highest number of ovicaprines dying at
stages G and E.

The other Greenlandic settlements of E71s and V52a show

completely different distributions. E71s has a higher younger mortality rate at between
6-12 months (C) while V52a has a greater representation of senile individuals (HI) and
mature adults (F).

Finally, the most noticeable trend seen as part of this study is that very few of the sites
examined have neonatal mandibles recovered and then only at very low percentages.
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Figure 7.7: Survivorship curve of Orcadian Iron Age sites plotted with Payne‟s optimum
economic strategies. Nb. IA Pool = Phases 5 & 6; Tofts Ness = Phase 6.

Figure 7.8: Survivorship curve of Orcadian Norse sites plotted with Payne‟s optimum economic
strategies. Nb. Norse Pool = Phases 7 & 8
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Figure 7.9: Survivorship curve of Hebridean Iron Age sites plotted with Payne‟s optimum
economic strategies. Nb Iron Age Bornais = Mound 1

Figure 7.10: Survivorship curve of Hebridean Norse sites plotted with Payne‟s optimum
economic strategies. Nb. Norse Bornais = Mound 1 & 3
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Figure 7.11: Survivorship curve of Icelandic sites plotted with Payne‟s optimum economic
strategies

Figure 7.12: Survivorship curve of Greenlandic sites plotted with Payne‟s optimum economic
strategies
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7.3 Results of Correspondence Analysis
Correspondence analysis (CA) was applied to the ovicaprine mortality data (based on
NISP per site and age class) to determine if any patterning in the distribution could be
discerned and whether this could be attributed to a particular herding strategy as
described in section 6.3.2.3.1. The six variables (Payne‟s wear stages) were plotted
into a two-dimensional symmetric CA space for comparison with the distribution of the
assemblages, seen in Figure 7.13.

Correspondence analysis is a statistical method of looking at patterning, in this case
based on Payne‟s wear stages, such that sites which have similar trends in their
mortality data will cluster together on the graph, while those most dissimilar will be
situated at greater distances from each other. These plots can also be used to tell
which variables (wear stages) contribute to the clustering by looking at their position
with regards to each other and proximity to the average or central point of the plot.

Due to the relatively short period of time that wear stages A and B represent, and the
small numbers involved, these categories were combined; due to the relatively low
numbers of old animals in these assemblages, categories H and I were also
amalgamated.

Studying the distribution of sites on the CA plot (Figure 7.13), in

particular those sites closest to category AB (Howe 7, Tofts Ness and Dun Vulan), there
did not appear to be any common trend between these sites. When comparing the
percentage and NISP for wear stages A, B and C for these three sites (shown in Figure
7.13) the site closest to AB, Dun Vulan, has a lower percentage and NISP for these
stages than Howe Phase 7 which is further away. It seemed, therefore, possible that
category A was skewing the data, so was excluded from the data presented in Figure
7.14. It was possible to do this as very few of the sites studied had neonatal ovicaprine
remains; this category represented only 4% of the total NISP and half the sites
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examined had no neonatal mandibles. As this did not seem to be a major culling age, it
therefore appeared likely that an optimal dairying system, as defined by Payne (1973),
was not employed at the North Atlantic sites which are the focus of this study.

In the second plot (Figure 7.14) the removal of wear stage A changed the distribution
only very slightly, the most noticeable difference being the separation of wear stages F
and G. Stage F was drawn below the horizontal axis closer to stages B and C, while G
is pulled towards stage E.

Consequently Mine Howe was also drawn below the

horizontal axis and Howe 7 was moved towards Howe 8 between stage B and F, while
it was closer to AB in Figure 7.13. Apart from these few adjustments the locations of
the rest of the sites do not appear to have been greatly affected. For these reasons it is
believed justified to use the adjusted Figure 7.14 for the analysis of these assemblages.
This data is also presented in separate plots for the IA (Figure 7.15) and Norse (Figure
7.16) Northern and Western Isles sites, as well as for the Icelandic (Figure 7.17) and
Greenlandic sites (Figure 7.18) to aid in the interpretation of trends and clustering.
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Figure 7.13: Correspondence analysis symmetric biplot of all North Atlantic sites (defined by Axis 1 32.6% variance; Axis 2 58.4% variance).
Key:  = Orkney (empty, IA; filled, Norse);  = Hebrides (empty, IA; filled Norse); = Iceland;  = Greenland. Nb. Histogram show
percentage by wear stage, while numbers above are NISP for stages A, B and C. Raw data presented in Appendix 7.8.
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Figure 7.14: Correspondence analysis symmetric plot of North Atlantic sites, omitting data on
wear stage A (defined by axis 1, 34.7% variance and axis 2, 61.0% variance). Key:  = Orkney
(empty, IA; filled, Norse);  = Hebrides (empty, IA; filled Norse); = Iceland;  = Greenland

7.3.1 Iron Age Orkney
IA Pool falls closest to the middle of the plot (Figure 7.15) and is, therefore, closest to
the average distribution of wear stages for all the assemblages examined. Its location
puts Pool nearest to wear stages F, G and D. Phases 7 & 8 at Howe are very closely
clustered and fall between wear stage B and F, suggesting that there was little change
in culling strategies over time at this site. Mine Howe is close to wear stage F, while
Tofts Ness is close to C but between stages B and C. The pattern of distribution for the
IA Orcadian sites, therefore, fall in the region of wear stage B, C and F below the
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horizontal axis and to the left of the vertical, with the exception of Pool which lies on the

2.0

vertical axis.
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Figure 7.15: Correspondence analysis symmetric plot of Iron Age Orcadian and Hebridean
sites, omitting data on wear stage A (defined by axis 1, 34.7% variance and axis 2, 61.0%
variance). Key: Orkney = triangle; Hebrides = star.

7.3.2 Norse Orkney
Examining the distribution of Norse Orcadian sites (Figure 7.16) there does not appear
to be any discernable pattern. The Norse phase of occupation at Pool is located near
to the IA phase (Figure 7.16) but is pulled closer to G and D, then F. Earl‟s Bu is an
extreme outlier beyond E on the plot; while the site of Snusgar lies between C and D.

7.3.3 Iron Age Hebridean
All the IA Hebridean sites are below the horizontal axis (Figure 7.15), closest to the
younger wear stages B and C with the exception of Cill Donnain which is out beyond E
above the horizontal axis, although unlike Earl‟s Bu there is a closer association with
wear stage G. Both IA Bornais and Dun Vulan are located closest to wear stage B
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despite a close proximity to C. Baleshare and Hornish Point are outliers, the closest
wear stage to which is C. These sites appear to have been pulled out because of the
relatively high proportion of older individuals and a lack of individuals aged 1-2 years
(Payne stage D).

7.3.4 Norse Hebridean
As there are only two sites representing this group no real pattern could be determined
in the distribution of ovicaprine mortality data (Figure 7.16). Unlike the IA phase of
occupation at Bornais the Norse plot is located close to Payne stage D, showing a shift
to slightly older individuals. Cille Pheadair is most associated with wear stage F (3-4
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years).

6 Pool Norse
7 Earl‟s Bu
8 Snusgar
14 Bornais Norse
15 Cille Pheadair

7

E
D
G

14
HI

6
15

F

8

B

-1.5

C

-1.0

2.0

Figure 7.16: Correspondence analysis symmetric plot of Norse Orcadian and Hebridean sites,
omitting data on wear stage A (defined by axis 1, 34.7% variance and axis 2, 61.0% variance).
Key: Orkney = triangle; Hebrides = star
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7.3.5 Icelandic
The site of Hrísheimar is seen as an outlier in Figure 7.17 between wear stage D and HI
drawn out by the very high number of individuals aged to wear stage D and lack of
young individuals under 6 months. There appears to be a change between the earlier
and later occupation phases at Hofstaðir, from between D and C but drawn towards HI
by the relatively high proportion of old individuals in Phase 1, to close to HI in Phase
2&3. The location of Hofstaðir Phase 2&3 further away from the horizontal axis seems
to reflect the low numbers of individuals aged below a year old within that phase. The
difference between the distribution of the earlier and later phases at Sveigakot,
however, is clearer than at Hofstaðir. Sveigakot Phase 1&2 is close to G while Phase 3
is located between D and E showing a reduction in age over time. All the Icelandic
sites examined are located above the horizontal axis on the correspondence analysis
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Figure 7.17: Correspondence analysis symmetric plot of Icelandic sites, omitting data on wear
stage A (defined by axis 1, 34.7% variance and axis 2, 61.0% variance)
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7.3.6 Greenlandic
The plot of eastern settlement site E71s is closest to Payne stage C but drawn out
towards HI, possibly due to the very small number of individuals aged between birth
and 6 months, this is somewhat younger in comparison to the western settlement sites
(Figure 7.18). The site of GUS falls close to E, while V51 is close to D, between D and
E. Finally site V52a is situated between wear stages D and HI, although it is more
closely related to D.

Of all the Greenlandic sites E71s is the only site below the

horizontal axis on the plot, being the only Greenlandic sites with any real numbers of
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animals below a year of age.
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Figure 7.18: Correspondence analysis symmetric plot of Greenlandic sites, omitting data on
wear stage A (defined by axis 1, 34.7% variance and axis 2, 61.0% variance)

7.3.7 Summary
The trend of all the Northern isles sites, with the exception of Earl‟s Bu, was grouped
towards the middle of the plot, in the case of IA Orcadian samples close to the youngest
age categories B and C, while the Norse are drawn out towards the older age groups D
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and G. A similar pattern was seen in the Western isles. With the exception of Cill
Donnain, an outlier located beyond E on the plot, all IA Hebridean sites have a high
association with the younger wear stages B and C (2 -12 months). While Baleshare
and Hornish Point appear to be most closely located to Payne stage C, both sites are
also outliers.

It is interesting to note, therefore, that they and Cill Donnain are

wheelhouse sites and that these sites are anomalous in comparison to other North
Atlantic sites.

Analysis of changes at Bornais between the IA and Norse period

highlight an apparent shift in culling age of ovicaprines from wear stage B and C to D.

In comparison the Icelandic sites are all associated with a higher proportion of older
individuals, i.e. over 1 year old. Both of the phases at Hofstaðir are out towards the
oldest age grouping HI (6+ years) while those at Sveigakot are more closely associated
with wear stages D, E and G, and therefore between 1-6 years. At Sveigakot there is a
shift over time from older animals dominating the assemblage at 4-6 years to much
younger (1-2 years). Hrísheimar is an outlier due to the very high number of individuals
killed between 1-2 years and old individuals 6+ years, while lacking animals less than 6
months of age. The Greenlandic, sites like the Icelandic, are above the horizontal line
and drawn to Payne stages E and D with the exception of E71s which has more
individuals dying in wear stage C, a pattern more associated with the IA sites examined.

7.3.8 North Atlantic trends
In the IA at both Orcadian and Hebridean sites there is a greater representation of
younger animals illustrated by the proximity of these sites to Payne‟s B and C wear
stages. The Norse period in these regions see a shift towards the culling of older
individuals. There does appear to be a difference in the herding strategies between the
IA and Norse period in the Northern Isles from emphasis on younger animals in age
categories B and C to D and E. Unlike the Scottish Isles the Icelandic and Greenlandic
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sites are above the horizontal axis, i.e. older than 1 year. In the multi-phased Icelandic
sites shifts in herding strategies can be seen over time, with Hofstaðir keeping older
individuals and at Sveigakot younger.

With the exception of E71s which has the

emphasis on the culling of slightly younger animals (6-12 months) the Norse
Greenlandic sites seem to cull between 1 and 3 years.
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Chapter 8. Discussion of Mortality Analysis
This chapter discusses the results of the mortality profiles and correspondence analysis
conducted on the North Atlantic sites under study, using other species representation to
make sense of sheep/goat husbandry practices in the region during the Iron Age (IA)
and Norse period. These are discussed independently by region and archaeological
period and finally a comparison of the interpretations offered by mortality histograms
and correspondence analysis (CA) is made.

8.1 Mortality profiles and species representation
Mortality profiles used to deduce ovicaprine herding strategies must be understood in
the wider terms of animal exploitation on site.

Comparison to the use of cattle in

particular helps with this, as this species would not only be competing for resources but
can also be utilised for similar products such as milk. It is also necessary to consider
the importance of ovicaprines in comparison to the other species represented on site.
A summary of this discussion is presented below, while the interpretation of the
individual sites is presented in greater detail in Appendix 8.1.

In the North Atlantic sites studied it appears to be the general tendency in the IA for
sheep to represent less than 50% of the domestic species utilised; with the exception of
Tofts Ness, Baleshare and Hornish Point which were close to 60%.

This pattern

continued into the Norse period at the Orcadian sites, while in the Western Isles a slight
increase to 55% was seen with a corresponding decrease in the use of cattle. The
Norse sites in Iceland showed a much greater emphasis on ovicaprine exploitation with
between 60-80% representation and much lower percentage of cattle and pig. A similar
pattern was seen at the Greenlandic sites of E71s and GUS.

At V52a and V51,

ovicaprines were present at a much low percentage of 54% and 34% respectively.
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The majority of the IA sites in Orkney appear to have adapted a mixed strategy of milk
and meat production, with high numbers of sheep being killed between 6-12 months
and 3-4 years (C & F). This mixed strategy suggests that the lambs were separated
from their mothers for the exploitation of milk but the young were kept on, as seen by
the relatively low numbers of animals in stage A and B, and killed between 6 months
and 2 years for their meat. This is also reflected in the relatively high proportion of
individuals killed at stages E-F (2-4 years) when females that have reached the limit of
their usefulness for milking and breeding. With the exception of Howe 7 and 8, all the
IA sites lack neonatal animals (0-2 months), with a less than 3% representation. Could
this be the result of poor preservation or due to recovery processes during excavation?
Although there was differential preservation of animal remains at Pool, fragile bones
and those from individuals younger than 6 months had survived. Epiphyseal fusion
data also suggests similar proportions of age at death as the mandibular wear data
(Bond 2007).

Despite Tofts Ness bones being subject to deliberate fragmentation,

again fusion data suggests similar proportions of animals were killed within the first year
of life as evidenced by the mandibular wear data recorded on the most highly
represented element on site (Nicholson & Davis 2007a). The lack of remains which
would be expected to represent natural mortality can be explained by differential
survival of fragile remains but it has been suggested that a tendency to allow sheep to
lamb away from the settlement in the fields or on the hills may explain the absence of
young (Bond 2007). If this is the case then it would not reflect deliberate culling and
should not hinder the interpretation of herding strategies.

The Norse site of Snusgar has a similar distribution to the majority of the IA sites,
suggesting that both meat and milk were utilised. This is a different pattern from the
other Norse Orcadian sites which were culling animals at prime meat bearing ages
between C and F (6 months - 4 years).

Earl‟s Bu in particular was a high meat
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consuming site.

Consideration of the mortality plot, with an exceptionally high

percentage of individuals aged 2-3 years, suggests that some animals may have been
imported onto site for this purpose.

Unlike the Orcadian IA sites those in the Outer Hebrides do not share similar mortality
patterns other than a high percentage of individuals in wear stage C, indicative of mixed
milk/meat system in which tender meat was desired or provisions for over wintering
animals was a problem.

The exception is Cill Donnain, for which nearly 60% of

individuals were killed aged 2-4 years (EF). This suggests a herding system where
meat is the prime goal. Baleshare, Hornish Point and Dun Vulan also had very little or
no individuals represented in wear stage D (1-2 years) suggesting that animals were
either killed young during their first year for their meat or kept on to older ages for milk
or wool. Another explanation could be the exportation of animals to other settlement
sites, which is more likely the case at Baleshare and Hornish Point, where, although the
assemblages are highly fragmented, a high degree of vulnerable neonatal remains
survived with little post-depositional damage. Differential disposal of remains may have
had an affect, however, as most features were only partially excavated (Halstead 2003).
Taphonomic conditions at the IA Hebridean sites was generally good and, although a
high degree of canid gnawing was present at Dun Vulan, the survival of less robust
bones suggests that this did not have a significant affect on the assemblage (Mulville
1999).

Those sites representing the Norse period in the Outer Hebrides show a slightly
different pattern.

At Norse Bornais wear stage D is most greatly represented,

suggesting that meat was the primary product exploited. There was, however, a slight
change in herding strategy between the IA and the Norse period, from killing individuals
early and with no animals represented beyond 4 years of age, to slaughtering animals
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at prime meat bearing age, but keeping some older individuals within the flock. At Cille
Pheadair the procurement of both milk and meat is desired, illustrated by the high
proportion of animals at wear stage G representing the culling of breeding females at
their end of the reproductive lives. Preservation of faunal remains at all these Norse
sites in the Northern and Western isles was generally good, although all bones of
domestic species had been subjected to a high degree of fragmentation (Bond 2007,
Mulville 2005, Mulville in prep.) believed to be the result of human action prior to
disposal for marrow extraction (Mainland 1995).

In the Icelandic sites the average trend seemed to be towards meat and wool
production. This is seen as a high proportion of individuals dying at wear stage D (1-2
years) a prime meat bearing age and HI (6+ years) when animals are culled due to the
decreased quality of their fleece, clearly seen at Hrísheimar (Figure 7.6). At Hofstaðir a
change can be seen over time between Phase 1 and Phase 2&3 from the use of sheep
meat and wool to a more intensive utilization of wool (stage HI).

The pattern at

Sveigakot of mixed milk and meat seems to have been the strategy for the duration of
occupation.

Hrísheimar shows an unusually high percentage of ovicaprines at 1-2

years (wear stage D) of 50% and like Earl‟s Bu this is suggestive of a site consuming
animals brought on to site from elsewhere.

The most noticeable thing between the Icelandic sites is the lack or very low percentage
of individuals in wear stage B (2-6 months), despite the presence of younger animals on
site. Preservation at Hofstaðir and Sveigakot is excellent and a consistently high level
of recovery is reported at both sites and others in the Mývatnssveit region (McGovern et
al. 2009, McGovern et al. 2004b). It is possible that this reflects a farming practice in
Iceland. Lambs are driven to the summer pasture at 1-2 months of age not to return
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until autumn when 4-5 months; it is, therefore, likely that any deaths at this stage would
take place away from the farm.

The Greenlandic sites, with the exception of E71s, show a distribution of age at death
skewed to the older age categories G and HI.

This suggests husbandry systems

geared towards meat and wool production. The fact that there aren‟t many killed in the
senile category (I) is not surprising if herders were optimising the meat production from
old wethers, as slaughter yield begins to fall off after 7-8 years (Halldórsson 1983 cited
in Adalsteinsson 1991). This is especially noticeable in the Greenlandic sites which
have no representation of this age group, while sites such as Hofstaðir 2&3 and
Hrísheimar have a high percentage of animals aged over 8 years, suggesting that wool
production outweighed the need to use sheep/goats for meat.

Unlike the other

Greenlandic sites E71s has a peak in age at death at 6-12 months more similar to the
IA North Atlantic sites depicting a mixed milk/meat strategy.

There is a much lower representation of sheep/goat at V51 (35%) in comparison to the
other Greenlandic sites like GUS and E71s both at 77%; as GUS was excavated more
recently, differential retrieval or preservation may account for this difference. At GUS
preservation was excellent due to the action of permafrost and moderately acidic
conditions, and faunal remains were recovered by hand and by wet sieving (Enghoff
2003). Conversely the faunal remains from E71s, recorded by McGovern in 1979, were
well preserved but were not recovered by sieving (McGovern, 1985). The data for V51
combined remains recorded by Dergerbøl in 1936 and McGovern in 1981 (McGovern
1985) from unsieved contexts. Preservation was good and a comparison of the relative
percentage (NISP) of major taxa recovered from these excavations with the 1984
sieved collection showed that differential recovery had relatively little affect on overall
percentage of remains recovered (McGovern 1992). It is likely, therefore, that the low
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percentage of ovicaprines on this site reflects an economic strategy that varied from the
other Greenlandic sites studied.

8.1.1 Comparison with interpretations of other researchers
Not all of the faunal reports for the sites examined have presented interpretations of the
ovicaprine mortality data; some sites like Snusgar and Hrísheimar have yet to be fully
explored and are too preliminary, while others such as Mine Howe, Earl‟s Bu and Cill
Donnain have yet to be published.

A comparison of interpretations of mortality data for ovicaprine herding strategies
considered by other researchers with those presented in this study shows that in
general interpretations agreed (discussed in full in Appendix 8.2). The main exceptions
are Hofstaðir, Sveigakot and V52a.

IA Bornais, Baleshare, Hornish Point and Cill

Pheadair were all interpreted by archaeozoologists (Mulville 2005, Halstead 2003,
Mulville, in prep.) as sites employing meat production strategies because of the high
proportion of animals culled at wear stage C and the similarity to Payne‟s optimal meat
curve. Refinement to Payne‟s main categories to include mixed subsistence strategy
(section 6.3.2.3.1) led to the suggestion that as well as meat, these flocks may have
also been kept for milk. At Hofstaðir, McGovern et al. (2009) suggest a duel flock
system was employed where milk and wool were the major goals. The difference
between this explanation and the one presented in the mortality profile of this study is
based on the interpretation of the distribution as a single flock; as milk and wool
production do not make compatible herding strategies (Ingimundarson 1992) the high
percentages of individuals aged 6 months to 2 years were interpreted as representing
meat production. A similar difference was noted at Sveigakot where McGovern et al.
(2004b) suggest wool production was the main goal for both phases. Based solely on
the mortality profile for Phase 3, in this study it was interpreted as a mixed meat and
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milk system due to the relatively large proportion of individuals age to wear stage F and
G (3-6 years).

Based on metrical analysis, however, stature was determined for the

older animals on sites which showed a bimodal distribution, with a substantial number
of sheep being identified as wethers rather than old ewes (McGovern et al. 2004b).
Finally V52a was interpreted as representing a milk and meat based ovicaprine
subsistence economy by Mainland and Halstead (2003), reasoned by the emphasis on
younger adults, than the older that would be compatible with wool production. The
presence of relatively large percentages of individuals aged to wear stage F in this
study is interpreted as the culling of animals of prime meat age and breeding females at
the end of their reproductive life, while those surviving to HI are interpreted as wethers
kept for wool.

8.1.2 Species representation
Plotting species representation in a triplot by ovicaprine economic strategy in Figure 8.1
no obvious pattern could be discerned. No particular strategy was associated with high
or low representation of ovicaprines, cattle or pig. A grouping of sites geared towards
optimised meat utilisation of ovicaprines was found to fall between a 40-60%
representation of sheep/goat, 30-50% cattle and 10% pig.

Two exceptions to this

pattern were noted; Earl‟s Bu with a much higher representation of cattle and pig, and
Sveigakot 3 with very little cattle or pig.

IA sites with less than 40% or greater than 50% representation of cattle employed a
mixed meat/milk strategy of ovicaprine utilisation. Those sites with a roughly equal
emphasis of sheep/goat and cattle (40-50%) were found to employ a meat production
strategy. The exception to this pattern is Dun Vulan. However, when considering
whether there was an emphasis more towards milk or meat at those settlements
employing mixed subsistence strategies, those closest to the group of meat producing
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sites (Figure 8.1 Iron Age), Dun Vulan and Howe 8 (highlighted with a circle) showed
more emphasis towards meat than milk production.

At the Norse sites the grouping of meat production sites shows a slight shift towards an
increase in sheep/goat with between roughly 30-40% cattle and 50-60% representation
of sheep/goat, with the exception of Earl‟s Bu and Sveigakot 3. Again sites employing a
mixed milk/meat strategy have a greater than 40% and less than 30% representation of
cattle. No real pattern can be seen when considering those sites employing a mixed
meat and wool production system, other than a very low percentage or absence of pig
(with the exception of Hrísheimar). This may have more to do with the environmental
constraints of Iceland and Greenland than purely human choice.

The percentage representation of domestic species on a site cannot, therefore, be used
to predict ovicaprine herding strategies but may be used as an aid to interpretation.
Based on these North Atlantic sites, at those sites with an equal emphasis on cattle and
sheep/goats, ovicaprines were being utilised more for their meat; while sites with a
greater or lesser proportion of cattle were maximising the returns from their sheep and
goats by employing a mixed subsistence, either milk/meat or meat/wool.

The

exceptions to this pattern are Earl‟s Bu, Sveigakot 3 and V52a.

230

100

10

90

MILK/MEAT
MEAT
MEAT/WOOL

20
80

100

30

CA

50

70

50

V52a

Earl’s Bu
80

40

60
70

90

30

80
20

70

100

100

90

80

30

20

90

10

Hrísheimar
70

60

50
SHEEP

100
40

30

20

10

Figure 8.1: Species representation triplots by ovicaprine herding strategy,
based on mortality profile data, for Iron Age and Norse sites in the North
Atlantic, combined and separated by period.
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8.2 Correspondence Analysis
Based on the analysis of the mortality profiles and background research on sheep/goat
husbandry in the North Atlantic region (section 2.1) the following can be said about the
correspondence analysis (CA) plot. The location of wear stages B, C and F below the
horizontal axis is interesting. These indicate mixed meat and milk production; B and C
representing young animals fattened after weaning or separation from their mothers
thereby freeing up milk for human consumption. Wear stage F (3-4 years) represents
mature animals in the North Atlantic at the latter end of the prime meat bearing age
range.

Killing females at this age when their milk productivity begins to decline,

therefore, would be optimising meat and milk production, as its association with the
younger age groups suggests. It can also be seen that wear stages B and HI are
apposed to each other. Stage HI has positive coordinates above horizontal axis while B
has a negative value below horizontal axis. This is because there is an opposition
between the culling of young and old individuals (Helmer et al. 2007).

Located close

together on the plot wear stages D and E represent prime meat production age, while
the oldest group HI, indicative of old wethers killed when wool quality is in decline, is
drawn out from the centre of the plot.

It can therefore be inferred that sites located below the horizontal axis are based on a
mixed milk and meat subsistence strategy on which there is an emphasis on milk
production, while above the horizontal axis to the left of the plot are meat producing
sites and to the right are those employing wool producing strategies.

Finally, examining the CA plots it can be seen that Baleshare and Hornish Point are
outliers (Figure 8.2). When comparing the percentage and NISP data, their position on
the plot can be understood as having less to do with the proportion of animals aged HI
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but rather to do with the effect of negative data, due to the lack of individuals aged to
wear stage D. This plot therefore highlights sites with abnormal distributions.

8.2.1 Orkney IA
The Iron Age Orcadian site at Pool appears to fall between mixed milk/meat and meat
production strategies on the plot, making a definitive strategy hard to distinguish. It
might indicate a system in which both milk and meat utilised but meat was the most
desired.

It also appears to be central on the plot indicating that it represents the

average distribution of the North Atlantic sites examined.

Both Phases 7 and 8 at Howe fall in the region of mixed milk and meat production and
the close proximity of the two plots indicates there is no change in economic strategy
between the early and late Iron Age at this site, despite the change in nature of the
settlement from a broch to a farm site.

The position of Mine Howe on the plot (Figure 8.2) close to wear stage F, identified as
representing the culling of breeding/milking females, is suggestive of mixed milk and
meat utilisation. The proximity to the horizontal axis, drawn towards the older age
group G away from B and C, can also indicate the utilisation of mature animals for
meat. Like IA Pool, therefore, it is likely that while a mixed strategy was employed,
meat may have been more important than milk.

Tofts Ness, unlike the other sites is located between the youngest wear stages,
although is closest to wear stage C (6-12 months) and is interpreted as a site displaying
a strong mixed subsistence milk/meat strategy.
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All the Iron Age Orcadian sites are below the horizontal axis, most in close proximity to
wear stages B, C and F suggesting that a mixed strategy of milk and meat production
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Figure 8.2: Correspondence analysis symmetric plot of North Atlantic sites, omitting data on
wear stage A and presenting mortality plots for selected sites (defined by axis 1, 34.7% variance
and axis 2, 61.0% variance) Key:  = Orkney (empty, IA; filled, Norse);  = Hebrides (empty,
IA; filled Norse); = Iceland;  = Greenland
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8.2.2 Orkney Norse
Although in close proximity to the IA plot, the distribution of age at death puts Norse
Pool above the horizontal axis towards the older wear stages D, E and G.

This

highlights a slight shift in economic strategy from a more mix subsistence towards a
more optimal meat production system.

Earl‟s Bu can be seen in Figure 8.2 as an extreme outlier. The position out beyond
wear stage E is due to the unusually high percentage of individuals aged 2-3 years.
This shows that the site was focused on meat production or consumption, but also
indicates that Earl‟s Bu is an unusual site in the North Atlantic for ovicaprine herding.

Snusgar is the only Norse Orcadian site below the horizontal axis.

The plot falls

between categories C and D but is associated with the younger age groups and thus is
slightly more drawn towards wear stage C.

This suggests that a mixed meat/milk

strategy was employed at this site.

No discernable pattern of ovicaprine husbandry can be determined for Norse settlement
in Orkney based on the sites examined, although they seem to tend more towards meat
production.

8.2.3 Hebrides IA
The IA phase of occupation at Bornais indicates a mixed milk/meat system of herding
for the ovicaprines on site, as the CA plot places the site between, but closer to, wear
stage B than C.

Baleshare and Hornish Point are both outliers beyond wear stage C but pulled out
towards the oldest age category HI (6+ years).

This pattern is a little hard to
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understand as the culling of younger animals would preclude the retaining of animals to
old age, until it is recognised that this pattern is due to a skew in the data, produced by
a lack of animals aged to wear stage D (1-2 years) and a high percentage of animals
killed younger than 1 year (Figure 8.2). This distinguishes these sites as different from
the other North Atlantic sites and suggests that while it is likely that both milk and meat
are utilised on these sites, exportation of meat is an important part of the herding
strategy.

Dun Vulan has a similar pattern to Bornais, positioned between B and C, however, the
location further from the central point on the plot shows that these younger age groups
were present in greater numbers.

It is likely as a result of this that Dun Vulan was

using the sheep and goats primarily for milk but capitalising on the meat that could be
provided by the surplus lambs.

Cill Donnain is the only IA site to be found above the horizontal line. Like Earl‟s Bu this
settlement is an outlier on the plot, out beyond wear stage E and G indicating the
presence of a high proportion of individuals age 2-3 years and suggests meat
production.

With the exception of Cill Donnain all IA Hebridean sites are below the horizontal line in
proximity to wear stages B, C and F, indicating a trend towards a mixed milk/meat
economic system. The presence of Baleshare and Hornish Point as outliers merely
highlights the unusual nature of the herding strategy employed at these sites, with
animals of a prime meat bearing age unrepresented. Cill Donnain shows a very definite
trend to meat production.
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8.2.4 Hebrides Norse
The Norse occupation of Bornais shows a difference in the use of ovicaprines from that
of the Iron Age inhabitants. Located close to wear stage D (1-2 years a prime meat
age) on the CA graph (Figure 8.2) it is diametrically opposed to the IA phase found
close to B, illustrating a movement from a mixed subsistence strategy to meat
production.

Cille Pheadair falls close to wear stage F (3-4 years) below the horizontal line with
those suggesting combined milk and meat utilisation. Its position between F and G (4-6
years) shows an association with the older age groups than the younger B and C
groups, indicating that a greater proportion of the flock reached maturity. Consequently
it is likely that there was a slightly greater emphasis on meat than milk production.

Like the Norse sites of Orkney no real pattern can be discerned for ovicaprine
husbandry strategies at Norse Hebridean sites from the 2 examples presented. It can,
however, be broadly inferred that meat was a important product required from sheep.

8.2.5 Iceland
The Icelandic site of Hrísheimar is positioned out between the oldest wear stage HI (6+
years) and wear stage D. This is due to the unusually high proportion of both these
wear categories, shown in the histogram in Figure 8.2, but is also due to the lack of
animals aged to wear stages B, C and F, pushing the plot out from the central point of
the graph. As an outlier, this highlights an anomalous distribution. The lack of young
animals and relatively low proportions of individuals aged 2-6 years is not indicative of a
self sustaining herd. It is possible, therefore, that like Earl‟s Bu, sheep of meat bearing
age were being imported onto site. Taking this into account it can be inferred that there
was a mixed strategy of meat and wool utilisation.
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Changes can be seen between the earlier and later occupation phases at Hofstaðir.
Phase 1 is almost equally positioned between wear stage C, D and HI above the
horizontal axis. This is indicative of mixed meat and wool utilisation. Phase 2&3 sees a
shift in economic strategy to close to wear stage HI and an intensification of wool
production.

A different pattern of husbandry can be seen at the other multi-phased Icelandic site of
Sveigakot. Phase 1&2 is found close to wear stage G (4-6 years), above the horizontal
line, in the meat region of the CA plot. This suggests that although this was a meat
producing site, there is a slight emphasis on culling animals of breeding age. The
short-tailed sheep in this region of the world do not reach full maturity and therefore
greatest weight until approximately 3-4 years; an emphasis at stage G may reflect those
animals being killed at 4 years combined together with those coming to the end of
breeding life. Culling at such a late age for meat would also mean that greater amounts
of wool could be harvested, although not intensively.

This could suggest that the

strategy was for both meat and wool procurement, where meat is the more important
product. During Phase 3 there is a change in this strategy, reflected in the difference of
position of the plot to close to wear stage D, to the culling of younger animals for their
meat.

The Icelandic sites, all of which are located above the horizontal axis on the CA graph
show the utilisation of both meat and wool. At Hofstaðir there is a shift over time to an
intensification of wool production, while at Sveigakot there is a shift towards greater
meat utilisation.
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8.2.6 Greenland
The Eastern settlement site of E71s can be found closest to wear stage C in Figure 8.2
but drawn out towards HI. It is also below the horizontal axis on the CA plot, which is
suggestive of a mixed milk/meat strategy. Conversely GUS appears to be a highly
meat orientated site, as indicated by the position of the plot so close to the prime meat
age of 2-3 years at wear stage E. The Western site of V51 has a similar position on the
plot as Phase 3 at Sveigakot, falling between wear stages D and E; as such it is also
suggestive of site herding ovicaprines primarily for meat.

V52a unlike the other

Western settlement sites is located between D and HI, falling between the regions of
the plot interpreted as meat and wool utilisation.

Although both are strategically

compatible aims, the proximity of the plot to wear stage D makes it more likely that
meat procurement was the main objective.

E71s is the only Greenlandic site located below the horizontal axis as a mixed milk and
meat economic strategy. The general trend for the other Western settlement sites is
primarily meat production and in the case of V52a with the possibility of wool
exploitation.

8.2.7 Summary
The general trend for the IA in the North Atlantic is that all sites, with the exception of
Cill Donnain, are below the horizontal axis and therefore most closely associated with
the wear stages B, C and F. This shows that the inclination during the IA was a
strategy of mixed milk and meat utilisation.

Another trend can be noted when

comparing the different type of IA settlement structures in the Hebrides and Orkney
islands. The sites Cill Donnain, Baleshare and Hornish Point are all outliers and are the
only wheelhouses, while the brochs and roundhouses are all closely distributed
between stage B, C and F.

This may be reflecting cultural differences in herding
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strategies. There is also a slight shift in herding strategy by the Norse period in the
Orkney and Hebridean Isles to the intensification of meat production, the exception
being Snusgar and Cille Pheadair which are below the axis and closer to milk utilisation.

Location

Age

IA
Orkney
Norse

IA
Hebrides
Norse

Iceland

Viking/
Norse

Greenland

Norse

Site
Pool
Howe 7
Howe 8
Mine Howe
Tofts Ness
Pool
Earl‟s Bu
Snusgar
Bornais
Baleshare
Hornish Point
Dun Vulan
Cill Donnain
Bornais
Cille Pheadair
Hrísheimar
Hofstaðir 1
Hofstaðir 2 & 3
Sveigakot 1 & 2
Sveigakot 3
E71s
GUS
V51
V52a

Strategy
(CA)

Strategy
(Mortality Profile)

% Sheep,
Cattle,
Pig

Meat/Milk
Meat/Milk
Meat/Milk
Meat/Milk
Meat/Milk
Meat
Meat
Meat/Milk
Meat/Milk
Meat/Milk
Meat/Milk
Meat/Milk
Meat
Meat
Meat/Milk
Meat/Wool
Meat/Wool
Wool
Meat
Meat
Meat/Milk
Meat
Meat
Meat/Wool

Meat
Meat/Milk
Meat/Milk
Meat/Milk
Meat/Milk
Meat
Meat
Meat/Milk
Meat/Milk
Meat/Milk
Meat/Milk
Meat/Milk
Meat
Meat
Meat/Milk
Meat/Wool
Meat/Wool
Meat/Wool
Meat/Milk
Meat
Meat/Milk
Meat/Wool
Meat/Wool
Meat/Wool

44, 44, 12
34, 50, 16
43, 36, 21
26, 60, 14
67, 31, 2
49, 41, 9
27, 49, 24
39, 49, 12
49, 45, 6
60, 34, 6
60, 28, 12
43, 41, 16
47, 43, 10
56, 35, 9
55, 37, 8
61, 15, 24
74, 23, 5
72, 25, 4
65, 27, 8
78, 21, 1
77, 23, 0
77, 23, 0
34, 65, 1
54, 46, 0

Table 8.1: Economic herding strategy for ovicaprines interpreted based on correspondence
analysis and mortality profile.

This pattern is also seen in the Norse Icelandic and Greenlandic sites which are above
the horizontal axis in the region of meat and wool utilisation, with the exception of E71s.
Different patterns also appear between Greenlandic and Icelandic sites with lower
status Greenlandic sites (E71s and V52a) showing mixed product utilisation, meat and
wool or meat and milk, while the higher status sites (GUS and V51) are closer to meat
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utilisation. Conversely, the Icelandic high status sites show mixed utilisation while the
lower status site of Sveigakot is based on meat utilisation.

Finally on the CA plot the outliers Hrísheimar and Earl‟s Bu are both reflecting
anomalous distribution of age at death. This is suggestive of consumer sites rather
than producers, where ovicaprines are being imported perhaps for the purpose of
feasting.

8.3 Comparison of mortality profiles and correspondence
analysis
A comparison of the resulting interpretations produced by considering the mortality
profiles and correspondence analysis plot, presented in Table 8.1, showed that there
was general agreement with a few exceptions. Labelling the plots on the CA plot
(Figure 8.3) by the results of the analysis of the mortality data it was possible to check
these results visually. This showed that two distinct groups could be defined, those of
meat production and mixed milk/meat utilisation. This also fitted the CA results well
with IA Pool located in the overlap between the two distributions. The exceptions to this
were Sveigakot 1&2, GUS and V51. Sveigakot 1&2 was identified as being a mixed
meat and milk strategy using the mortality profile but is within the area of meat
production on the CA plot, although its presence close to wear stage G (4-6 years) may
indicate the culling of older breeding individuals.

GUS located very close to stage E is indicative of meat producing site, while having
previously been identified as meat and wool utilisation using mortality profiles (Figure
8.3). The other site V51 is interpreted as herding ovicaprines for both meat and wool
when studying the mortality profile; however, this site clearly falls within the meat
producing region of the plot. The location of both sites on the plot is affected by the
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high proportion of wear stage G, D and E and low proportion of B, F and HI. This may
reflect the greater importance of meat at these sites than wool.

Although both methods provide similar information, the correspondence analysis plot
allows direct comparison of a number of sites and clearly highlights anomalous sites, as
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outliers. Mortality profiles can then help to understand why these sites are anomalous.
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Figure 8.3: Correspondence analysis symmetric plot of North Atlantic sites, indicating mortality
profile interpretations for each site and displaying mortality profiles for selected sites (defined by
axis 1, 34.7% variance and axis 2, 61.0% variance) Key:  = Orkney;  = Hebrides;  =
Iceland;  = Greenland; filled = meat; bold site numbers = mixed meat/wool; open = mixed
meat/milk
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Five outliers are noted in this plot, the IA sites Baleshare, Hornish Point and Cill
Donnain and the Norse sites of Earl‟s Bu and Hrísheimar. Firstly all three of the Iron
Age outliers represent the only wheelhouses in the sample group. This suggests that
perhaps there is a cultural difference between the different types of IA settlements of
the Western Isles. It is interesting also to note that Baleshare and Hornish Point and
Cill Donnain are contemporary sites (Parker Pearson et al. 1999) especially as the
former two appear to be exporting ovicaprines at 1-2 years of age, while Cill Donnain
appears to be importing animals aged 2-3 years.

Norse Earl‟s Bu and Hrísheimar are also identified as anomalous sites due to the
unusually high percentage of wear stage E and D respectively. It is likely that the
remains from Earl‟s Bu don‟t represent an entire herd, but rather being found in midden
derived from the Earl‟s drinking hall believed to be mentioned in the Orkneyinga Saga
(Batey & Morris 1992, Batey 2003b), also the result of feasting. This is supported by
the high percentage of cattle which also appear to have been utilised for meat (Davis
2009). Hrísheimar displays a very similar pattern as Earl‟s Bu, suggesting that as well
as reflecting a breeding flock the distribution highlights animals of prime meat bearing
age being brought onto site. It is, therefore, interesting to note that both sites also have
the highest percentage of pig in the North Atlantic sites studied at just under a quarter
of the domesticated species recovered.

The difference in interpretation of ovicaprine herding at Hofstaðir 1 between that based
purely on the mortality profile within this study and that proposed by McGovern et al.
(2009) based also on metrical analysis, appears to have been highlighted on the CA
plot. McGovern et al. (2009) suggested that duel flocks were producing both milk and
wool on site. Looking at the location of Hofstaðir 1 on the CA plot (Figure 8.3), between
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wear stages C, D and HI very close to the horizontal axis, this also suggests that
milk/meat and wool were being utilised.

While CA allows patterning to be clearly seen, this study has shown that it is necessary
to assess mortality profiles of the sites as well to understand the patterning in the
distribution within the plot.

In other words these methods need to be used in

conjunction.
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Chapter 9. Results of developmental enamel defect
analysis of modern samples
Thirty two ovicaprine M1 molars were selected for study from 3 North Atlantic sample
groups (Rousay, Seaweed-eating and Greenland) and a Greek group (Plikati). A single
archaeological molar displaying macroscopic hypoplasia was also thin-sectioned as a
reference for the purpose of identifying hypoplasia in ovicaprines microscopically.

Each tooth was macroscopically examined for signs of hypoplasia. For those teeth that
could not be removed from the jaw, this was only enamel in that portion of the crown
that had erupted and had not been removed by wear.

The teeth were then thin-

sectioned and microscopically studied for hypoplasia and accentuated striae of Retzius.
Histology revealed that not all the ovicaprine dentition had developed to the same level.
This made observations of enamel defects impossible within the later forming enamel
for some samples (section 5.3.1), while molars from older animals had been subject to
wear, removing earlier forming enamel.

As the processes of wear remove evidence of defects, the different in levels of wear
between individuals from a single group sample could make nonsense of a distribution
pattern; this needed to be taken in to account when assessing the results. For this
reason areas of the tooth formed between birth and 6 months, shown in Figures 9.1-4,
also indicate those parts of the tooth in which it was not possible to observe dental
structures. The neonatal line was not present in all modern sample teeth examined in
this study (Table 9.1). Due to this measurements could not be consistently taken to the
neonatal line, so for consistency was taken to the CEJ unless impossible to do so.
Frequency was plotted as a distance from the CEJ in millimetre increments, with no
rounding up or down of these measurements attempted. Plotted by tooth and for each
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site so that overall distribution and patterns within individual animals could be noted,
estimates of timing of the internal defects were roughly based on monthly growth.

Accentuated striae are discussed separately from hypoplasia as the latter represent an
incident of greater stress.

SITE

Rousay

Seaweedeating

Greenland

Greece

TOOTH

NEO
LINE

CEJ

ROU/01
ROU/02
ROU/03
ROU/05
ROU/13
ROU/14
ROU/16
ROU/17
TWIG/01
TWIG/05
NBN/01
SWN/05
HOA/01*
HOA/02
HOA/03
HOA/04
UP/41
UP/42
UP/50
UP/54
UP/62
UP78
UP/82
UP/87
PLIK/08
PLIK/10
PLIK/11
PLIK/12
PLIK/13
PLIK/14
PLIK/15
PLIK/18

N
N
N
N
N
N
N
Y
N
N
N
N
N
N
N
N
Y
Y
Y
N
N
N
Y
Y
Y
Y
N
Y
Y
Y
N
Y

Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
BROKEN
Y
Y
N
N
N
N
N
N
Y
N

MACRO
HYP



NO.
ACC
SOFR

SIDE

1
1
3
1
1
2

BOTH
B
L
L
BOTH
BOTH

1
1

B
B

2
5

BOTH
BOTH

1
2
1
1

B
L
L
BOTH

NO.
HYP

TOTAL
SOFR

TOTAL
HYP

10
(91%)

1 (9%)

8 (89%)

1 (11%)

5 (71%)

2 (29%)

2 (67%)

1 (33%)

25

4

1

1

1
1

1
2

L
TOTAL

Table 9.1: Frequency and percentage of accentuated striae of Retzius and hypoplasia of
modern samples, noting presence and absence of neonatal lines and CEJ.
Key: NEO = neonatal; HYP = hypoplasia; ACC SOFR = Accentuated striae of Retzius; SIDE =
lingual, buccal or both (NB. HOA/01 is a mandibular M2 tooth).
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9.1 Accentuated striae of Retzius
In this section each sample group is described; indicating how many teeth were
examined within each sample group and how many displayed accentuated striae of
Retzius. Samples exhibiting accentuated striae will be discussed separately within their
sample groups, describing the location and possible timing of the defect within the
enamel of the tooth based on birth date information. The trends for each sample group
are then presented.

9.1.1 Plikati Teeth
Eight individuals were selected from the Plikati sample. These ranged in age from 4
months to 1 year and exhibited Payne wear stages spanning B-D (Appendix Table 5.4).
A viable section for the analysis of accentuated striae of Retzius was obtained for all 8
teeth, although the enamel formation process in all but PLIK/15 had not completed, with
on average one third of the tooth after the neonatal line still being secreted and
maturing. Neonatal lines were identified in 6 out of 8 teeth examined. No neonatal line
was seen in PLIK/15 due to wear as the individual was much older than the rest of the
samples, while in PLIK/11, the neonatal line could be identified but could not be traced
to the DEJ for measurement.

Only 1 individual exhibited accentuated striae (Figure 9.1 & Table 9.2). In PLIK/18, a 4
month old goat, 2 accentuated striae of Retzius were noted at 14 and 18mm from the
CEJ. Based on an estimated birth date of December it is likely that these stress events
occurred during February at 2 months and March at 3 months respectively.

Although none of the other animals displayed signs of stress that could be seen beyond
4 months due to the maturation process, no accentuated striae or defects were
discovered close to the neonatal line or for the first 2 months of life, which represent the
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winter months. The exception to this was PLIK/08 which displayed an accentuated
striation close to the neonatal line; however, this could not be traced to the DEJ for
measurement.

Figure 9.1: Frequency of accentuated striae by distance from the CEJ in millimetres for the
modern samples from Plikati. NB. Horizontal bars indicate the approximate position of surface
defects; brown area is part of the tooth in which the enamel has not formed and matured.
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Figure 9.2: Frequency of accentuated striae by distance from the CEJ in millimetres for the
modern samples from Rousay, Orkney. NB. Horizontal bars indicate the approximate position of
surface defects; grey area indicates the part of the tooth lost to wear.
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9.1.2 Rousay
The Rousay sample consisted of 8 sheep aged approximately 18 months old (Payne
stage D). At this age, due to dental wear, no neonatal line could be identified with the
possible exception of sample ROU/17; also 2 teeth, ROU/02 and ROU/05, had lost
enamel formed between birth and 1 month (Figure 9.2). Accentuated striae were found
in 7 of the 8 teeth sectioned.

The first sample ROU/01 had 2 accentuated striae, one at 5.12mm at approximately 5
months and the other at 1.5mm or close to 6 months. Based on a birth date of the end
of April/beginning of May these measurements suggest the insults occurred during
September and end of October/beginning of November respectively.

ROU/02 had one striation very close to the CEJ (0.88mm) at roughly 6 months or the
end of October/beginning November.

A group of three accentuated striae were noted in sample ROU/03 between 4 and 5
months at 7.77, 5.56 and 4.19mm from the CEJ, between the end of August and the
beginning of October.

Sample ROU/05 had a striation at 8.58mm suggesting a stress event affecting the
individual at the end of August/beginning of September or roughly 4 months.

ROU/13 was the only sample to display an accentuated striation in the early forming
enamel between 1.5 to 2 months (June), at 18.91mm. Within this tooth a second
striation was noted 0.04mm from the other. This was too faint to be traced to the DEJ
and could not, therefore, be counted.
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Two striae were seen in the enamel of ROU/14 at 9mm from the CEJ (9.94 and
9.84mm), occurring when the lamb was roughly 4 months, at the end of
August/beginning of September.

Both of these appear to be associated with a

hypoplastic defect and will be discussed more fully in section 9.2.2.2.

Finally ROU/17 displayed an accentuated striation at 2.37mm from the CEJ, indicating
an insult occurring when the individual was approximately 5.5 months, within the month
of October. Another striation was seen close to the neonatal line; however it was not
possible to measure as it did not extend to the DEJ.

Sample

Age

PLIK/18
ROU/01
ROU/02
ROU/03
ROU/05
ROU/13
ROU/14
ROU/17
HOA/03
HOA/04
TWIG/01
UP/62
UP/78
UP/82

4 mths
1-2 yrs
1-2 yrs
1-2 yrs
1-2 yrs
1-2 yrs
1-2 yrs
1-2 yrs
4-6 yrs
1-2 yrs
4-6 yrs
8-9 mths
8-9 mths
8-9 mths

Payne
stage
C
D
D
D
D
D
D
D
G
D
G
C
C
C

Measurements (mm)
14.97
5.12
0.88
7.77
8.58
18.91
9.94
2.37
8.62
18.93
0.23
6.10
24.83
2.59

10.6
1.50
5.56

4.19

9.84
7.52
8.58

6.41

5.42

4.53

Table 9.2: Age and Payne wear stage of modern samples displaying striae of Retzius and their
measurement in millimetres from the CEJ

9.1.3 Seaweed Eating Sheep
Eight teeth were examined in this sample, varying in age between wear stage C (6-12
months) and stage G (4-6 years). One tooth had to be discounted from the study,
sample SWN/05, despite the presence of at least one accentuated striation, as the
enamel was too badly cracked making measurements impossible. Of the remaining 7
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teeth, only 3 displayed accentuated striae (Table 9.2). Due to the age of these
individuals and the degree of wear that the teeth had been subjected to, no neonatal
line was found within the enamel of any sample. All but the two youngest, HOA/03 and
HOA/04, had lost the first 2 months or more enamel formed after birth to wear (Figure
9.3).

HOA/03 was found to have 2 accentuated striae at 8.62 and 7.52mm from the CEJ
between 4-4.5 months, an assumed birth date of April/May suggesting that both events
occurred within September.

Four accentuated striae were seen in the enamel of HOA/04, one at 18.93mm (1.5
months within June) is associated with a hypoplastic defect (discussed in section
9.2.1.2) and a grouping of 3 striae between 4 and 5 months (end of August to end of
September). These occur at 8.58, 6.41 and 5.42mm from the CEJ.

TWIG/01, a heavily worn tooth, had one accentuated striation very close to the CEJ at
0.23mm.

It is likely that this insult occurred at 6 months towards the end of

October/beginning of November.
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Figure 9.3: Frequency of accentuated striae by distance from the CEJ in millimetres for the
modern seaweed eating samples, from Holm of Aikerness and North Ronaldsay.
Key: Horizontal lines indicate the approximate position of surface defects, grey zone indicates
part of tooth not present due to wear
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9.1.4 Greenland
The 8 teeth in this sample were all selected from sheep aged 8-9 months (Payne wear
stage C) and therefore the last 2mm of enamel at the CEJ had not finished maturing,
obscuring any possible striations towards the end of the tooth formation period. The
neonatal line was distinguished in 5 (62.5%) of these samples, while only 3 teeth
displayed accentuated striae (Figure 9.4).

UP/62 had 2 striae, the first at 6.10mm and the other at 4.53mm, both between 4-5
months of age. Based on a known birth date of May this suggests that these stress
events are likely to have occurred between September and October.

Measurements for UP/78 had to be calculated as distance from the neonatal line due to
a crack within the enamel of the tooth, caused when the tooth was extracted from the
jaw, using the average amount of enamel formed on the lingual surface between birth
and the CEJ (see section 5.3.3.2). The single striation was calculated at 24.83mm from
the CEJ, close to 0.5months after birth or during May.

The final tooth UP/82 had a single striation 2.59mm from the CEJ at roughly 5.5 months
or during October.

9.1.5 Iceland
Although all but one of the sampled Icelandic teeth had neonatal lines, no defects of
any kind were recorded. One accentuated striae was noted in GAR/04, however the
line could not be traced to the DEJ for measurement. The lack of defects is most likely
the result of the young age of these animals as the majority of the tooth was still forming
and maturing.

Only approximately the first 1.5 months of the tooth had matured;

however no other defects were seen within the matured enamel of these samples.
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Figure 9.4: Frequency of accentuated striae by distance from the CEJ in millimetres for the
modern samples from Greenland. NB. Horizontal bars indicate the approximate position of
hypoplasia; brown zone indicates part of tooth not yet formed or matured.
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9.1.6 Summary of Accentuated striae
This section presents a summary of the recorded accentuated striae results by sample
group and notes any identified trends.

9.1.6.1 Plikati
Only 1 out of the 8 teeth sampled displayed accentuated striae. All, with the exception
of the much older PLIK/15, were missing roughly the last 2 months of enamel formation
as the secretion and maturation phases were incomplete. PLIK/18 was found to have 2
striae between 2 and 4 months or between February and March.

9.1.6.2 Rousay
Seven out of the 8 teeth in this sample were noted to display defects (87.5%) and in all
except one, these accentuated striae were located in the 4 to 6 month region of the
tooth (Figure 9.2). Despite the fact that only 2 samples were subject to wear, affecting
the area of the tooth under investigation, only one tooth in this sample displayed defects
before 2 months of life. This was ROU/13 which had a striae between 1.5 to 2 months
(during June) and conversely was the only one that did not have a striation between 09mm from the CEJ.

9.1.6.3 Seaweed eating
Three out of the 7 teeth examined exhibited accentuated striae of Retzius, 1 from North
Ronaldsay and 2 from Holm of Aikerness (Figure 9.3). HOA/04 had 4 out of the 7
(57%) accentuated striae, possibly indicating that this 1-2 year old had a very stressful
life prior to death.

One of these accentuated striations, noted at 18mm, is also

associated with the surface defect. The main grouping of accentuated striae within this
sample is between 4 and 5 months (5-8mm) during the month of September. The only
other pathological line seen in the dentition of the seaweed eating sheep that does not
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fall into this group was found in TWIG/01, a ram from North Ronaldsay. The position of
the accentuated line close to the CEJ puts the event close to 6 months (roughly
October/November).

The distribution of the defects in this group is deceptive as, due to excessive wear,
none of the teeth in this sample have enamel deposited during the first few weeks of life
after birth with the enamel in only three teeth observable between 2 weeks and 3
months; the average amount of tooth lost in this sample is 7mm or the first 1.5 months
of life. The most worn tooth, HOA/01, had enamel extending only about 12mm from the
CEJ with the infundibulum almost completely eroded. This particular tooth was also
excluded from this part of the study as it is a mandibular M2 tooth and, as such,
represents a different period in the life of this species than that under investigation.
Despite this, all teeth had viewable enamel present representing life between 3 and 6
months of age, but only 3 out of the 7 teeth (43%) had accentuated striae in this area.

9.1.6.4 Greenlandic
Seven out of the 8 individuals in this sample had neonatal lines present despite the
level of wear, 3 of which had accentuated striae of Retzius (37.5%). Of those 3 sample
teeth, UP/62 had 2 striae while the rest had a single accentuated line. All except one
accentuated striation was noted between 4 and 5.5 months, during the months of
September and October (Figure 9.4)

All teeth within this sample group had not finished maturing towards the CEJ, making it
impossible to observe defects in the last 2mm of enamel. This meant that it should
have been possible to view defects in all sampled teeth of this group from birth to just
after 5.5 months. Despite this only UP/78 showed an insult anywhere near the neonatal

257

line, this line being found 24mm from the CEJ indicating a stressful event very soon
after birth.

9.2 Hypoplasia
All the molars in this study were inspected macroscopically and microscopically for
evidence of hypoplastic insults in the enamel. Out of the 40 teeth examined only 5
displayed hypoplasia and only 1 (HOA/04) was noted macroscopically.

9.2.1 Macroscopic hypoplasia
Occasionally stress events in the form of defects can be seen macroscopically in sheep
and goat molars despite cementum covering the enamel surface. There is a problem
with viewing molars macroscopically, however, as the majority of the tooth is within the
mandible, so unless it is the intention of the researcher to remove every tooth from its
jaw to enable examination, this information is going to be missed.

All 40 teeth were carefully examined for signs of hypoplasia, 10 of which could not be
removed from the jaw without damaging the tooth. Only 1 tooth from the seaweed
eating group, HOA/04, was seen to display hypoplasia. Another example of hypoplasia
noted macroscopically in an archaeological assemblage was also thin-sectioned for
study as a comparison for the modern and archaeological material. In the enamel of
these 2 teeth examples of pit and depression type hypoplasia were identified, which
allowed the examination of these forms in thin-section.

Both the macroscopic and

microscopic natures of these defects will be discussed in this section.

9.2.1.1 Pit type
A loose archaeological right mandibular M1/2 molar, found in the faunal remains from
the Norse site of Snusgar, Orkney was specifically selected for histological examination
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as a macroscopic example of hypoplasia for microscopic identification purposes. This
particular tooth displayed hypoplasia as a series of pits running across both cusps of
the buccal surface (Figure 9.5). No corresponding defect was visible on the lingual
surface.

cm

Figure 9.5: Posterior, buccal and anterior surfaces of right M1/2 ovicaprine molar displaying
macroscopic hypoplasia in form of pits (Tooth Ref: SGO5 cxt 1005)

While from the surface this defect looked to have formed pits, examination of the
histological sections showed that it appeared to be characteristic of a plane-type defect
(Figure 9.6), described as having a pathological striae of Retzius continuous with the
enamel surface followed by an abrupt recovery of the thickness of enamel forming a
ledge (section 4.2.2.2.3). This type of defect has been noted in sheep incisors caused
by trauma and parasitism and by fluoride insult in both sheep incisors and deer molars
(section 4.7). These insults are thought to be severe reactions lasting a short duration
(Witzel et al. 2006).

When the same area of enamel was examined in a section taken a few hundred
microns deeper into the enamel it became apparent that the shape and area of defects
change within the tooth. Figure 9.7 shows the presence of the same accentuated striae
of Retzius as in the previous section but the insult appeared to more closely resemble a
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groove type defect described in sheep teeth, as shallow with rounded margins (Suckling
et al. 1986).

Recovery
Accentuated
striae of Retzius

Defect

E

D

Figure 9.6: Plane type defect with associated accentuated striae of Retzius on buccal surface of
right M1/2 molar (Tooth Ref: SGO5 cxt 1005). Magnification x400 Key: E = enamel; D = dentine

Recovery

Defect

E

Accentuated
striae of Retzius
D

Figure 9.7: Buccal surface of right M1/2 molar (Tooth Ref: SGO5 cxt 1005) displaying the same
defect but several 100 microns further into the cusp. Magnification X400 Key: E = enamel; D =
dentine

Unfortunately no measurements could be taken of this insult to understand when this
event occurred in the animal‟s life as the CEJ was damaged due to taphonomic
processes and the neonatal line was lost due to wear.
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9.2.1.2 Groove type
A groove type defect was noted above the level of the jaw running across the buccal
cusps of a right M1 sheep molar (HOA/04) from the modern samples selected at
random from Holm of Aikerness (Figure 9.8). The groove appeared very deep with
smooth edges, following the curve of the cusp. The lingual surface displayed no sign of
any disturbance of the enamel formed in the same area.

cm

cm

Figure 9.8: Buccal and lingual surface of modern sheep right M1, buccal displaying furrow type
hypoplasia (Tooth Ref: HOA/04) Nb. nothing apparent on lingual surface.

Accentuated
Striae of
Retzius

D

E

Recovery Defect

C

Figure 9.9: Pit type defect on buccal surface of the enamel (Tooth Ref: HOA/04) Magnification
x100 Key D = dentine; E = enamel; C = cementum
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When the buccal surface was examined in section (Figure 9.9) this groove looked like a
pit type defect with an accentuated striae of Retzius running beneath, as described in
studies of pigs (Witzel et al. 2006) and in sheep (Suckling & Thurley 1984, Suckling et
al. 1986). The difference in appearance between the macroscopic and microscopic
might be due to the thick deposit of cementum that can be seen to fill the defect,
making it appear to be shallower with less steep sides and more rounded edges. This
illustrates how cementum can alter the surface appearance of a defect, giving a false
impression of its size and shape. A pit type defect is thought to reflect a stress that is
severe but of short duration (Witzel et al. 2006).

Recovery

Defect Recovery

Occlusal
surface

Defect

C
E
D
Accentuated
Striae of Retzius

Figure 9.10: Thin-sectioned pit type defect on lingual surface of right M1
(Tooth Ref: HOA/04) Magnification x100 Key: C = cementum; E = enamel; D = Dentine

Although there did not appear to be any obvious macroscopic defect on the lingual
surface of tooth HOA/04 (Figure 9.8), when the molar was thin-sectioned a large area of
enamel showed evidence of the cessation of growth (see Figure 9.10).

This was

obscured by the deposition of cementum. The defect also was identified as a pit type
as its depth was related to the position of the accentuated striae of Retzius running
beneath it (Hillson & Bond 1997).
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These two defects in different surfaces of the same tooth can be seen to reflect the
same insult as they are related to accentuated striae reaching the DEJ at the same
point in each enamel surface, as indicated by the white stars in Figure 9.11.

*



D



L

INF

D


E

*

B

Figure 9.11: Tooth section showing the defects on both the lingual and buccal enamel surfaces
indicated by dotted lines and black stars (Tooth Ref: HOA/04) Magnification x20
Key: L = lingual; B = buccal; E = enamel; D = dentine; INF = infundibulum;  (white) =point at
which accentuated striae reaches the DEJ

The variation in appearance of the same insult on the buccal and lingual surfaces could
be the result of differences in the rate of formation due to the differences in thickness of
the enamel between the surfaces. The pit defect in the buccal surface marked with a
black star in Figure 9.11 appears to be related to the second part of the lingual defect
on the left side of Figure 9.10. The first part of the defect in the lingual surface (Figure
9.10) can be seen to be reflected as a slight reduction in the thickness of the enamel in
the buccal in Figure 9.11. This starts at the grey dashed line and continues to the
beginning of the pit marked with a black star. So the width of the defect on both sides is
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similar. The lingual surface shows there is a secondary insult after the tooth has started
to recover.

9.2.2 Microscopic Hypoplasia
Within the 40 modern sample teeth, five displayed microscopic hypoplasia (Table 9.3)
of which only one exhibited defects in both surfaces. A greater frequency was noted in
the buccal surface (n=4, 80%) than the lingual (n=2, 40%). The measurements of these
defects are roughly plotted as distances from the CEJ seen as bars in Figures 9.1– 9.5.
With up to 26mm of growth occurring in 6 months a week‟s growth is roughly equal to
1mm. Using this calculation the duration of the defect can be estimated from the range
(discussed in section 4.9.6).

Start
Finish
Range

PLIK/15
1.12
0.88
0.24

ROU/14
11.05
10.67
0.38

HOA/04
22.45
19.57
2.88

UP/54
3.94
3.66
0.28

UP/62
3.06
2.66
0.40

Table 9.3: Hypoplastic defect measurements from CEJ in mm to start and finish of defect.
Nb:. Figures have been adjusted to the tooth measurements rather than lingual/buccal
measurements

9.2.2.1 Plikati
Only one tooth from the Plikati sample, PLIK/15 a yearling sheep, had hypoplasia
between 1.12 to 0.88mm from the CEJ (range of 0.24mm) with an age of close to 6
months. As the birth date for this individual was in April the insult, lasting less than 2
days, likely occurred between September and October.

9.2.2.2 Rousay
Out of 8 teeth in the Rousay samples only ROU/14 had a hypoplastic defect ranging
0.38mm from 11.05 to 10.67mm from the CEJ. This defect comprises of 2 insults with a
short period of recovery between, the first affecting only 0.06mm from the surface and
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the other affecting nearly half the thickness of enamel at 0.20mm deep. These are
associated with the two accentuated striae of Retzius that could be seen running
beneath and as the enamel did not recover its full thickness between these defects they
should be considered part of the same insult. The location of these defects within the
enamel suggest that they occurred when the animal was roughly 3.5 to 4 months old,
during August and lasted roughly 3 days.

9.2.2.3 Seaweed-eating
Only one of the 8 Seaweed-eating sheep exhibited hypoplasia. HOA/04 had the largest
hypoplastic defect seen in the modern samples, ranging 2.88mm from 22.45-19.57mm
from the CEJ (Figure 9.11); this would have resulted from an insult lasting
approximately 3 weeks. During the formation of this defect, a period of recovery can be
seen before a second insult occurs (Figure 9.10). The first defect measures 1.28mm
(1.3 weeks) followed by 5 days recovery before a second insult occurred lasting 6 days
(0.89mm) and normal thickness of enamel was resumed.

9.2.2.4 Greenland
In the Greenlandic sample 2 teeth of the 8 sectioned displayed hypoplastic defects,
both within 4mm of the CEJ. The first in UP/54 measured from 3.94 to 3.66mm from
the CEJ (range 0.28mm) affecting roughly 2 days of enamel formation. The other was
found in UP/62 between 3.06-2.66mm and ranged 0.4mm disrupting 3 days of enamel
formation. Both occurred at roughly 5.5 months of age during the month of October.

9.2.2.5 Iceland
None of the Icelandic teeth displayed hypoplasia. This is likely because the teeth from
these animals had only formed for a few months, and therefore the majority had not
been secreted, let alone matured.
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9.3 Summary of Modern Defect Results
Firstly, the Icelandic teeth from sheep aged 5-6 months were too young for the analysis
of the full first 6 months of life. Very little of the enamel forming after the neonatal line
was viewable due to the maturation process and half the tooth had yet to be secreted.
No defects or accentuated striae that could be traced to the CEJ were found.

In the Plikati sample only one ovicaprine (PLIK/15) was old enough for the last third of
the tooth to have been formed and matured, in which a hypoplastic defect was seen.
Only 1 (14%) of the remaining 7 samples displayed accentuated striae of Retzius.

In all the groups where lambing took place in April/May (Rousay, Greenlandic and
Seaweed-eating) totalling 23 individuals, 14 (61%) displayed accentuated striae of
Retzius and hypoplasia; 12 (86%) of these defects being found between the
approximate ages of 4-6 months or between the end of August and beginning of
November. Only 3 defects (1 hypoplastic insult and 2 accentuated striae) or 21% were
found beyond 9mm from the CEJ, all having occurred before 2 months of age, 2 of
which (UP/78 and ROU/13) were found in individuals not displaying other insults
between 4-6 months.

An average of 0.8 accentuated striae per tooth was calculated for the modern samples
(Table 9.4). Only the average for Rousay and the Seaweed-eating samples were
greater than this. The average number of hypoplastic defects per tooth was equally low
at 0.2.
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AVERAGE
No. SOFR

AVERAGE
No. HYP

0.3

0.1

1

0.1

ROUSAY

1.3

0.1

GREENLAND
AVERAGE TOTAL
PER TOOTH

0.6

0.3

0.8

0.2

SITE
PLIKATI
SEAWEED

Table 9.4: The average number of striae of Retzius (SOFR) and hypoplasia (HYP) by modern
sample group.
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Chapter 10. Results of developmental enamel defect
analysis of archaeological samples
This section presents the results of the development enamel analysis of archaeological
molars from selected sites; accentuated striae of Retzius and hypoplasia are discussed
separately and site trends summarized. In this part of the study, unlike the modern
samples, the archaeological samples from different periods and geographical location
can be more directly compared with each other as they were selected to be the same
age (Payne wear stage D, 1-2 years) and all were identified as sheep, with the
exception of 3 sheep/goat and one goat.

The frequency and location of each accentuated striae of Retzius and hypoplastic
defect was plotted as a distance from the CEJ in millimetre increments, by tooth, for
each site so that overall distribution and patterns within individual animals could be
seen (Figures 10.1 to 10.5; Appendix Table 10.1). Each plot also shows how much of
the tooth was lost to wear. Despite selecting animals of specific ages neonatal lines
were only seen in 4 molars and consequently all measurements were taken to the CEJ.

10.1 Accentuated striae of Retzius
The presence of accentuated striae of Retzius will be described for each tooth
individually with probable ages for the insult. Based on archaeological and historical
evidence for the region the predicted birth date for ovicaprines in Orkney and Iceland
will be used to calculate rough calendar dates for the stress to aid in interpretation. The
association of an accentuated striation with a hypoplastic defect will also be described.
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10.1.1 Orkney samples
Samples from Mine Howe, Snusgar and Earl‟s Bu are likely represent animals born in
late April/early May as is the tendency today in that region of the world (see section
2.1.1), which is supported by isotopic evidence from Neolithic sheep found at the Knap
of Howar (Balasse & Tresset 2007, Balasse et al. 2006). This means that these teeth
finished forming in October/November, making it possible to estimate dates for these
defects.

10.1.1.1 Mine Howe
Of the 8 sheep molars examined from Mine Howe, only 2 (MINE/04 and MINE/07) had
lost enamel recorded as part of this study due to wear. Seven were found to have
accentuated striae of Retzius, 6 with multiple striae. No defects were noted in MINE/07.
This information is presented in Figure 10.1.

MINE/01
A group of three accentuated striae were found in MINE/01, between 23 and 20mm
from the CEJ, suggesting a series of short insults at approximately 1 month of age;
another striation was also noted at 8.53mm or 4 months. Based on an assumed birth
date of the end of March/beginning of April it is likely that these events occurred
towards the end of May/beginning of June and end of August/beginning of September.

MINE/02
Three stress events were identified in sample MINE/02 at roughly 2 month intervals.
The first at 16.48mm (2 months) at the end of June, the next at 9.98mm or 4 months
(end of August/beginning of September) which is associated with a hypoplastic defect
and finally one at 5.5-6 months (late September) or 2.14mm.
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Figure 10.1: Frequency of developmental defects by distance from the CEJ in millimetres for
archaeological samples from Mine Howe.
Key: Horizontal bars marks approximate position of hypoplastic defects; grey zone indicates
part of tooth lost due to wear.
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MINE/03
A single accentuated striation was found in MINE/03 located at 24.30mm from the CEJ,
likely indicating an insult only a few weeks after birth, most likely in May.

MINE/04
Two groups of insults were seen in MINE/04, at 14.16 and 12.29mm (around 3 months)
and 8.97 and 6.47mm, between 4-5 months.

This would date these groups at

approximately the end of June/beginning of August and during September.

MINE/05
MINE/05 had the highest frequency of striae, with 6 accentuated striae distributed
through the tooth formed between birth and 6 months. These were located at 24.40,
23.05, 20.93, 18.84, 10.42 and 1.13mm from the CEJ. The first located between 2418mm fall within the first 2 months of enamel formation between May and June; the
single accentuated striae at 10mm, between 3-4 months most likely occurred in August
while the other within 1mm of the CEJ is close to 6 months (October/November).

MINE/06
Sample MINE/06 was found to have two striae at 1 and 3 months (20.88 and 12.48mm
respectively).

These would have likely occurred during the months May/June and

July/August.

MINE/08
Finally MINE/08 had one accentuated striation at 20.75mm from the CEJ, which
occurred when the animal was approximately 1 month old, most likely at the end of
May/beginning of June.

10.1.1.2 Snusgar
Six molars were sampled from the site of Snusgar of which four showed accentuated
striae of Retzius (Figure 10.2). All jaws were identified as sheep except for SNUS/01,
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considered as a sheep/goat, which had no evidence of any stress event recorded in the
dental enamel. Three of the sampled teeth (SNUS/03, SNUS/05 and SNUS/06) were
also missing the first 2mm due to wear, which represents the first few weeks after birth.

SNUS/02
Like the Iron Age Orcadian site of Mine Howe, it is likely that the ovicaprines at Snusgar
would have been born at the end of April/beginning of May. The 3 accentuated striae of
Retzius were seen in SNUS/02, at 25.64 and 21.84mm (between birth and 1 month of
age) and 13.10mm from CEJ at approximately 3 months are, therefore, likely to have
been caused by stresses occurring during May and end of July/beginning of August
respectively.

SNUS/03
The enamel of SNUS/03 revealed accentuated striae at 21.60 and 18.35mm, between
1-2 months or during June, with a third at 9.92mm or close to 4 months. This insult is
likely to have occurred at the end of August/beginning of September.

SNUS/05
The sample SNUS/05 displayed only 1 accentuated striation at 11.29mm from the CEJ,
between July and August at 3-3.5 months of age.

SNUS/06
Finally SNUS/06 had a group of 3 accentuated striae of Retzius between 18 and 14mm
from the CEJ or between 1.5 and 2.5 months. This suggests a series of short lived
stress events occurring during the summer months of June and July.
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Figure 10.2: Frequency of developmental defects by distance from the CEJ in millimetres for
archaeological samples from Snusgar.
Key: Horizontal bars mark approximate position of surface defects, grey zone indicates part of
tooth not represented due to wear.

10.1.1.3 Earl’s Bu
Of the 6 sheep jaws selected for sampling only one, EB/20, did not display a defect.
The molars of samples EB/21 and EB/43 had both been subjected to a great amount of
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dental wear with both missing the enamel after 20mm from the CEJ, a loss amounting
to roughly the first month of enamel after birth (Figure 10.3).

Figure 10.3: Frequency of developmental defects by distance from the CEJ in millimetres for
archaeological samples from Earl‟s Bu.
Key: Grey zone indicates part of tooth not represented due to wear.
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EB/01
Sample EB/01 had 1 accentuated striation at 1.35mm from CEJ, at approximately 6
months. Assuming lambing at this site occurred during the end of April/beginning of
May, this insult would have taken place during autumn at the end of October/beginning
of November.

EB/10
Three accentuated striae were identified in this sample, 2 occurring at 19mm or roughly
1.5 months of age (during June) and another at 8.64 mm or towards end of
August/beginning of September.

EB/21
EB/21 also had 3 accentuated striae. These were located between 7mm and the CEJ,
at 7.84, 5.95 and 0.05mm. These would have occurred when the animal was between
4 to 6 months, during September and up to the end of autumn.

EB/43
Two striae were found at 7mm from the CEJ (4-4.5 months) with a further insult at
3.18mm or 5 months. All these stresses are likely to have happened during the month
of September.

EB/60
The final sample, EB/60, had two accentuated striae located in the earlier forming part
of the tooth at 23.42 and 18.10mm (0.5-1 month and 1.5-2 month respectively) resulting
from insults occurring between the end of April and the beginning of July.

10.1.1.4 Icelandic sites
In Iceland the growing season is very short, only 3-4 months from mid May until mid
September influencing when lambing should be timed to make best use of the pasture
to fatten livestock prior to winter (Thorgeirsson & Thorsteinsson 1989). Lambs in the
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Norse period, therefore, are likely to have been born during May (Adalsteinsson 1991)
as is still the practice today in Iceland and Greenland (Guðmundsson & Dýrmundsson
1989, Rose et al. 1984).

10.1.1.4.1 Hofstaðir
All ten of the samples sectioned from the site of Hofstaðir displayed between 2 and 5
accentuated striae (Figure 10.4).

All samples were identified as sheep except for

HOF/04 which is described as sheep/goat, while 3 of the samples (HOF/01, HOF/03
and HOF/08) had lost enamel to wear.

HOF/01
HOF/01 had 3 accentuated striae of Retzius which appear to have occurred at roughly
3 months of age, 2 at 13mm which are associated with a hypoplastic defect and 1 at
11.41mm. All are likely to have formed during the end of July and beginning of August.

HOF/02
The sample HOF/02 displayed 4 striae. One was seen at 17.46mm from the CEJ at 2
months, another at 11.27mm (August/September) and the final 2 at 1mm from CEJ
close to 6 months during November.

HOF/03
The enamel of HOF/03 was damaged, due to cracking of the tooth across both buccal
and lingual surfaces, and as a result all measurements are approximate.

Three

accentuated striae were noted at 14.69, 11.56 and 9.19mm from the CEJ (occurring
between 2.5 – 4 months) all of which are associated with a large hypoplastic defect.
These insults are likely to have occurred during the summer months, from the middle of
July to the beginning of September.
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Figure 10.4: Frequency of developmental defects by distance from the CEJ in millimetres for
archaeological samples from Hofstaðir. Key: Horizontal bars mark approximate position of
hypoplasia, grey zone indicates part of tooth not represented due to wear
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HOF/04
Four striations were noted in HOF/04, at 19.98mm or 1.5 months (June) and 11.98mm
or 3.5 months (August); with a further two closely grouped at 7.12 and 6.14mm from the
CEJ at roughly 4.5 months, during September.

HOF/05
HOF/05 displayed accentuated striations towards the end of the tooth formation at
5.01mm and 2.86mm, approximately 5-5.5 months after birth which would have
occurred during late September/October.

HOF/06
Two insults in the sample HOF/06 were noted, at 1.5 months (19.09mm) and 5 months
(4.85mm) during June and the beginning of October respectively. The latter was found
to be associated with a hypoplastic defect and will be discussed in section 10.2.4.

HOF/07
HOF/07 had 2 insults occurring very close together at 6.50 and 6.28mm from the CEJ.
These were calculated to have disrupted enamel formation at approximately 4.5 months
of age sometime during September.

HOF/08
The two accentuated striae of Retzius in HOF/08 were located at 8.06mm and 5.74mm,
between 4 and 5 months, caused by stress events occurring in September.

HOF/09
Two groups of striations were found in HOF/09 at 21.67 and 18.14mm, between 1-2
months during June; with another at 2.90 and 1.65mm between 5-6 months in October.
A single striation was also located at 6.28mm or 4.5 months. This insult is most likely to
have taken place in September.
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HOF/10
Finally in HOF/10 striations were found at 16.93 and 14.84mm during July when the
lamb was between 2-3 months old.

10.1.1.4.2 Sveigakot
Ten jaws were sampled from the site of Sveigakot and on examination it was
discovered that all but SVK/06 had accentuated striae present (Figure 10.5). It was
also noted that SVK/04, a sheep/goat, had lost almost the first month of enamel after
birth due to wear. All other samples except SVK/02, which was identified as belonging
to a goat, were from sheep.

SVK/01
The first sample SVK/01 had accentuated striae at 23.64mm and 23.12mm from the
CEJ, which represent insults occurring within a few days of each other when the animal
was less than a month old, most likely in May.

SVK/02
SVK/02 was found to have insults at 13.58mm or approximately 3 months of age, and
7.97mm close to 4 months.

It is most probable that these occurred towards the

beginning of August and during early September.

SVK/03
Sample SVK/03 had 2 striations, both of which occurred within the first 2 months of life,
between May and July, at 23.13mm and 19.52mm from the CEJ.

SVK/04
Accentuated striae of Retzius were found to have occurred at approximately 1.5-2.5
months or 19.28mm and 15.65mm from the CEJ respectively, during the summer
months of June and July.
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Figure 10.5: Frequency of developmental defects by distance from the CEJ in millimetres for
archaeological samples from Sveigakot.
Key: Horizontal bar marks approximate position of surface defects; grey area indicates part of
tooth not represented due to wear
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SVK/05
Four striae were discovered in the enamel of SVK/05. One was found at approximately
1 month (20.29mm), 2 close to 5 months (5mm) and one at roughly 5.5 months or
2.17mm from the CEJ. The former is likely to have been caused by an insult during
June while the latter insults would have happened during September/October.

SVK/07
The sheep SVK/07 appeared to have been subjected to a stress close after its birth in
May represented by an accentuated striation at 25.86mm; with further stress events
occurring during August and September at 11-10mm or 3.5 months, and at 7.80mm or
4.5 months associated with a hypoplastic defect (see section 10.2.5).

SVK/08
Four accentuated striae were seen to be distributed through the enamel of SVK/08 at
21.36, 14.03, 4.54 and 1.93mm from the CEJ. These are located in enamel forming at
approximately 1 month (June), 2.5 (July), 5 and 6 months (October/November)
respectively.

SVK/09
SVK/09 was noted to have 3 accentuated striae at 20.68, 6.03 and 1.28mm or 1 month,
4.5 and 5.5 months respectively. The first appears to have occurred during June, while
the later two between September/November.

SVK/10
Finally SVK/10 had striations at 19.00mm and 8.14mm, 1.5 months and 4 months.
Based on the birth date of May these are most likely to have formed during June and
September.
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10.2 Enamel Hypoplasia
Of the 40 teeth sampled from the archaeological sites 8 had enamel hypoplasia, but
only one that could be seen macroscopically, MINE/02. This reflects the fact that 22 of
these teeth were still encased in the jaw when they were sectioned preventing
macroscopic identification in the lower half of the molar.

In this section each hypoplastic defect noted will be described individually, noting the
length and location on the tooth from the CEJ, as well as the likely timing of the event
that caused it.

These results are presented in Table 10.1 and plotted with the

accentuated striae of Retzius data in Figures 10.1-10.5.

The length of the defect

includes the insult and period of recovery. Working on the approximate basis of 1mm
growth per week it is possible to predict the duration of the stress event causing the
defect (section 4.9.6). For a more detailed description of this see section 5.3.3.

Start
Finish
Range

MINE/02

MINE/08

SNUS/04

SNUS/05

HOF/01

HOF/03

HOF/06

SVK/07

8.73
8.04
0.69

7.75
7.31
0.44

21.09
19.66
1.43

5.71
3.53
2.18

15.43
13.39
2.04

16.27
7.60
8.67

4.92
4.81
0.11

7.63
7.2
0.43

Table 10.1: Measurements of enamel hypoplastic defects in archaeological samples from the
CEJ

10.2.1 Mine Howe
Only 2 of the 8 teeth examined from Mine Howe were still within the jaw, but only one of
the two hypoplastic defects found microscopically was noted macroscopically.

MINE/02
When this tooth was examined macroscopically a hypoplastic defect with the
appearance of a ledge was noted in the buccal surface of the anterior cusp
approximately 8mm from the CEJ as measured with digital callipers (Figure 10.6). This
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ledge did not seem to run all the way across the buccal anterior surface but rather was
a small area of missing enamel in the middle of the cusp. Nothing could be seen in the
lingual surface nor could any corresponding insult be found macroscopically on the
buccal surface of the posterior cusp.

When the section of the posterior cusp was examined microscopically, a depression
type hypoplasia was seen in the buccal surface. No corresponding defect was noted in
the lingual surface. This type of defect was identified by the bending of the striae of
Retzius in the enamel beneath it (Figure 10.7) but also characterised by having no
accentuated striae associated with it. When looking at this section some of the lines
may be mistaken for accentuated striae of Retzius; however at greater magnification
these were merely two striae close together.

This defect was hard to observe properly as it appeared to be filled with prism ends
(aprismatic enamel), seen at its left edge in Figure 10.7, which made it hard to focus.
These structures represent a level of enamel below that being observed which were,
therefore, impossible to grind away.

The defect extended from 8.73 to 8.04mm from the CEJ, a range of 0.69mm, which
when compared to the distribution of defects in Figure 10.1 puts the timing of this insult
between 4 - 4.5 months towards the end of August and beginning of September. By
dividing the range of the defective enamel by the average weekly growth rate this insult
appears to have resulted from a relatively mild stress that lasted less than a week.

It was not possible to definitely determine if this defect is associated with the one
identified macroscopically at 8mm on the anterior cusp; however, as the difference in
height between the two cusps is 1.59mm a corresponding line in the posterior cusp
283

should be located at approximately 10mm from CEJ. It is possible, therefore, that these
defects are associated with each other.

0
1
2CM

*

*

Figure 10.6: Macroscopic hypoplasia in anterior cusp right M1 of MINE/02. Tooth viewed in
buccal, medial and lingual surfaces; asterisk indicates defect.

Recovery

Defect

E
Occlusal surface

D

Figure 10.7: Depression type defect in buccal surface, with bending of the striae (MINE/02)
Magnification x100 Key: D = dentine; E = enamel
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MINE/08
MINE/08 was found to have a pit type hypoplasia (Figure 10.8) in the buccal surface,
identified as such by its steep transition to full enamel thickness with a bending of
enhanced incremental lines after the defect (Kierdorf & Kierdorf 1997), although no
obvious accentuated striae could be seen associated with this insult. No corresponding
insult was seen reflected in the lingual enamel.

The defect measured from 7.75 to 7.31mm (range 0.44mm) from the CEJ, which when
compared to the distribution of defects in molars from this site (Figure 10.1) puts the
timing of this event at around 4.5 months during early September. The amount of
enamel affected represents about 3 days of growth.

Recovery

Defect

Bending of
Striae

CEJ

E

D

Figure 10.8: Pit type hypoplasia with associated bending of striae but with no associated
pathological striae in buccal surface. Tooth Ref: MINE/08 magnification x100
Key: D = dentine; E = enamel

10.2.2 Snusgar
Of the 6 first molars examined from this site only SNUS/01 was still encased within the
jaw bone when embedded. Despite this 2 microscopic hypoplastic insults found within
this sample group that were not identified macroscopically.
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SNUS/04
This tooth had a demarcated area of brown hypomineralised enamel at the surface
close to the occlusal plane in the lingual side, although no corresponding defect was
seen in the buccal surface. This demarcated opacity measured from 21.09-19.66 mm
from the CEJ and appeared to last roughly 1.5 weeks.

SNUS/05
A depression type defect was noted in the buccal surface towards the CEJ, although
again no defects were found in the lingual enamel. This insult extended from 5.71 to
3.53mm (range 2.18mm) from the CEJ, having occurred at approximately 5 months.
The amount of enamel affected indicates a disturbance lasting 2.2 weeks at the end of
September/beginning of October.

10.2.3 Earl’s Bu
No macroscopic or microscopic hypoplastic defects were found in the 6 M1 teeth
sampled from this site.

10.2.4 Hofstaðir
All 10 of the sampled teeth from Hofstaðir were embedded within the jaw and
consequently none of the 3 hypoplastic defects identified microscopically were noted
macroscopically, due to their location below the level of the bone.

HOF/01
The hypoplasia identified in this tooth most closely conformed to a pit type defect, with
rounded margins and a bending of the striae (Figure 10.9). It also had two accentuated
striae of Retzius close together running beneath it; however only one could be traced to
the DEJ allowing it to be measured. The presence of a second striation seems to
correspond to what appears to be a secondary stress after a period of slight recovery
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within the middle of the defect. Prism ends can be seen at the edges of the defect. A
layer of cementum (marked in Figure 10.9) which seems to be shaped to fit the defect,
can be seen although this has broken away.

There is also an area of opaque,

hypomineralised enamel close to the DEJ beneath the defect.

The defect measured from 15.45 to 13.39mm from the CEJ which indicates an insult of
2.1 weeks occurring when the animal was between 2 and 3 months of age. This
suggests that the disruption to the enamel formation process occurred in late summer
between July and August.

HOF/03
This defect was identified as a shallow depression type hypoplasia extending from a
third to a half of the buccal surface (Figure 10.10A). The bottom of this depression was
found to be quite pitted in areas (Figure 10.10B). A large area had been affected,
between 16.27 and 7.6mm from the CEJ. Although the insult may not have been
severe (Witzel et al. 2006) it appears to have been long lasting, approximately 8.7
weeks, occurring sometime between 2 and 4.5 months of age during July to
September.

Despite the extent of this stress event it was not found to be reflected in the lingual
surface. The insult was also not seen macroscopically despite a lack of cementum but
due to the fact that it started just below the level of the jaw. The tooth having been
subjected to taphonomic processes was cracked in several places and a break can be
seen running across the middle of the defect. A further 2 sections were taken to see if
the image would improve; however no pitted surface was noted in either, indicating that
the defect may have been patchy across the enamel surface.

287

D

*

Occlusal surface
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Defect

Accentuated
Striae

B

Figure 10.9: Pit type defect just below the level of the jaw in the lingual surface, with associated
accentuated striae. Arrow show region of tooth disrupted growth (defect and the area in
recovery). Tooth Ref: HOF/01 magnification x40
Key: D = dentine; E = enamel; B = bone; black star = cementum; white star = hypomineralised
enamel

HOF/06
In the lingual surface a pit type hypoplasia was noted close to the CEJ with rounded
margins and associated accentuated striae. Like other defects examined there were
prism ends within this insult which would have made identification difficult if this area
had not also been filled with cementum. All structures within the enamel around this
defect are also very faint, which meant that it was not possible to check for bending of
striae.

This event must have been more stressful than one which presents as an accentuated
striation, as extending only 0.11mm (between 4.81-4.92mm) this represents a
disturbance of less than a days growth. This stress would have happened at roughly 5
months at the end of September/ beginning of October.
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Occlusal surface

A

Crack in tooth

Figure 10.10: A – Depression type hypoplasia in buccal enamel of
HOF/03. This starts just below the level of the jaw and extending
8.01mm towards the CEJ. Solid black line indicates the extent of the
defect. Striae of Retzius can be seen to bend below the irregular
surface but no pathological bands. This type of defect indicates a less
severe but longer lasting insult. Magnification x40.

B – Magnified area of pitted enamel within the floor of the depression
type hypoplasia, indicated in A by dotted black line. Magnification x100

Bending of Accentuated
Striae of Retzius

10.2.5 Sveigakot
Only 1 of the 10 teeth sampled from this site displayed hypoplasia. This defect was not
observed macroscopically as SVK/07 was one of 7 teeth still encased within a portion of
the jaw when embedded.

SVK/07
This insult presents as a double pit type hypoplasia (Figure 10.11) seen in the lingual
surface but not reflected in the buccal. It has accompanying accentuated striae of
Retzius, which can be seen in several further sections but cannot be found in any of the
buccal surfaces examined. It is possible that there was a second accentuated striae
associated with the second pit, however this could not be discerned and again prism
ends are seen within the insult. The black line in Figure 10.11 marks the extent of the
defects from 7.63 to 7.2mm from the CEJ, which equates to roughly 3 days of
disturbance. Calculated separately the first shallower insult lasted half a day, followed
by 1.5 days respite and then a slightly deeper pit lasting a day. This all took place when
the animal was approximately 4.5 months of age, during September.

CEJ

D

E

Accentuated
striae

Figure 10.11: Double pit type hypoplasia in lingual enamel close to CEJ with period of recovery
between (marked with black line). No bending of the striae visible but associated accentuated
striation. (Tooth Ref: SVK/07) magnification x100
Key: D = dentine; E = enamel; CEJ = Cemento-Enamel Junction
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10.3 Summary
The majority of the archaeological teeth sampled displayed defects either as
accentuated striae or surface insults. A comparison of the average number of striae of
Retzius by site showed that Hofstaðir had the greatest number (Table 10.2). Three
sites also had greater than the average number of accentuated striae of Retzius per
tooth for the archaeological samples, Mine Howe, Hofstaðir and Sveigakot. In contrast
these sample groups show a lot lower percentage of hypoplastic defects, with only
Earl‟s Bu and Sveigakot being below the average per tooth. Three types of hypoplastic
defects were noted in the archaeological samples, depressions, pits or grooves and
opacities. A summary of which type each tooth displayed is present in Table 10.3.

AVERAGE
No. SOFR
2.6

AVERAGE
No. HYP
0.25

SNUSGAR

1.5

0.33

EARLS‟ BU

2

0

HOFSTADIR

2.9

0.3

SVEIGAKOT
AVERAGE TOTAL
PER TOOTH

2.7

0.1

2.4

0.2

SITE
MINE HOWE

Table 10.2: Average number of striae of Retzius (SOFR) and hypoplasia (HYP) by
archaeological site.

10.3.1 Mine Howe
Seven out of the 8 teeth sectioned had defects (87.5%), all except MINE/03 having at
least 2 defects.

The distribution of these defects within the tooth enamel form no

obvious pattern, only two teeth however displayed accentuated striae in the last 5mm
(or last month) of enamel formed (Figure 10.1).
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The majority of the 21 accentuated striae are found in enamel forming before four
months of age, between 9-24mm from the CEJ (n=16), with the peak of the distribution
at 20mm; while only 5 from 4 individuals were seen between 4-6 months or less than
8mm from the CEJ. Almost 50% of the total accentuated striae were found between
birth and 2 months, although samples MINE/02 and MINE/04 do not display striae in
this region of the enamel.

Interestingly, only 2 teeth displayed hypoplastic defects, neither of which had an
associated striation, one being a depression (MINE/02) and the other a pit (MINE/08).
Both were located between 8-6mm from the CEJ, lasting approximately 3-5 days, most
likely during September. This may suggest that these animals were subjected to similar
stresses.

10.3.2 Snusgar
Of the 6 teeth sampled, 5 (83.3%) had defects (accentuated striae or hypoplasia) with
most having 2 or 3 (Figure 10.2). The exception is SNUS/4 which displayed a single
hypoplastic defect but with no associated striae. All 10 accentuated striae of Retzius
were discovered in the enamel formed by 4 months or greater than 9mm from the CEJ.
Only one defect was found beyond 4 months, a depression type hypoplasia at
approximately 5 months in SNUS/05.

The first 2 millimetres of the tooth formed after birth was not represented in 3 teeth
sampled from this site due to tooth wear. However, in the 3 samples retaining this
enamel only 1 (33%) accentuated striation was found.
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10.3.3 Earl’s Bu
Five out of the 6 Earl‟s Bu sheep molars displayed defects (83.3%), but no surface
hypoplasia were noted in any teeth (Figure 10.3). Again the first few weeks of the life of
these individuals was not reflected in 2 of the sampled teeth (EB/21 and EB/43) due to
wear. All but one tooth in this sample group (EB/01) had 2 or 3 defects.

Two distinct groupings of accentuated striae of Retzius were noted. Four of the 5
displaying striae (80%) had a least one striation between 4 and 6 months; while 2,
samples EB/10 and EB/60, had defects before 2 months of age.

10.3.4 Hofstaðir
All 10 teeth (100%) displayed accentuated striae with the majority having at least 3,
despite 3 teeth missing the first millimetre of enamel after birth due to wear (Figure
10.4).

The distribution of pathological striae showed a main grouping in late

summer/early autumn between 4-9mm from the CEJ (roughly 4-5 months) with a
second grouping between 16-19mm (1-2 months). Another trend noted, was that with
the exception of HOF/04, individuals exhibiting accentuated striae between 2 and 4
months did not have striae between 4-5 months. No defect was found in the enamel
formed earlier than 1 month of age in any sample.

Three teeth displayed surface defects with associated striae, HOF/06 with a striation at
4mm, HOF/01 which may be related to both striae at 13mm and HOF/03 with its
associated striae at 9, 11 and 14mm.
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10.3.5 Sveigakot
Of the 10 teeth sampled from Sveigakot 9 displayed accentuated striae (90%), all of
which have at least 2 defects. A comparison of the distribution of accentuated striae,
seen in Figure 10.5, shows that there are 2 main groupings, 1 at 0.5-1.5 months
(between 23-19mm) and the other between 4-5 months (8-4mm). Six of the 9 teeth
exhibiting striae have a striation within the first or last month of enamel formation, but
not both; while the remaining teeth (SVK/02, SVK/04 and SVK/10) don‟t have
accentuated striae in either. Only one sample, SVK/02 a known goat, did not have at
least one striation within the first 2 months, while SVK/01 and SVK/03 are the only
individuals to display defects before 2 months and at no other time.

Only one surface defect was noted in this group, in tooth SVK/07, which was found in
the later part of the tooth with its associated striae at 7mm.

SITE
MINEHOWE
SNUSGAR
HOFSTADIR
SVEIGAKOT

TOOTH

DEPRESSION

MINE/02
MINE/08
SNUS/04
SNUS/05
HOF/01
HOF/03
HOF/06
SVK/07



PIT/
GROOVE

HYPOMINERALIZED









Table 10.3: Type of hypoplastic defect by tooth and site for archaeological samples.
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Chapter 11. Discussion – Interpretation of Modern
Sample Results
In this chapter the results of the modern hypoplastic study are discussed. Possible
interpretations of the position of the developmental enamel defects are presented with
reference to the known events of the animal‟s life cycle (see Appendix 2.2), such as
weaning, and based on modern studies of artificially induced hypoplasia (section 4.7.1).
Finally, trends noted within the modern sample groups are described in order to gain a
better understanding of defects seen within the archaeological samples.

11.1. Plikati
Exact ages at weaning are not known for the individuals in this group, although the
farmers at Plikati commonly weaned at 3+ months, in some cases just prior to
slaughter, as part of a mixed subsistence strategy of milk and meat procurement
(Halstead per. comm.). Consequently, it would be expected that defects would be
found in the enamel 13mm or less from the CEJ, dependant on the age of the particular
animal.

Eight teeth were sectioned and, although wear was not sufficiently advanced to affect
the area of the enamel under investigation, in most cases the last third of the tooth had
not finished maturing. This was due to the range of ages of the samples from 4 to 7
months, with the exception of PLIK/15, aged 12 months. Three samples were later
discounted as it was discovered that PLIK/08, PLIK/10 and PLIK/11 were still suckling
when they were slaughtered so would not have a defect reflecting weaning;
interestingly though, none displayed any defects.
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The only individual displaying accentuated striae, PLIK/18, had one at just before 2
months (January/February) and another at close to 3 months (February/March). As this
goat died at approximately 4 months it is possible that the second insult, just prior to
death, could be the result of weaning or separation of the kid from its mother, who
would have been turned out onto pasture at this time (Halstead per. comm.).

It is not possible to positively determine what the defect at 2 months could have
resulted from. Diarrhoea due to coccidiosis which is usually transferred from mother to
lamb/kid between 4-7 weeks, is not a likely cause as the animals were not housed in
the overcrowded conditions in which this disease thrives (Mills 1989: 193, Morand-Fehr
1981). Despite the very cold winter, this defect is unlikely to be the result of pneumonia
as they were housed inside; however, it could have been caused by parasitic infection
or respiratory disease. Parasitic infection is known to produce accentuated striae and
hypoplastic defects in lambs (section 4.7.1.3) the former being the result of a less
severe infestation.

The only other tooth displaying a defect was PLIK/15, a yearling sheep born the
previous April, with a pit type insult close to the CEJ. Based on the birth date of this
individual, the defect would have occurred between September and October when the
lamb was close to 6 months of age. The timing of this defect coincides with the mating
season for producing lambs for the Easter market, but this is unlikely to be the causal
factor here as individuals of this age are rarely used for breeding.

One possible

explanation is parasitic infection as the animal was probably grazing pasture during the
summer, although it is only known to have been grazing in November (Halstead per.
comm.). While the absence of any defect in the region of 3 months could suggest that if
this animal was weaned early onto pasture to free-up milk, the stress was not sufficient
to produce a defect; equally, the defect occurring close to 6 months could reflect
296

weaning. It is not possible to say definitely what might have caused this defect, other
than it was of relatively mild severity and short duration.

The absence of defects in the other 3 sample teeth, PLIK/12, PLIK/13 and PLIK/14,
needs to be considered.

Although it is known that farmers in Plikati weaned at 3

months or later, the exact timing is unknown. As the enamel is only viewable up to
roughly 4 months in all 3 teeth, it is possible that weaning may have occurred in the
region that could not be seen. This is particularly feasible as samples PLIK/08 and
PLIK/11 were still suckling at 7 months.

In this group it was also not possible to

determine if the stress of separation of the lambs and kids from their mothers was
enough to induce an enamel defect. All adult animals were taken out to pasture during
the day for the first time approximately 3 weeks prior to the slaughter of these sample
animals. In the case of all individuals, with the exception of the yearling PLIK/15, this
stress would have been reflected in the region of the CEJ and therefore rendered
invisible by the maturation process or beyond the range of formation for the M1 tooth.

A possible reason, unrelated to tooth formation, why it is difficult to discern a trend for
this type of farming system is that these animals did not derive from a single flock. The
animals were killed by villagers in Plikati for their Easter meal and came from different
households, raised in different byres and under different conditions. It is also important
to note that the two individuals with defects were born in different years. Despite this no
accentuated striae or defects were discovered close to the neonatal line or for the first
two months of life, which represent the winter months. As a result no definitive trend
could be determined for this sample group of mixed milk/meat subsistence strategy for
comparison with the archaeological samples.
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11.2 Rousay
The 8 jaws sampled in this group were from sheep born towards the end of April or
beginning of May on the Orkney island of Rousay. In this group it was predicted that
insults resulting from weaning would be found in that part of the tooth forming towards
the end of its development at 5-6 months, as this is when the lambs were separated
from the ewes.

Seven of the 8 molars displayed defects, of which 4 displayed

accentuated striae within the rough time period that might reflect the stress of weaning,
i.e. up to 4mm from the CEJ. Only 3 individuals were found to have accentuated striae
outside this grouping.

Sample ROU/14, had two accentuated striae associated with the only hypoplastic
defect noted in this group, representing the most stressful event. The hypoplasia was a
double pit type defect seen between 3.5 to 4 months (August/September). As the
process of recovery is not quite complete before the tooth formation is disturbed again it
is likely that these reflect two insults of the same cause, either as separate incidents or
one that had been prolonged.

The duration of the stress is estimated as lasting

approximately 3 days.

Both parasitic infection and fluoride have been known to induce pit type defects in
sheep dentition (Suckling et al. 1986, Suckling & Thurley 1984). The latter can be
discounted as an unlikely cause in this case, as Orkney does not have large scale
industry producing fluoride polluting waste and is not a region of volcanic activity. It is
also likely that this type of stress would affect all sheep in the flock, which is not
reflected in the sample group.

Pits and grooves were also produced by intestinal

parasites in lambs (see section 4.7.1.3); this level of reaction was produced in
individuals not displaying signs of severe diarrhoea (Suckling et al. 1986). Parasitic
infection, especially of nematodirus species, is a problem for lambs grazing until 4
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months of age when they become more resistant (Mills 1989: 207). If this is the cause
here, it is interesting that there is only one defect before 4 months, especially as lambs
start to nibble on grass within a few days/weeks after birth. Finally, it is possible that
the hypoplasia in ROU/14 could be the result of the stress of weaning or separation of
the lamb from the ewe in an animal born later in the season and, therefore, younger
than some of the flock. The shallow nature of the pits would seem to suggest that this
insult was not very severe. If this is the case then it is also possible that the single
striation at 8mm from the CEJ (close to 4 months) in the enamel of ROU/05 may also
represent separation in an individual born later than its fellows.

A group of 3 accentuated striae were noted in ROU/03 between 4-5 months. Occurring
during September, the first incident is preceded by another 15 days later, with the third
taking place roughly 9 days after that. While resistance to nematodirus species of
parasites may have developed in the lamb by the time of this insult, this might not be
the case with liver fluke, known to affect sheep in Orkney (Fenton 1978: 454) and active
between August and January (McKenzie 1970: 256). Another possibility is coccidiosis
which affects sheep between May and October, causing continuous or recurrent
scouring (diarrhoea) and can relapse 2 weeks after apparent recovery (McKenzie 1970:
256). This usually occurs under most stressful conditions, particularly after weaning
(Yvoré et al. 1980 cited in Orgeur et al. 1998).

Only 1 of the teeth had a defect in the enamel of the tooth greater than 9mm from the
CEJ or less than approximately 4 months. ROU/13 had an accentuated striation at
18mm or between 1.5-2 months.

This is unlikely to be the result of the stress of

castration which carried out with a rubber ring, most likely within the first 2 weeks of life
(Mainland per. comm.). It is also unlikely to be due to lack of food as the nutritional
health of the flock would have been closely assessed and maintained by the farmer; or
299

the molestation of the individual by predatory gulls and crows, which would have
occurred when the animal was at its weakest, within the first few days after birth.
Parasitic infection, however, cannot be dismissed as single accentuated striations were
interpreted as a mild reaction to induced parasitism in sheep (Suckling et al. 1986).
Another potential explanation may be a brief illness.

When looking at the overall distribution of defects within this sample, the accentuated
striae of Retzius and hypoplasia seem to be grouped roughly between 4-6 months in 6
out of 8 lambs with only one exception, an accentuated striation in enamel forming prior
to 2 months of age. Since natural weaning can start at 4.5 months in sheep receiving a
nutritionally high diet and separation of the ewe and lamb occurred between 5-6
months, it is reasonable to interpret the defects occurring between 4-6 months as
reflecting stresses associated with weaning/separation from the ewe. The absence of
similar defects in the other 2 lambs can be explained by variability in birth dates, which
in this flock can range over 3 or 4 weeks (Mainland pers. comm.). As all lambs were
separated, and thus finally weaned on the same day, younger individuals would display
defects earlier. Those older individuals weaned at 6 months may not display a defect at
all, as at this age the enamel of the M1 tooth has finished secreting.

11.3 Seaweed Eating Sheep
Unlike the ovicaprines in the other sample groups, these lambs were not separated
from the ewe and were all naturally weaned onto a diet of seaweed. Variation in the
availability of seaweed is based on weather and season which, unlike pasture, is
obtainable in greater quantities during winter (Hansen et al. 2003).

Seasonal

differences are also noted in the nutritional value of the Lamineria species. In October
these provide adequate nutrients, while in May the old fronds contain insufficient
calories at a time of great demand for the pregnant or nursing ewe (Britt & Baker 1990).
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All of the individuals in this sample had died of natural causes, the mandibles being
collected from disarticulated skeletons on the shore. In a study of mortality of North
Ronaldsay sheep it was noted the majority of individuals died either as young adults
(due to parasitism or starvation) or as old animals of dental disease and/or starvation
(Britt & Baker 1990). The individuals in this group appear to follow this pattern.

For the purposes of interpretation, the seaweed eating sheep should be considered as
two distinct groups as it appears there are differences in the stresses that the North
Ronaldsay and Holm of Aikerness individuals are subjected to.

11.3.1 North Ronaldsay
North Ronaldsay lambs are born on grass and are put on the shore to eat seaweed in
August at 4 to 5 months old, when weaning most likely occurs. Two of the sample jaws
were from young adults (between Payne‟s wear stage C and F) and the other an adult
(Payne stage G). Despite the seemingly stressful life these animals were subject to
only one tooth displayed a defect, TWIG/01, from a ram aged to 4-5 years old. This
was a single accentuated striation noted close to the CEJ at roughly 6 months, towards
the end of October/beginning of November.

Malnutrition, due to periodontal disease, is an unlikely aetiology for this defect as
TWIG/01 displays no sign of periodontal disease or anti-mortem tooth loss; food would
have also been at its most abundant and highest nutritional value at this time. Trauma
can be considered as a possible cause of this insult as it has been noted to be a
common cause of death in North Ronaldsay lambs. When disturbed these sheep make
abrupt dashes over the boulder-strewn beach. Lambs find this landscape more difficult
to negotiate, leading to the risk of falls and trampling by the rest of the flock; a common
injury incurred as a result was broken ribs (Baker & Britt 1990). Such an injury would
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directly affect the animal‟s ability to feed, a task much more difficult on the shore than
on pasture, likely resulting in a much greater disturbance to the formation of developing
enamel. Direct trauma to the forming tooth, for example, produces the most severe
type of defects in lambs, plane type hypoplasia (Suckling 1980). It is not possible,
however, to dismiss an accentuated striation as resulting from a slight injury.
Parasitoses are also known to be extremely common in North Ronaldsay sheep (Britt &
Baker 1990, Baker & Britt 1990).

These include intestinal nematodes as well as

ectoparasites such as sheep keds (Melophagus ovinus). Lambs are more at risk from
nematodirus infection from when they start to graze until they become more resistant
after the ked population has peaked (Small 2005) although this is likely to occur in mid
summer (June/July). Finally, it is possible, as this insult may have occurred at the
beginning of the breeding season that the defect may represent the stress of reaching
sexual maturity, as rams in the excitement of the rut can forget to eat, to the detriment
of their health (Mills 1989). Although 6 months is a bit young for rutting, male lambs
can reach behavioural maturity from late spring onwards and it is possible for ram
lambs to mate in their first autumn (Lees 1979) although this is dependant on the breed
of sheep and the level of nutrition that the lamb receives.

Despite the loss of roughly half the original enamel formed since birth due to dental
wear, it was possible to see the region of the tooth between 4-5 months when this
individual would have been introduced to the shore and a radical change in diet. As it
takes 2 weeks for the rumen to adjust (Orpin et al. 1985) allowing the digestion of
seaweed (Hansen et al. 2003) it was hypothesized that this stress might be reflected
within the enamel formed at this time. Interestingly this was not the case for TWIG/01,
TWIG/05 a 2-3 year old ram or NBN/01 a 3-4 year old ewe, as all 3 teeth failed to
exhibit defects in or around the area of 4-5 months.
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The early life of TWIG/05 and NBN/01, between birth and roughly 2 months of age, was
also lost to dental wear. This is due to the age of the animals but most likely also
related to the consumption of the tough cortex of Laminaria stapes (Britt & Baker 1990)
and the high amounts of sand particles ingested with the seaweed, which has been
seen to highly abrade molars and especially the dentine (Mainland 2000a). While this
may help to explain the low number of defects seen by reducing the observable area,
this does not account for the lack of incidents between 2 and 6 months of age. Perhaps
this indicates the transition to a seaweed diet was not as systemically traumatic as
previously thought. It may also shows that the process of progressive natural weaning
was not stressful, as the ewe and lamb will remain associated until the beginning of the
mating season (November/December). This allows the social bond to break gradually
and both parties to become accustomed to separation (Orgeur et al. 1998).

11.3.2 Holm of Aikerness
The Holm of Aikerness sample consisted of 3 sheep molars, HOA/02 and HOA/04 aged
1-2 years and HOA/03 from a 4-5 year old individual; only 2 teeth displayed defects, in
the form of 5 accentuated striae and 1 hypoplasia.

As there is no human intervention during the life cycle of these sheep, the samples in
this group are all examples of naturally weaned individuals. The age at weaning would,
therefore, be dependant on the ewe and any factors affecting milk production. During
the lambing period in May, Holm of Aikerness sheep are forced to rely on the old
seaweed fronds, which have poor nutritional value at a time when the condition of the
sheep has been observed to be at its lowest (Britt & Baker 1990). Consequently, the
ewe may be nutritionally stressed during the early period of lactation.

In these

circumstances it has been discovered ewes may start weaning their lambs from 55
days after birth or roughly 2 months, in comparison to those on high nutritional diets that
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start from 4.5 months (Arnold et al. 1979, see section 2.2.1.1). In this highly stressed
group it was thought likely that age at weaning would be towards the earlier end of the
natural range (closer to 2 months) although this could vary greatly depending on
individual circumstances.

It was interesting, therefore, to note that no defects were found in that part of the tooth
formed between 2-4 months in any of the samples.

Instead the majority of the

accentuated striae seen in this group (n=5), present in HOA/03 and HOA/04, were
found between 5-8mm from the CEJ, at 4-5 months which roughly correlates to
August/September. These appear to be a series of short period stresses which occur
over the period of a month; HOA/04 had 3 insults whilst HOA/03 had 2. The lack of
defects between 2-4 months suggests a number of possibilities. Firstly that the lambs
may have been buffered from stresses of life on the island by continued suckling during
this period, with weaning occurring later. The presence of accentuated striae at the end
of summer/beginning of autumn (4-5 months) when the nutritional value and availability
of the seaweed is increasing (Britt & Baker 1990) makes it unlikely that it is the result of
malnutrition. It is possible that these defects reflect a period of changing diet, as it can
take up to 2 weeks for sheep to adjust to seaweed but could equally be the result of
high levels of dehydration during the hottest months of the year.

The earliest formed defect was seen in HOA/04, as a pit/groove type hypoplasia
between 22 and 19mm from the CEJ in the lingual and buccal surface. This was an
insult lasting roughly 3 weeks when the lamb was between 1-2 months of age, during
May and June. The hypoplasia appeared to be in two parts, the first defect lasting 9
days, followed by a period of recovery of 5 days before there is a second insult lasting
for 6 days. Unfortunately it is not possible to know if these insults represent the same
stress re-occurring or not.
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Hypothermia, starvation and trauma were found to be the primary causes of death in
North Ronaldsay sheep (Baker & Britt 1990). The first two causes are related to the
ewes‟ inability to lactate properly after the harshness of winter. A stress of this duration
caused by either is likely to have resulted in the death of the lamb rather than a dental
enamel defect. Trauma is a more likely cause, as lambs are known to fall frequently on
the rocky shore. This double defect could, therefore, represent further damage to an
existing injury from which the animal is recovering.

Another possibility is parasitic

infection as it has been noted that lambs become infested at a very early age (Baker &
Britt 1990), which is particularly plausible as pit type of hypoplasia have been seen to
form in the incisors of sheep suffering from this kind of stress (Suckling et al. 1986).
Finally dehydration could be a problem for these sheep. As the only source of water is
from rainfall and, therefore, reliant on climatic conditions, there can be a seasonal lack
of water in summer. The collected water is also known to be periodically contaminated
by seawater during storms (Balasse et al. 2009). This could be made worse by eating
seaweed as the animal would be consuming higher levels of salt. Whatever the cause,
this seems to have affected the lamb quite severely for a relatively long period of time.

The only tooth not displaying defects is HOA/02. Stable isotope analysis of the enamel
bioapatite of the M2 tooth from the same jaw, undertaken since this study began,
showed a change from a seaweed diet to one with a significant amount of terrestrial
vegetation. As the Holm of Aikerness has very limited vegetation the authors suggest
that the animal spent the first year of life somewhere else in the Orkney archipelago
(Balasse et al. 2009), the most likely place being North Ronaldsay. As the isotopic
figures show that the terrestrial diet was consumed towards the end of the tooth
formation, at around 1 year, it is possible that this individual was a pregnant ewe taken
off the shore prior to lambing in late spring, although new rams are known to be
periodically introduced to the island from North Ronaldsay to stop inbreeding (Balasse
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et al. 2009). In that case this change in diet could be the result of increasing the
animal‟s condition before moving it to the new flock.

As this sheep may have

experienced a different husbandry system from the other Holm of Aikerness sheep,
probably similar to those of North Ronaldsay this may explain the lack of defects.

11.3.2.1 Summary
It was unexpected that out of 6 first molar teeth sampled of these resource-stressed
sheep, only 3 displayed defects. It appears that weaning or changing to a seaweed diet
may have been less stressful than hypothesised. It is possible, however, as 4 of the 6
teeth are from older individuals that have lost the first 2 months of enamel after birth to
wear, that earlier life may have been more stressful than the later. As only one of the 2
teeth with enamel still present before 2 months had a defect it is not possible to tell if
this is abnormal or not.

It was thought that this type of husbandry would be stressful based on a study of the
causes of death and illness among these sheep (Britt & Baker 1990, Baker & Britt
1990). Perhaps the introduction of summer grazing for North Ronaldsay ewes and
lambs has improved nutrition and reduced mortality levels which may account for the
low levels of enamel defects. These lambs have milk and grass during the summer
when seaweed quality and quantity are low and are released onto the shore in autumn
when the seaweed is beginning to improve; it is possible that any periods of stress
experienced by these animals as a result of this form of husbandry system may be
reflected in the enamel of the M2 and M3, which cover the next several years of life.

11.4 Greenland
The 8 Greenlandic wether lambs (castrates) were aged 8-9 months at death, and as a
result the process of maturation had not completed towards the CEJ, resulting in an
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inability to assess the enamel between 5.5-6 months for accentuated striae of Retzius.
These lambs were weaned, aged 5-6 months, when they were separated from the
ewes. This seems to be reflected in the defects seen within the enamel of their molars.
With the exception of one accentuated striae all 4 molars displaying defects had at least
one present during the period of 4.5 to 5.5 months.

The only other accentuated striation seen appears in sample UP/78 just after the
neonatal line. As this line is within 630 microns of the neonatal line this defect reflects a
stress occurring very soon after birth. Although it is not possible to definitively say what
stress may have caused this defect, it is unlikely to be the result of castration. In this
sample castration was carried out prior to the animals being taken to the summer
pasture in early July (Mainland, pers. comm.), so an insult caused by castration would
likely be seen at around 1.5 -2.5 months (approximately 19-15mm from the CEJ). In
fact there is no sign in any of the animals that castration was stressful enough to
produce a defect. It is possible instead that this insult may be due to illness or the
stress of a cold climate, as young lambs are susceptible to cold exposure (Slee 1978,
Baker & Britt 1990).

Three teeth had hypoplastic defects within 2mm of the CEJ (UP/54, UP/62 and UP/82)
formed between 5 and 6 months of age. In the samples from Greenland this is likely to
represent the stress of weaning or separation from the ewe which occurred at this time
in the animals‟ life. The defects formed as a pit of short duration (2 days) in UP/54 and
a longer lasting insult (3 days) in the form of a depression in UP/62. In both cases the
insult does not appear to have been severe.

Five of the 8 teeth did not have defects within the region of 5-6 months where weaning
was expected to be seen. There are a number of possible reasons for this. Firstly the
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ewe may have naturally weaned these lambs prior to their separation, therefore
resulting in a less stressful event, the ewe-lamb bond having previously been broken. It
is also possible that weaning may have occurred between 5.5-6 months, and be
reflected in that region which is not viewable due to the process of enamel maturation.

11.5 Iceland
In this sample, as in the Rousay and Greenlandic animals, individuals were weaned at
5-6 months, just prior to death. Unfortunately it was not possible to assess whether the
types of defects visible in the Rousay and Greenlandic sheep, associated with weaning,
are present in the Icelandic sheep as the enamel had not mineralized sufficiently; on
average only the first 1.5 months of each Icelandic tooth had matured. Despite this no
defect was evident within this mature enamel suggesting that life close to the farm prior
to going to the pasture did not consist of any stressful events.

11.6 Summary
The samples examined as part of the modern enamel defect study had certain
limitations. To start with there were problems with the ages of the individuals sampled.
Of the 40 teeth assessed, 23 (58%) were too young to see the later forming enamel (46 months) and a further 5 had sustained substantial wear to the earlier formed enamel
(0-2 months); visibility was, therefore, hindered in 70% of the samples. The issue of
visibility arose because, firstly, not enough was known about tooth development at the
start of the project to determine the optimal age for seeing the majority of enamel in
ovicaprine M1 teeth (see section 5.3.1). Secondly, it is difficult to get hold of modern
samples of known lifestyle and this study was therefore limited by what was available in
pre-existing collections (Mainland pers. comm.); which in turn was largely determined
by modern slaughtering practices for meat production where lambs are typically culled
at 5-6 months and only occasionally at 18 months.
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It is likely that weaning in the Plikati sample group can not be seen, in all but one case,
due to the process of enamel formation. These ovicaprines were known to be weaned
after 3 months of age prior to their slaughter between 4-7 months and the enamel in the
majority of these samples can not be observed between 4-6 months.

Despite differences in the average frequency of accentuated striae and hypoplasia, the
distributions of defects in sheep from the North Atlantic (Rousay, Seaweed-eating and
Greenland; Figure 11.1), follow a common trend.

All sites lack defects within the

enamel forming roughly between 2-4 months, very few (1 per sample group) between
birth and 2 months and the bulk of insults occur between 4-6 months. The relatively
few insults seen in the earliest life of the Seaweed-eating samples is misleading,
however, as due to age related dental wear only 1 of the 6 teeth examined still had this
enamel present. Younger individuals from North Ronaldsay would, therefore, need to
be assessed to see the rigors of their lifestyle properly. All the other samples, with the
exception of 2 from Rousay, retained the enamel formed after birth. Despite this only 2
teeth displayed accentuated striae in this area (12.5%), suggesting that the first few
months of life for the lambs in Greenland and Rousay were not stressful. The enamel
between 2-4 months was the most viewable area of all these sample teeth, being least
subject to wear and the rate of maturation, and therefore 95% (21 out of 22 teeth) could
be examined. Of those 21, only 1 (5%) had a defect in this region. As during the first 4
months of a lamb‟s life it is most vulnerable to disease and parasitic infection this trend
seems to indicate that modern farming techniques and preventative treatments
commonly used significantly reduce the levels of stress to which these animals were
subjected. A total of 50% of the 22 teeth displayed defects within the region of 4-6
months, in which 18 of the 23 total defects (78%) seen in the modern samples were
found. It was believed, based on data provided by the farmers that weaning /separation
of the lambs from the ewe occurred in the Greenlandic and Rousay lambs between 5-6
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months. Three (38%) of the Greenlandic and 4 (or 50%) of Rousay lambs presented
insults during this period of enamel formation. In the North Ronaldsay seaweed-eating
samples it was expected that stress, possibly weaning, would be experienced at around
4-5 months when the ewes and lambs were turned onto the shore for the first time.
None of the North Ronaldsay sheep were found to have defects in this area.

11.7 Comparing sample groups
Three of the modern groups studied, Greenland, Rousay and North Ronaldsay, show a
concentration of defects in the region of the tooth in which it was anticipated defects
would form according to the type of weaning practiced, in this case late weaning around
about 4-5 months, associated with meat production. Developmental defect formation is,
however, complex and before weaning can conclusively be identified as a causal factor,
alternative explanations must be considered.

The first to be considered is the effect of nutritional differences. This can be done by
comparing the Seaweed-eating sheep with those from Rousay. Both Orcadian groups
are born at a similar time of year and would have experienced similar climatic
conditions but are subject to different diets, with the Rousay lambs grazing and the
North Ronaldsay/Holm of Aikerness lambs subsisting mainly on seaweed after
weaning. Despite these differences a similar distribution can be seen when comparing
the combined frequency of defects (Figure 11.1), with the majority of defects occurring
between 4-6 months. To assess the impact of climatic conditions the Rousay and
Greenlandic sheep can be used; both samples were grazing but raised in different
geographic location and environment with the Rousay conditions likely to be more
temperate than in Greenland, further north.

Despite the inability to see the last few

millimetres of the Greenlandic teeth, contrary to expectations, fewer samples (3 out of
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8) displayed defects than the Rousay (6 out of 8).

This suggests that climatic

conditions alone are not necessarily responsible for enamel defects.

In the field the effect of parasitism are likely to be more random than in enclosed
conditions such as in a byre, as there is less contact between animals for transfer.
Susceptibility and ability to develop resistance can vary markedly between lambs
(Nelson & Kozub 1980 cited in Small 2005) and different parasites are more common at
particular times of year and also differentially affects members of the flock. Sheep ked
peak during winter, December to February; but in lambs born in March they peak in
May, with the transfer from the ewe greatest during periods of bright sunshine. Transfer
from the ewe also decreases with a reduction in feeding period (Small 2005). Liver
fluke affects animals of all ages in winter months, with outbreaks of scab (mite) also
occurring more frequently during cold weather in winter (Fenton 1997: 454); fly strike
conversely affects animals during the summer (Ryder 1983). Intestinal parasites can
be introduced into lambs system anytime from when they start to graze. It is likely that
the use of modern treatments has limited the effect of parasites in the modern sample
groups, seen by the low number of defects especially in the first 4 months during which
time the lamb is developing a resistance. During the period of 4-6 months (roughly
August to October) sheep keds are likely to be in decline and liver fluke may only just
be increasing in numbers in October, while lambs will be more resistant to intestinal
parasites.

It is not expected, therefore that a peak between 4-6 months reflects

parasitic infection, especially as there no convincing evidence of it prior to 4 months.
Instead it is expected that parasitic infection would be reflected as a more random
distribution occurring earlier in lambs, unless the animals were kept in cramped,
enclosed conditions were transfer would be quicker and likely to have affected all
animals.
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Figure 11.1: Combined results of frequency distribution of defects for the modern samples from
the North Atlantic region.
Key: Brown zone indicates tooth not yet matured

Another possible explanation for the pattern of defects seen between 4-6 months in all
3 groups is an annual rhythm, such as entering the first winter; where temperature,
climate, the availability of food and length of day all change. Day length, which is
known to trigger breeding season in sheep (Duckham 1963 cited in Ryder 1983: 681),
experiences the period of quickest change in light length at the autumn equinox in
September. It is likely that if this was a cause that the effects would be seen to be
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greatest at this time (roughly between 4-5 months in the Greenlandic, Rousay and
Seaweed-eating sheep dependant on birth date).

If this stress was something as

universal as length of day, however, it would be expected to affect all individuals which
it does not. This is supported by the evidence of Plikati sheep and goats which were
born and housed indoors through winter, in conditions where it is unlikely they
experienced much natural daylight. This experience was not found to be stressful for
these individuals as only 1 of the 8 teeth sampled from this group displayed enamel
defects during this period.

Studying the North Ronaldsay/Holm of Aikerness sheep only 1 of 8 teeth displayed any
defect within the last month of tooth development, which would possibly relate to the
beginning of winter. This could indicate that climate and exposure were not such a
problem as there would have been abundant food available to these animals.

In

comparison in the Rousay sheep, where grazing would become less available going
into winter, it would be expected that all animals would be affected and not just 3 out of
the 8, 2 of which had not displayed defects in the 4-5 month region.

Moreover, it is possible that the formation of the M1 does not reflect the transition into
winter. This depends on when lambs are born in spring, in those born in May stresses
would only be shown in this tooth up to October/November at the maximum. Then
again the transition to winter also occurs at different times depending on the
geographical location, with those countries further north, such as Greenland, occurring
earlier than in Orkney.

Weaning, therefore, appears to be the most convincing explanation for the peak in
defects between 4-6 months.

Examination of the distribution of defects within the

enamel of the modern ovicaprine teeth, however, posed further questions. Firstly, why
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only some of the samples showed defects in the expected area; should not all
lambs display them?

There are a number of hypotheses why all lambs do not show defects in an expected
area. Firstly, there is the rate of formation and destruction of tooth enamel. Depending
on the age of the animal and abrasive nature of the diet on which it subsists, greater or
lesser amounts of enamel may be lost, and with it evidence of defects. Likewise the
rate of secretion and maturation of enamel may vary between individuals.

These

processes affect the visibility of insults in different ways. In enamel that is secreted but
not yet matured, hypoplastic defects at the enamel surface may be seen but as the
internal structures are not yet defined, accentuated striae can not be discerned. This
could explain the low numbers in Greenlandic lambs as the last 2mm of the enamel
between 5.5-6 months was still maturing. The absence of defects within an expected
area of the tooth could also be explained by differences in the susceptibility of an
individual to stresses, as some lambs will be weaker than others, which would result in
a variation in the number of expected defects.

Variations in the birth date of lambs and kids, which may differ up to as much as a
month even within a single flock, is particularly important in understanding seasonal
events such as the process of artificial weaning imposed by humans. This could cause
a disparity in the location of the defect in the tooth and perhaps a wider time range
should be considered to account for this deviation. In the case of the Rousay lambs,
which are known to have been separated from the ewes on a single day in October
when the lambs were approximately 5-6 months old, this could mean that it is possible
that in some individuals the tooth had finished the process of secretion prior to this
event occurring. This also prompts another question when considering the Rousay and
Greenland samples; how stressful is weaning at 5-6 months?
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A ewe may naturally begin weaning her lamb any time between 2-4.5 months
dependant on her diet, in a process that may take between 2-4 weeks to complete
(Bergsåker 1972 cited in Bergsåker 1978). It has also been noted that most lambs are
weaned by 150 days after parturition or roughly 5 months (Arnold et al. 1979), but will
maintain contact with the ewe up to 190 days (over 6 months) even if not suckling
(Arnold & Pahl 1974 cited in Arnold et al. 1979). It is possible, therefore, that later
artificial weaning (4+ months) may only show if the ewe has not already naturally
weaned.

Weaning may, therefore, have occurred naturally in the lambs from the Rousay and
Greenland samples, which as a gradual process is less likely to be as stressful, prior to
the sudden separation from the ewes at 5-6 months. The bond between ewe and lamb,
however, is still strong for a few weeks after weaning (Orgeur et al. 1998).

It is,

therefore, a possibility that the stress of breaking the ewe-lamb bond is reflected in the
dentition of these animals at this time.

Lambs vocalise the stress of separation,

particularly if still suckling (Orgeur et al. 1998), and this was noted to have occurred in
some of the Rousay flock at the time of separation.

11.7.1 Comparison with previous research
No previous study of enamel defects has tried to identify specific aetiologies to account
for hypoplasia or accentuated striae, and very few linked chronology of enamel defects
to the life cycle of an animal.

In the histological study of modern baboon dentition, Dirks et al. (2002) were able to link
the timing of specific events within the life cycle of these animals, which included
weaning, separation from their mothers and attaining sexual maturity. As the date of
death for these sample animals was known and age could be calculated, it was
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possible to extrapolate back to determine a birth date. It was then possible also to
identify defects (accentuated striae) related to recorded climatic changes, with the rainy
season related to parasitic infection and droughts affecting the availability of food (Dirks
et al. 2002). In a comparable study Franz-Odendaal (2004) macroscopically studied
enamel defects in wild and captive giraffes.

Using eruption sequences for the

permanent dentition to determine age, linear enamel hypoplasia was related to critical
periods of behaviour in the animals, such as weaning, separation from their mother and
sexual maturity. In both these studies patterns within the assemblages examined were
used to identify key periods of stress, which were interpreted based on known events
common to the species examined.

Similar methods were applied to understand the cause of defects in archaeological wild
and domestic pig dentition (Dobney 2002, Dobney et al. 2004, Ervynck & Dobney
1999). Individual ages were not determined for defects but rather the location of the
defect in relation to crown height, divided by the time taken to form the tooth, was used
to suggest rough age and the month in which the defect occurred, based on general
timing of birth. Figure 11.2 presents a schematic representation of frequency of defects
in comparison to the life cycle of primitive domestic pig. These studies did not try to
determine possible aetiologies of individual defects or for individual animals but rather
to identify peaks in the distribution of defects over assemblages. This required the
examination of large numbers of teeth, only realistically feasible in macroscopic study,
which is possible in pig dentition. The peaks in the distribution were identified as major
events in life cycle such as birth, weaning and the first winter. Winter is a season of
particular problems, affecting not only the availability and nutritional quality of food but
the energy requirements placed on the animals and resulting in animals loosing weight
due to a scarcity of food (Dobney & Ervynck 2000).
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In all these studies the earliest identified stress after birth was weaning.

During

weaning infants are at risk of infection and diarrhoeal disease. In modern studies of
human dentition enamel defects were shown to be produced as a result of the stress of
weaning, irrespective of the level of nutrition being received before or after weaning
(Dobney & Goodman 1991). An increase in the frequency of defects at particular ages
historically documented as age at weaning in humans has also supported the
relationship between enamel defect occurrence and weaning age (Moggi-Cecchi et al.
1994). Other researchers found that weaning in humans was hard to identify in this
way because humans can nurse their children for in excess of 2 years, the variation in
age at weaning being so great as to invalidate any trend for identifying weaning (Blakey
et al. 1994).

Figure 11.2: Schematic representation of frequency of LEH compared to major events in the life
cycle of the domestic pig. Key: solid bar = period of tooth formation; graphs = frequency
distribution of LEH by distance from CEJ (after Dobney & Ervynck 2000: 605).

In giraffes weaning can occur anytime from 1 month (seen in wild giraffes) up to 1 year
as seen in captive animals (Franz-Odendaal 2004).

The peak in defects noted in
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enamel formed just less than 6 months in animals of both sex and interpreted as the
result of weaning stress, was independently confirmed by isotopic analysis of δ18O
levels, which were relatively higher in enamel formed while the animal was suckling
(Franz-Odendaal et al. 2003). In domesticated species such as pig and sheep, the
possible period of weaning occurs over a very much shorter time. In the wild and
domestic pigs, weaning occurs during the 3rd or 4th month of life (Frechkop 1958 cited
in Dobney and Ervynck 2000) while in sheep weaning (natural or be dictated by the
farmer) can occur between 5 weeks and 5-6 months (Arnold 1979), although milking
can extend the lactation period to 7 months (Ryder 1983: 689).

In goats normal

lactation continues up to 9-10 months (Eik et al. 1999) and as a result goats can be
weaned much later than sheep, as seen at Plikati where kids were still suckling at 7
months.

So by studying samples from the same or broadly the same macroenvironment it may
be possible to predict similarity in defect prevalence (Lukacs 2001) and identify weaning
using peaks in the distribution of defects.

11.8 Summary interpretation of modern enamel defect results
Weaning identified between 4-6 months in the modern Seaweed-eating, Rousay and
Greenlandic sample groups suggests that enamel defects can be caused by both
natural and human induced weaning.

This highlights the fact that it would not be

possible in an archaeological assemblage to determine whether weaning stresses were
natural or not. Fortunately in this situation it is not necessary to be able to determine
which type of weaning was responsible, as by allowing the animals in the flock to
naturally wean the farmers were still making decisions about husbandry. This indicates
that milk was not the desired product from these animals. By allowing the young to
suckle through the entire lactation period these animals could attain a good weight
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necessary for the production of good quality wool, fat for development of a good
carcass and to over winter these animals.
Finally a number of inferences can be made from the examination of the modern
samples.



Only 3 defects were noted within the first 2 months of life in the modern
sheep/goats sampled. This suggests that early weaning might be distinguished
in the archaeological samples, because weaning at earlier ages, before 3
months, is likely to be more stressful as it occurs when the bond with the ewe is
strong (Orgeur et al. 1998).



Weaning and/or separation of lambs from ewes during the period of 5-6 months
can be seen reflected in the defects of the Rousay and Greenlandic samples. It
is also most frequently seen in the form of accentuated striae of Retzius.



The process of castration in sheep does not show up in either the Rousay or
Greenlandic samples, suggesting the method employed was not stressful
enough to cause an insult. It is, therefore, not likely to be seen in archaeological
individuals unless inhumane methods are employed.



Despite the harsh life that those on North Ronaldsay experience, the practice of
keeping the lambs with their mothers on grass until 5 months old appears to
have meant that their early lives were considerably less stressful than those on
the Holm of Aikerness.



The lack of defects before 4 months in Greenlandic and Rousay could be result
of modern methods of combating parasitic infection.
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Chapter 12. Archaeological Discussion

In this section the results from the studies undertaken on archaeological populations
are discussed and interpreted using historical references to farming practices (Chapter
2) and the analysis of the modern sample data (Chapter 10). All the archaeological
samples selected for study were from 1-2 year old individuals and with the exception of
one goat were identified as sheep. This age range was selected to maximise the
viewable amount of enamel and allow a direct comparison of all archaeological samples
(see section 5.3.1.3).

Analysis of the dentition of the modern sample groups suggests that weaning is
reflected in the form of developmental enamel defects, most commonly as accentuated
striae; while comparison with other research into hypoplasia confirms that it is possible
to identify trends in weaning age within archaeological assemblages (section 4.9.9).
The association of weaning ages with specific herding strategies in the North Atlantic is
based on both historical documentation and comparable modern practices. These are
discussed in full in sections 2.2.3 and 5.3.4, where an outline of the expected age at
weaning for the different strategies are presented.

The modern sheep analysed have demonstrated that weaning is associated with
defects in the enamel. As this is a stress that will be common to all ovicaprines under a
managed husbandry system, the frequency of defects will show a distribution which
peaks around the average age of weaning (e.g. Rousay, Figure 10.2 and Greenland,
Figure 10.4). This is in contrast to defects arising from occasional stresses such as
parasites which are more likely to have a random distribution at the population level.
Identifying husbandry from age at weaning, therefore, needs to be done on the basis of
broad trends to take into account birthing variability.

Hence, a distribution with an
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emphasis on defects which formed at 0-2 months will be interpreted as a milk/meat
strategy where milk is the more important commodity, 2-4 months as mixed milk/meat
and 4-6 months as a meat and/or wool production system.

In this part of the chapter the results of the defect study will firstly be discussed and
interpretations made based solely on the frequency distributions. In later sections these
interpretations will be compared and discussed in relation to information on mortality
profiles, species representation and correspondence analysis.

12.1 Mine Howe
Seven of 8 sheep teeth sampled displayed defects, all of which had at least 2 defects,
with the exception of MINE/03. An average of 2.6 accentuated striae per individual was
seen in the Mine Howe teeth; this was much higher than the average 0.8 found in the
modern samples.

Looking at the combined data for Mine Howe (Figure 12.1) it can be seen that there
was an emphasis on defects forming between 0-2 months, the distribution being
positively skewed, with the mean at 14mm and the mode at 20mm.

As this was

influenced by some teeth displaying groups of defects, it was therefore necessary to
look individually at the samples and distribution of the accentuated striae within the
enamel. Although most teeth displayed defects across the whole tooth, 5 of the 7
(71%) displaying defects had a greater skew towards 0-2 months, while only one
MINE/02 was weighted towards 4-6 months; this was irrespective of how many striae
they exhibited. In fact only 2 teeth did not have striae in the 0-2 month area (Figure
12.1) those of MINE/02 and MINE/04.
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MINE/01 and MINE/05 both have a group of defects, closely located, between 0-2
months. These appear to be a series of stresses of short duration. In MINE/01, 3
accentuated striae are located at 23, 22 and 20mm from the CEJ, between 0.5-1 month
of age. These defects are separated by periods of recovery lasting 8 and 18 days. A
similar pattern is seen in MINE/05 which has striae at 24, 23, 20 and 18mm again
separated by periods of recovery of 9, 15 and 15 days respectively. It is possible that
this represents a recurrent stress, perhaps parasitic infection or coccidiosis, to which
lambs are susceptible and which is known to reoccur 2 weeks after apparent recovery
(McKenzie 1970: 256). If the latter is the cause then this could indicate early weaning,
as coccidiosis occurs particularly after this period (Yvoré et al. 1980 cited in Orgeur et
al. 1998). In this case it would be an indication of a mixed subsistence strategy in
which milk was a more important product.

There are also 2 hypoplastic defects between 4-4.5 months (end of August/beginning of
September) lasting roughly similar amounts of time. MINE/02 has a depression type
hypoplasia affecting less than a week of enamel formation, while MINE/08 has a pit
type defect which represented an insult lasting 3 days. These types of defects are
known to be caused by parasites (Suckling et al. 1986). Liver fluke, known to affect
Orcadian sheep breeds in recent history (Fenton 1997: 454) are active between August
and January (McKenzie 1970: 256) and is a possible cause, as is braxy, an
inflammation of the stomach brought on by eating frosty grass. An old cure for this was
to administer salt water on daily basis or provide seaweed (Fenton 1997: 454). Isotopic
analysis of sheep teeth from the site showed that seaweed may have contributed part
of the diet during winter, either fresh or dried as fodder (Balasse et al. 2009) which may
negate this problem. It is likely, though, that these stresses do not represent the stress
of weaning.
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The wide distribution of accentuated striae for each sample makes identifying individual
weaning age difficult. It is also very hard to distinguish a weaning pattern from the
results for the site as a whole. It is unlikely, looking at the location of the defects, that
weaning occurred as late as between 4-6 months and is, therefore, doubtful that Mine
Howe was employing a system that was geared to intensive meat and/or wool
production. The emphasis of defects, with 4 out of the 7 is between 0-2 months; with 2
between 2-4 months and the peak of accentuated striae distribution occurring at 20mm
from the CEJ at roughly 1 month of age. This suggests that milk may have been an
important product, perhaps as a mixed strategy of milk and meat production.

Finally, it is possible that this confused picture of ovicaprine utilisation may reflect the
nature of this site. No evidence has been found to suggest that Mine Howe was a farm
or settlement site. The site consists of a roundhouse structure believed to be a metal
workshop and an underground structure surrounded by a circular ditch, filled with a
solid layer of animal bones which has been suggested to have resulted from feasting
(Mainland pers. comm.). It maybe possible, therefore, that at least some animals were
brought onto site for consumption from elsewhere and this pattern could reflect a mix of
different strategies employed at different farms.

12.2 Snusgar
In the Snusgar sample group, 5 of the 6 sheep molars were found to have defects
(83%). Of these all except in one individual (SNUS/05), had defects occurring before 4
months of age (Figure 12.1). The single defect located between 4 and 6 months was a
depression

type

hypoplasia,

found

at

around

5

months

at

the

end

of

September/beginning of October, representing an insult lasting approximately 2 weeks.
This could be the result of parasitic infection (Suckling et al. 1986) or general illness. It
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is unlikely to be coccidiosis as this condition can cause death after 5 days (McKenzie
1970: 256).

The other hypoplastic defect noted in this group was an area of hypomineralised
enamel (or a demarcated opacity) 21.09-19.66 mm from the CEJ, appearing to last 1.5
weeks, found in SNUS/04.

This type of defect is known to be created during the

maturation phase of enamel formation after the secretory ameloblast activity has
ceased (Suga 1989, Suckling 1986). Consequently, this insult would have occurred
roughly 3 months after the enamel matrix was laid down, as secretion in the M1 tooth
finishes at 6 months and maturation at 9 months. Applied to the initial estimation of 11.5 months in June, this shifts the age at which this defect occurred to 4-4.5 months
(during September). It is likely that whatever caused this insult would have also
provoked a reaction in enamel that was being secreted at this time; however, in this
case no later defect was noted, supporting the assumption that it affected the maturing
cells only within this tooth. Trauma, fluoride and parasites have all caused opacities in
sheep (Suckling 1980, Suckling & Purdell-Lewis 1982, Suckling & Thurley 1984,
Suckling et al. 1986). Fluoride can be discounted as this produced diffuse opacities
closely associated with hypoplasia. Both physical trauma and parasitic infection are,
therefore, among the possible aetiologies.

Although these 2 hypoplastic defects are seen in different forms (depression and
opacity) the similarity of the ages at which they occurred (between 4-5 months) and
because these are the only defects in this region of the tooth suggests that perhaps
something seasonal was occurring in the flocks from this site.

The scarcity of defects beyond 4 months suggests that the herding strategy employed
at Snusgar is not based on an intensive meat and/or wool production system. There is
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also only 1 accentuated striation before 1 month of age indicating that it is not likely to
be an intensive dairying site. The distribution of accentuated striae peaks between 1-2
months with an average at roughly 2 months. This suggests a mixed subsistence
strategy of milk and meat procurement in which milk was important.

12.3 Earl’s Bu
The Earl‟s Bu sample consisted of 6 sheep molars, 5 of which were found to have
accentuated striae. No hypoplastic defects were noted. A very different distribution of
defects is apparent here than at the contemporary Norse site of Snusgar. Two distinct
groups are apparent in the frequency of accentuated striae (Figure 12.1).

Two

individuals have an emphasis between 0.5-1.5 months, while the greater emphasis,
with 3 sheep, is between 4-6 months. Only one sample (EB/10) had defects in both
groups.

The central tendency showed that the median and mode are at 7mm and the mean is at
9mm, or around 4 months.

This combined with the emphasis in frequency of

distribution between 4-6 months and based on the modern sample results is suggestive
of weaning for meat or wool production. The presence of defects within the region of 02 months in EB/10 and EB/60 may indicate conversely that those animals were reared
under a mixed meat/milk system with the emphasis on milk.

325

Figure 12.1: Combined data of frequency and location of accentuated striae and hypoplastic
defects in millimetres from the CEJ for all samples from the archaeological sites. Excluding
those accentuated striae associated with hypoplasia.
Key: Horizontal bars mark approximate position of hypoplastic defects.
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12.4 Hofstaðir
The Hofstaðir sample consisted of 10 molars (9 sheep, 1 sheep/goat). Three of these
samples, HOF/01, HOF/03 and HOF/08, had been subject to a small degree of wear,
removing approximately the first week of enamel formed after birth. An average of 2.9
accentuated striae were displayed per ovicaprine tooth from Hofstaðir, the highest
average of all the archaeological sites.

It is interesting to note that 60% of teeth

displayed defects in only one area of the tooth, 3 between 2-4 months and 3 between 46 months. The 4 remaining samples exhibited accentuated striae in both the 1-2 month
and 4-6 month range of the enamel. No defects were found between birth and 1 month
in any molar. Three teeth, HOF/01, HOF/03 and HOF/06 also displayed hypoplastic
defects.

The nature of the hypoplasia in the enamel of HOF/03 is suggestive of dental fluorosis
(see section 4.7.1.2). A large area of the tooth, nearly a third of the total crown height,
was affected by a series of small pits within a slight depression in the buccal enamel
surface between approximately 2-4.5 months (July to September), lasting 8-9 weeks
(Figure 12.1). This is similar to descriptions of fluorosis in the enamel of sheep molars,
seen as pitting or as an irregular rough surface (Milhaud et al. 1987, Milhaud et al.
1992) in wide horizontal bands (Purdell-Lewis et al. 1987).

In humans, fluorotic

hypoplasia is usually seen in conjunction with opacities (Møller 1982, Thylstrup &
Fejerskov 1978); however in sheep this is only seen in severe cases (Milhaud et al.,
1987). In this case any hypomineralised enamel is like to have occurred apically and,
therefore, could potentially have been lost due to dental wear. The presence of this
defect only in the buccal enamel and possibly the lingual infundibulum could be due to
differential susceptibility of the different surfaces (section 4.5). As the lingual enamel in
sheep is much thinner than the buccal and mineralization is completed in a shorter time
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(Suckling 1986) it is possible, therefore, that this insult could have only affected the
buccal surface.

In contrast a single pit hypoplasia affecting almost the entire thickness of the enamel
was found in HOF/01, between 2-3 months (July/August) resulting from an insult lasting
approximately 2 weeks. The presence of 2 accentuated striae running beneath the
defect suggests that this insult may have occurred in two parts with a slight period of
recovery between. An area of enamel displaying Tomes process pits was also seen
around the edges of this insult. This defect seems to closely conform to fluorotic insults
seen in the molars of deer (Capreolus capreolus and Cervus elaphus) described as
single pits aligned in horizontal rows with associated hypomineralised accentuated
striae and a zone of aprismatic enamel around the inside of the defect (Kierdorf &
Kierdorf 1997).

Although this defect displays bending of the striae and aprismatic

enamel (in the form of Tomes process pits, see section 4.7.1.2), it may be too tempting
to conclude that it is the result of fluorotic poisoning, despite the timing of the defect
being similar to that of HOF/03. Pit hypoplasia are also known to be formed as a result
of parasitic infection (Suckling 1986) and trauma to the tooth while forming (Suckling
1980).

In Iceland during the Norse period it is probable that livestock would have been
vulnerable to fluoride exposure in the form of ash fall, as a result of volcanic eruptions.
There is historical evidence for this in sheep (Georgsson & Pétursson 1972, Fridriksson
1983) presented in Appendix 2.4. The Hofstaðir jaws were recovered from midden
layers dating between c. 940-1050AD. Although no major eruption is noted in Iceland
between the Landnám eruption of c 871±2 and Hekla in 1104AD (McGovern et al.
2007), there were, however, two eruptions in the 10th century, the Eldgjá tephra
eruption in 934-8 AD (Thordarson & Larsen 2007, Larsen et al. 2001) and Veiðivötn ca.
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AD 950. During the later period of occupation at Sveigakot there was also the eruption
of Hekla in 1158 AD (Adderley et al. 2008). It is possible, therefore, that the sampled
sheep could have been born during a period of volcanic activity.

Unfortunately HOF/01 and HOF/03 derived from contexts dated to 1000-1050 AD
(Phase 2&3) which cannot be linked to major eruption tephra layers in the Mývatn
region, however, there are records of 5 eruptive events in Iceland during the 11th
century (Thordarson & Larsen 2007) so fluorosis can not be discounted. As these
hypoplastic lesions and the associated accentuated striae with them could be the result
of fluoride ingestion, not the result of stresses associated with animal husbandry
strategies it was decided to remove these defects from the frequency distribution.
Figure 12.3 shows this modified distribution in which the hypoplasia are still denoted by
horizontal bars but the accentuated striae associated with them have been removed.
This helps visually to see a clearer pattern of stress within the distribution of the
defects. The average for the distribution is not affected, which remains at 9mm, but the
median shifts from between 8-9mm to 6mm. This way 2 main groupings can be seen,
between 1-2 months and 4-6 months, but with an average of nearly 3 defects per tooth
it is necessary to examine the distribution carefully to account for patterns within
individual teeth.

HOF/01, HOF/03 and HOF/10 do not fit within the two main distributions, but rather
have defects that fall within the 2-4 month area; HOF/01 and HOF/03 exhibiting insults
of a greater level of stress in the form of pit type hypoplasia, described above, are most
likely not the result of weaning. HOF/10 alone, therefore, is within the established
range of a mixed milk/meat strategy. HOF/05, HOF/07 and HOF/08 all have defects
between 4-6 months which would indicate a meat and/or wool production system. The
rest, HOF/02, HOF/04, HOF/06 and HOF/09 are more confusing, having accentuated
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striae in both the region of 1-2 months and 4-6 months, although all have a greater
emphasis on the later 4-6 months.
indicates weaning the other cannot.

Interpreting this is more difficult, if one group
To understand this pattern, therefore, it is

necessary to look at likely husbandry practices employed during this period.

There is both historical and archaeological evidence that the management of
ovicaprines in Iceland was mainly based on a transhumance system using summer
mountain pasture, either as private grazing areas or shared common grazing lands
(afréttir pl., afréttur sg.) (Simpson et al. 2001). This area of extensive summer grazing
was beyond the limits of the estate (Arnalds et al. 2001 cited in Thomson & Simpson
2006) and usually bordered by natural barriers like rivers and glaciers (Thomson &
Simpson 2006). There were considerable regulations, recorded in the law document
Grágás, on when sheep were to be driven to afréttir, to prevent over grazing of the land;
this suggests that at least by the Commonwealth period (930-1262AD) sheep were
being driven onto the summer pastures in June and removed in September (Simpson et
al. 2001). The use of upland summer pastures was necessary to keep these animals
away from infield areas, where fodder was being grown in the form of hay (Albrethsen &
Keller 1986), and winter grazing areas within the outfield areas of the farm estate
(Simpson et al. 2004) to allow the recovery of vegetation during the 5 month growing
period (May to September) in order to produce enough to sustain grazing for the
remaining 7 months (Thomson & Simpson 2007).

With an emphasis on meat

production the use of extensive grazing of natural rangeland is important as it gives the
best carcasses (Gudmundsson & Thorhallsdottir 1999).

In the Norse period in Iceland it is also known that shielings (sels) were used as part of
this decentralised farming economy, due to references in Icelandic sagas (such as the
Laxdæla saga) and the law books Grágás and Jónsbók (Sveinbjarnardóttir 1991); but
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more recently by the excavations at the first securely dated shieling, Pálstóftir in the
central east highlands which has shown that these type of sites were in use at least as
far back as 940AD (Lucas 2008). Shielings are used mainly for the collection of hay or
the collection and/or processing of milk (Albrethsen & Keller 1986).

Key

Shieling
Réttir

Figure 12.2: Map of Mývatnssveit region of Iceland indicating the extent of the Hofstaðir and
Sveigakot estate boundaries, with approximate location of known shieling and réttir structures
(after Simpson et al. 2004: 473; Aldred & Madsen 2008; 3).

The area around Lake Mývatn was good for year round sheep grazing, despite its
altitude and location in the north of the country, and it is believed that large estates
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would have established shielings to make use of upland pastures (Vésteinsson 1998).
Hofstaðir farm is located close to several known shielings sites north of Lake Mývatn,
two within the estate itself (Figure 12.2). There are also 3 réttir (enclosures used for
sorting sheep, see section 2.1.4) within 10km west of the Hofstaðir estate, not seen in
Figure 12.2 (Aldred & Madsen 2008) and several south of the estate towards where
historical sources say there was common land south of Mývatn (Thomson & Simpson
2007).

Considering the historical and archaeological evidence for transhumance, the group of
5 accentuated striae from 4 individuals found located between 1-2 months (June-July)
most likely represents the time when the animals would have been moved to the
mountain pasture (Figure 12.1). Comparing this distribution with the modern sample
teeth from Garðar and Gautländ also located in the Mývatn region, farms which still
move ovicaprines to summer pasture, no defects were found in the enamel that was
visible from 0-2 months proving that movement to the pasture was not stressful under
modern farming systems. Other stresses such as earmarking and castration, which
take place at this time, were also not seen to affect the modern samples. Another
explanation thought more likely is the introduction of the lambs to potential parasitic
infection on new pasture; however, during the extensive grazing of unimproved upland
pastures

gastro-intestinal

parasites

are

rarely

a

problem

(Guðmundsson

&

Thorhallsdottir 1999) as under this system of husbandry sheep are allowed to graze
large areas (Naerland 1970). During the spring, however, when grazing is intensive
usually in the lowlands or close to the farm, problems such as coccidiosis can occur
(Guðmundsson & Thorhallsdottir 1999).

The accentuated striae may, therefore, represent the stress of parasitic infection
contracted on intensively grazed pastures close to the farm prior to being driven to the
332

summer pasture. This is supported by the relatively few striae seen in the enamel of
animals between 2-4 months while extensively grazing the afréttur.

The group of

defects, seen between 4-5 months (Figure 12.1), are likely to have occurred at the time
when the flock were gathered and moved back down to the farm from the mountain
pasture.

At this time lambs are separated from the ewes and some selected for

slaughter. Weaning is the most feasible explanation, as it is likely to have occurred at
this time.

This being the case, and considering the distribution of defects within this

sample group (median 6-7mm, mode 6 and mean 9mm) which show a central tendency
within the 4-5 month age range, it is most likely that these animals were herded for their
meat and/or wool.

Archaeological Phases
It was also possible to divide the samples into groups based on the archaeological
phase in which they were recovered. Phase 1 at Hofstaðir lasted from the mid to late
10th century (940-1000AD), while Phase 2&3 contained the remains of ovicaprines from
the late 10th to early 11th century (1000-1050AD). HOF/05 could not be assigned to one
of these phases and so was excluded. The frequency of defects by distance from the
CEJ for each phase was then plotted in Figure 12.3 and 12.4.

Assessing the distribution of Phase 1 (Figure 12.3) it can be seen that with the
exception of HOF/10 the emphasis of accentuated striae falls between 4-6 months.
HOF/10 has 2 accentuated striae of Retzius which fall between 2-3 months. The lack of
other striae in this tooth could suggest that these are related to weaning; if so, it might
indicate a mixed meat/milk strategy. The average for the distribution of the defects
within the samples from Phase 1, however, falls between 4-5 months. If these are
indicative of weaning, then again it is most likely that it is evidence of meat and/or wool
production system.
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Figure 12.3: Frequency and location of accentuated striae and hypoplastic defects in
millimetres from the CEJ from Hofstaðir Phase 1. Key: Horizontal bars mark approximate
position of hypoplastic defects; grey area indicates part of tooth lost due to dental wear.

Conversely the distribution of Phase 2&3 (Figure 12.4) shows a shift in the peak
occurrence of defects to between 2-4 months, which suggests an economic strategy
emphasising both milk and meat procurement. However, the majority of accentuated
striae found located in this area are associated with hypoplastic defects which are less
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likely to be the result of weaning. If the accentuated striae of Retzius for HOF/01 and
HOF/03 are discounted, too few defects are left to make sense of the distribution.

*

*
*

*
*

*
*
*

Figure 12.4: Frequency distribution of defects in millimetres from the CEJ from Hofstaðir Phase
2&3. Key: Horizontal bars mark approximate position of hypoplastic defects; star indicates
accentuated striae associated with hypoplasia marked above.

The distribution of defects has, therefore, shown that weaning is most likely represented
in these individuals between 4-6 months, with 7 individuals (HOF/02, HOF/04, HOF/05,
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HOF/06, HOF/07, HOF/08 AND HOF/09) optimising for meat and/or wool production;
while only 1 (HOF/10) is likely to derive from a milk/meat strategy. The remaining 2,
HOF/01 and HOF/03, both display a more confusing pattern of greater stress, which is
not thought to reflect weaning and therefore cannot be attributed to a particular
husbandry system.

12.5 Sveigakot
The 10 ovicaprine samples from Sveigakot consisted of 9 sheep and 1 selected as an
indeterminate sheep/goat, later found on removal from the jaw to have a „caprine piller‟
suggestive of a goat (SVK/02). Only one of these, SVK/06, did not display defects and
only SVK/04 had been subjected to dental wear with the loss of enamel amounting to
almost a month after birth. At this site an average of 2.7 accentuated striae per tooth
were seen, higher than the combined average for the archaeological sites of 2.4, as
none of the teeth with defects displayed less than 2 striations (Figure 12.1). Only 2
teeth (SVK/01 and SVK/03) were found to have defects in a single region of the tooth,
between 0-2 months, while 3 (SVK/02, SVK/04 and SVK/07) had striae in more than
one region. Finally samples SVK/05, SVK/08, SVK/09 and SVK/10 displayed striae
between both 1-2 months and 4-6 months.

Like Hofstaðir, clear peaks in the

distribution can be seen between 0-2 months and 4-6 months

A system of transhumance was probably also employed at Sveigakot, evidenced by
known shielings located within 2.5km of the farm estate (Aldred & Madsen 2008) and
numerous réttir which may give an indication of communal summer pasture nearby
(Figure 12.2).

Under this system of husbandry lambs were taken to mountainous

pasture between 1-2 months of age and returned between 4-5 months. Separation of
the lambs from the ewe, and therefore weaning, would take place at either of these
times for different economic gains; early for milk and late for meat production. A similar
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pattern to Hofstaðir can be seen at Sveigakot, with groups of defects falling within the
period of movement to the pasture and again when returning to the farm.

Unlike

Hofstaðir, however, this site also has 3 individuals displaying accentuated striae
between birth and 1 month during the period when the lamb is close to the farm,
possibly in the shelter of a byre.

A single accentuated striation was found in the enamel of SVK/07 at 25mm from the
CEJ, representing a stress occurring soon after birth. Historical accounts of husbandry
practices during 18th century in Iceland at a time when milk was an economically
desirable product, state that lambs were left with the ewe for 3-4 weeks prior to
separation (Thórhallsdóttir et al. 2008).

As 18th century farming practices are not

believed to have altered greatly since the medieval period (Ogilvie 1981), it is not likely
that this insult is the result of early weaning. It is almost certainly due to illness, perhaps
as the result of inadequate colostrum intake.

Those at 23mm in SVK/01 and SVK/03 could potentially represent the castration of
male lambs which usually took place at 14 days in Iceland (Adalsteinsson 1991).
Castration was commonly carried out by using teeth to chew/crush the testes, a
technique of great antiquity still used until recently in the Outer Hebrides (Ryder 1983:
688), a process considerably more stressful than the modern method used on the
Rousay and Greenlandic lambs (Mainland, pers. comm.).

It would be surprising,

however, if castration were the aetiology of these defects as this stress was not seen at
Hofstaðir, a contemporary farm where similar practices regarding castration might be
expected. An alternative explanation may be the stress of weaning in animals born late
in the lambing season.
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Out of the 9 teeth displaying defects there is only one that doesn‟t have a defect within
the period 0-2 months, SVK/02, the only goat in the sample. This may be the result of
differences in herding practices, as breeding starts earlier in Icelandic goats, and kids
were traditionally born between March-May (Dýrmundsson 2005, Trodahl et al. 1981)
and put onto pasture during June (Trodahl et al. 1981).

Adjusted for the average

difference in birth date, the accentuated striae noted at roughly 3 and 4 months could
have occurred at June/July and August/September respectively. This would put the first
defect within the time period the lambs were likely to move to summer pasture.

Six individuals showed an accentuated striae between 1-2 months (66% of those
displaying defects), however, 4 of these also showed an insult between 4-6 months.
Again it is unlikely that the first stress between 1-2 months is weaning if it is also seen
that defects occur in the same individual during the 4-6 month period. In these cases
the majority of samples had multiple striae between 4-6 months. It is possible that, like
Hofstaðir, the defects between 0-2 months reflect parasitic infection during intensive
spring grazing close to the farm; if so it can only be said that 2 individuals have defects
in the potential area of early weaning at 0-2 month (SVK/01 and SVK/03) and 4 towards
4-6 months.

SVK/04 and SVK/07 suggest a milk/meat strategy the same as SVK/01 and SVK/03
although the latter show that milk was the more important product. Finally, SVK/05,
SVK/08 and SVK/09 fit the trend for meat and/or wool production. SVK/02 could not be
attributed to a particular strategy. It appears, therefore, that some of the ovicaprines
were potentially weaned/separated late between 4-6 months while others may have
been weaned earlier (2-4 months). This may point to the possibility that there was a
duel flock system in operation, with some sheep kept for milk/meat and others for meat
and/or wool.
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12.6 Summary
A comparison of the average frequency of defects per tooth for the archaeological sites
showed that the IA Orcadian site of Mine Howe had the greatest total frequency of 2.88
per tooth (Table 12.1), in excess of the average per tooth for the combined
archaeological sites. In contrast the Norse sites of Earl‟s Bu and Snusgar, also from
Orkney, both showed a lower than average number of defects.

Mine Howe, like Snusgar, appears to have been rearing ovicaprines as part of a mixed
subsistence economy requiring both meat and milk from the flock, as is seen by the
emphasis on defects occurring before 4 months of age. In contrast, the samples from
Earl‟s Bu showed that defects most commonly occurred between 4-6 months, more
indicative of sheep reared primarily for meat and/or wool. In a pattern unlike the other
archaeological samples, but seen in the modern samples, Earl‟s Bu also lacked defects
in the enamel formed between 2-4 months. This is interesting because the modern
samples (Rousay and Greenland) were also reared for meat.

SITE
MINE HOWE

ACC SOFR
2.6 (21)

HYP
0.25 (2)

TOTAL
2.88 (23)

SNUSGAR

1.7 (10)

0.3 (2)

2 (12)

EARLS‟ BU

2 (12)

0 (0)

2 (12)

HOFSTADIR

2.3 (23)

0.3 (3)

2.6 (26)

SVEIGAKOT
AVERAGE TOTAL
PER TOOTH

2.4 (24)

0.1 (1)

2.5 (25)

2.25

0.2

2.45

Table 12.1: Adjusted average accentuated striae, hypoplasia and total defects per tooth for the
archaeological sites. Nb. Hypoplasia with associated accentuated striae are only counted as a
single hypoplasia. Key: ACC SOFR = accentuated striae of Retzius; HYP = hypoplasia

The Icelandic sites Hofstaðir and Sveigakot also have a higher than average frequency
of defects, 2.6 and 2.5 respectively, although not as high as Mine Howe.

The

differences between these and the other Norse sites Snusgar and Earl‟s Bu (Table
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12.1) may reflect the harsher environmental and climatic conditions in Iceland in
comparison to the Northern Isles or differences in husbandry practices due to grazing
pressures.

A similarity in the occurrence of accentuated striae of Retzius within the region 1721mm from the CEJ (1-2 months or June/July) can be seen at Hofstaðir and Sveigakot.
This is a period in the lamb/kids life when it is speculated that ovicaprines would have
been taken to summer pasture. A single accentuated striation can be seen in 50% of
the samples within this region.

The adjusted birth date of the goat (SVK/02) also

suggests that a striation occurred during June/July. While it is possible that these
represent the stress of weaning, the presence of corresponding defects within the later
enamel at the time most likely representing a movement from the summer pasture back
to the farm and separation of the young individual from its mother in 7 out of the 10
incidents suggests otherwise. It seems likely that there is a common stress between
both sites possibly related to the herding of animals to the mountainous pasture. This
could be the introduction to new surroundings but is more likely parasitic infection due
to the intensive grazing of pastures close to the farm prior to being taken to summer
pasture.

The distribution of defects for Hofstaðir seen in the adjusted graph (Figure 12.1),
removing the striae of Retzius associated with hypoplasia, clearly shows a higher
proportion of defects occurring between 4-6 months.

This, based on the modern

sample data, is clearly expressive of individuals weaned later to maximise growth for
the production of meat and/or wool. A slightly different pattern is seen at Sveigakot,
where the distribution is more evenly dispersed through the enamel. However, the
presence of defects only in early forming enamel in some individuals and greater
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numbers of defects present in later formed in others, suggests a mixed milk/meat
production system as well as meat and wool, perhaps as dual flocks.

12.7 Comparison of enamel defects analysis and mortality
profiles
To assess whether these interpretations of ovicaprine husbandry based on
developmental enamel defect distribution were similar to the mortality analysis results, it
was necessary to compare the histological results with the mortality profiles, species
representation and correspondence analysis (CA) presented in Chapter 8.

Other

information gathered from the faunal remains such as sex ratios and withers height,
together with historical evidence, will also be discussed in relation to these
interpretations, although more can be inferred of Norse practices due to documentary
evidence than for the Iron Age.

12.7.1 Mine Howe
At Mine Howe, where cattle were the dominant domestic species, the mortality profile
for ovicaprines suggested a mixed milk/meat subsistence system with perhaps a
greater emphasis on meat than milk, as indicated by comparison with Payne‟s
survivorship curves (Figure 7.7). Correspondence analysis (Figure 12.6) emphasized
the high proportion of individuals killed at 3-4 years (wear stage F), which is the prime
age for killing ewes towards the end of their reproductive and milking life, while still
being productive for meat.

This is supported by the ratio of adult male to female

remains, identified based on pelvii, which showed that 75% were female.

The enamel defect analysis also showed a distribution which suggested a mixed
meat/milk utilisation of ovicaprines with an emphasis more on milk production;
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therefore, despite rearing the animal to an age for more optimal meat return, the
animals were weaned earlier to obtain another valuable commodity, the ewe‟s milk.

This fits with the trend seen in IA sites of both Orkney and the Hebrides which show
that at the majority of sites ovicaprines were utilised for a mixed milk/meat strategy;
however, unlike the other sites Mine Howe had a much greater proportion of cattle to
sheep/goats than any other IA site examined (Figure 7.4). Considering why Mine Howe
does not fit with the common trend, the nature of the site needs to be examined. At
Mine Howe there is a roundhouse associated with metal working but there is no
evidence to suggest that it is a farm or settlement site; there is evidence, however, that
suggests that feasting may have occurred, as an influx of cattle and sheep meat.
Looking more closely at the enamel defect data there is the suggestion that while some
sheep were being weaned early at between 0-2 months, others were being weaned a
little later at 2-4 months (section 10.3.1). While it cannot be discounted that both these
strategies for obtaining milk might have been practiced on one farm, it is possible that
this reflects the acquisition of animals from different sites which utilised slightly different
husbandry practices. This could fit with suggestions for a site at which feasting may
have occurred. Feasting is likely to be reflected by the culling of greater numbers of
animals than required for general daily consumption, over a short period of time,
perhaps on an annual basis. So to see if feasting was reflected as seasonal culling of
the ovicaprines, the mortality data was converted to Jones‟s (2006) eruption and wear
stages (see Appendix 3.6) which is more sensitive for ageing animals within the first 2
years of life.

In this way an emphasis in culling could be identified occurring during spring/summer,
both within the first and second years (Table 12.2), not as would be expected in autumn
when flock adjustments would be made leading up to winter, timed to occur in colder
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months in order to preserve meat either by chilling, salting (Bowen 1988 cited in Landon
1993), drying or smoking (Wijngaarden-Bakker 1984). While the culling of animals in
the first summer may support evidence for intensification of milk production in
ovicaprines on site, the presence of a second peak occurring during the second
spring/summer may be suggestive of feasting.

This may all explain the confused picture of husbandry on site painted by the mortality
data, survivorship curve and CA. The mortality data shows a mixed milk/meat strategy,
while the survivorship curve shows an emphasis on meat. The CA plot for Mine Howe
was found in the milk/meat area of the plot but was located close to wear stage F
(Figure 12.5), the age at which milk production is beginning to decline in ewes but is
also a prime meat bearing age in Northern short-tailed sheep. Finally, the study of age
at weaning showed a system where both milk and meat were important, with an
emphasis more on milk production, but with young being reared to a greater age, some
for breeding/milking and others to increase carcass weight before being culled, perhaps
for the purpose of feasting sometime during the spring/summer.

Jones (2006)
wear stages

Age

Season of death

B – C1/2
C3/4 – C5
C6+
D1/2
D3/4
D5
D6+

1-5m
5-9m
8-12m
10-13m
12-17m
14-20m
18-24m

1 spring/summer
st
1 autumn/winter
st
1 winter
st
nd
1 winter/2 spring
nd
2 spring/summer
nd
2 summer/autumn
nd
2 autumn/winter

st

No.

%

6
0
2
1
5
0
4
18

33
0
11
6
28
0
22
100

Table 12.2: Season and year of death for juvenile ovicaprine mandibles from Mine Howe based
on Jones (2006) wear stages.
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Mine Howe

Snusgar

Earl’s Bu

Hofstaðir 1

Hofstaðir 2&3

Hofstaðir combined

Sveigakot 1&2

Sveigakot 3

Sveigakot combined

Figure 12.5: Mortality histograms of archaeological sites from the histology study
Nb. the combined overall distribution for Hofstaðir and Sveigakot are similar to the later phase of occupation at both sites

12.7.2 Snusgar
Both the mortality profile and CA plot suggested a mixed milk/meat husbandry strategy
for the ovicaprines at Snusgar, although the survivorship curve puts the distribution
closer to the optimal meat model. This is not anomalous for Norse sites in the North
Atlantic but it doesn‟t fit the common trend seen at the sites examined in this study,
which appear to be geared to meat production, with the exception of Cille Pheadair.
The distribution of the mortality profile is in fact very similar to those seen at IA sites in
Orkney, i.e. Howe 8 and Mine Howe (Figure 7.5).

Snusgar had a relatively high percentage of cattle (49%) in comparison to other Norse
sites examined (Figure 7.2), but was similar to Earl‟s Bu, although with a substantially
higher proportion of ovicaprines and lower numbers of pig.

Examination of cattle

mortality suggests cattle were exploited for their meat, with evidence that at least some
meat was being brought to site as joints (Ewens & Mainland; 2006, 2007, 2010). As
cattle were being more intensively utilised for meat a more mixed strategy from the
ovicaprines may have been necessary.

Analysis of the enamel defects within samples from Snusgar supported the survivorship
curves and CA results, as with no accentuated striae above 4 months of age, the
distribution of defects suggested a mixed milk/meat strategy, indicating that meat and/or
wool production were not being optimised.

12.7.3 Earl’s Bu
Earl‟s Bu, unlike Snusgar, is an extreme outlier on the CA plot showing an abnormally
high percentage of animals killed between wear stage D and E (Figure 12.5), prime
meat bearing ages, so much so that the distribution (which had neither young nor old
animals) does not appear to be that of a self sustaining herd. This mortality profile,
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unlike that of any other site examined in the North Atlantic region, suggests perhaps
that animals were being imported to site.

The domestic mammals at Earls Bu‟s are very much dominated by cattle remains
(50%), which mortality profiles indicate were utilised for meat production, while
unusually high percentage of pig remains were also recovered, roughly equal to that of
the ovicaprines. Such a high proportion of pig is another reason this site stands out in
comparison to other North Atlantic sites. This evidence, together with the nature of the
settlement (the Earl of Orkney‟s residence and drinking hall) suggests that feasting
occurred on site.

Analysis of enamel defects and the calculated age at weaning of a sample of
ovicaprines from Earl‟s Bu showed a most unusual distribution of accentuated striae of
Retzius. A peak in the distribution was found to occur between 4-6 months, suggesting
that a meat and/or wool husbandry strategy was employed. There was also a complete
absence of defects between 2-4 months which was unusual in comparison to the other
sites but similar to the modern North Atlantic samples. Finally there were also defects
in two individuals between 0-2 months possibly suggesting early weaning for the
collection of milk. If some of these samples reflect an influx of animals for feasting this
may suggest that ovicaprines where being obtained from farming sites that were
employing different herding strategies; if so this may be a sign of an intensification in
ovicaprine production at Norse sites in Orkney seen as a stratification of Norse farms.

In a more refined examination of the culling age of juvenile individuals at Earl‟s Bu,
especially those aged between 1-2 years (Table 12.3), it can be seen that the majority
were killed during the second autumn/winter. Examining the season of death for the
teeth that were sectioned and noting when these animals were likely weaned another
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interesting pattern emerges. Both individuals that were weaned early, between 0-2
months were killed during their first winter or the early spring of their second year; while
of the 3 animals weaned later at 4-6 months 2 were killed during their second
autumn/winter (the other animal was killed during the first winter/second spring). This
may also support the idea of different herding strategies being represented.

Jones (2006)
wear stages

Age

Season of death

B – C1/2
C3/4 – C5
C6+
D1/2
D3/4
D5
D6+

1-5m
5-9m
8-12m
10-13m
12-17m
14-20m
18-24m

1 spring/summer
st
1 autumn/winter
st
1 winter
st
nd
1 winter/2 spring
nd
2 spring/summer
nd
2 summer/autumn
nd
2 autumn/winter

st

No.

%

2
0
0
3
0
0
9
13

14.3

21.4

64.3
100

Table 12.3: Season and year of death for juvenile ovicaprine mandibles from Earl‟s Bu based on
Jones (2006) wear stages.

12.7.4 Hofstaðir
At Hofstaðir ovicaprines comprised a very much higher percentage of the domestic
animals on sites at just over 70%, illustrating the importance of these species. In Phase
1 mortality profiles suggest a mixed meat and wool system, while the survivorship curve
lies closer to Payne‟s optimal meat model; this pattern is continued during Phase 2&3
but with the emphasis more on wool production. Interestingly the location of Phase 1
on the CA plot (Figure 12.6), between the meat, milk/meat and wool regions, suggests
a mixed strategy of milk/meat and wool utilisation. This is supported by the calculated
stature of animals, based on measurements of metapodials and radii, which indicated
that while the majority of remains fall into the range of Icelandic ewes a substantial
portion of the sheep also fell into the range of adult males, almost certainly wethers
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(McGovern et al. 2009). The location of Phase 2&3 on the CA plot seems to indicate an
intensification of wool production over time.

Examination of the combined distribution of developmental defects within the sample
teeth from Hofstaðir showed an emphasis between 4-6 months indicating a meat and/or
wool production system; while those from Phase 1 also indicate that meat/wool were
important, with one sample suggesting that mixed milk/meat strategies may also have
been employed. The distribution of defects in Phase 2&3 did not show a clear trend.

The low numbers of individuals aged to wear stage B (2-6 months) at Hofstaðir may
help to strengthen the hypothesis that animals were taken to pasture during the
summer at 1-2 months to return at 4-5 months (section 12.4), as individuals that died
roaming on the rangeland are unlikely to have been collected and returned to the farm.

12.7.5 Sveigakot
Analysis of the mortality data from Phase 1&2 at Sveigakot suggests a mixed milk/meat
strategy, while conversely the CA plot indicates the possible use of ovicaprines for
meat/wool. During Phase 3 both the mortality profiles and CA agree, showing a change
in strategy to a more intensive meat production. The survivorship curve for both phases
falls between optimal meat and wool production. The disagreement in interpretation
between analytical methods can be explained by the development of dual flocks as
stature data based on metrical analysis showed that like Hofstaðir adult remains
comprised of both ewes and probably mainly wethers, suggesting the potential use of
both milk and wool (McGovern et al. 2009).

This dual type of husbandry can more clearly be seen by studying the potential age at
weaning. In this case the 10 teeth sampled were all from Phase 3. Consideration of
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the distribution of enamel defects show 2 distinct peaks between 0-2 months and 4-6
months, with the mean and median falling between at about 3 months. Despite this 3
teeth show an emphasis on developmental defects between 4-6 months indicating meat
and/or wool production, while 2 teeth each were found to have defects between 0-2
months and 2-4 months also suggesting a mixed milk/meat strategy.

This is not

consistent with the interpretations based on the mortality profiles, but does agree with
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Figure 12.6: Correspondence analysis symmetric plot of sites examined as part of the
developmental defect study (defined by axis 1, 34.7% variance and axis 2, 61.0% variance).
Key:  = Orkney (empty, IA; filled, Norse);  = Hebrides (empty, IA; filled Norse); = Iceland;
 = Greenland
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12.8 Evaluation of enamel defect analysis in interpreting
ovicaprine herding strategies
Evidence of milking is so hard to find because it depends on identifying milking ewes
within mortality profiles, which also being breeding females could equally indicate meat
and/or wool production; and in the case of intensive dairy production, a high percentage
of neonatal individuals which, as a by-product, are killed as an unnecessary drain on
resources.

In extensive subsistence strategies, however, it is not economic to cull animals that
have very little meat on them. In the North Atlantic during the IA and Norse periods,
based on those sites examined in Chapter 8, there is no evidence for an emphasis in
the culling of very young sheep (0-2 months) which might suggest intensive milking in
ovicaprines.

Instead a mixed milk and meat subsistence system was commonly

employed. In such a system milking can be over shadowed by the utilisation of meat.
Whether milk was more or less important a product in a mixed ovicaprine subsistence
strategy may depend on how cattle were utilised or how many could be reared, but
identifying this in sites could help to understand the potential for trade and possible
stratification of sites, a pattern that may be hidden or confused by mortality profiles.

Killing sheep at 1-2 years of age a farmer will collect meat and perhaps 1 or 2 clips of
wool from the animals. These outcomes are visible. However, the animal may have
been weaned early, at 1-2 months, allowing the farmer to harvest up to 4-5 months of
milk from the mother, therefore maximising the returns on these animals. This resource
is not necessarily seen. So long as the lamb/kid receives sufficient nutritional support
after weaning, by providing fodder until it is possible to graze on pasture, these animals
will fatten to produce meat. The only difference may be that it takes longer to reach the
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same carcass weight as those allowed to suckle until the end of the lactation period,
which would perhaps be reflected in the culling of slightly older animals.

In this study there was a general agreement in identified herding strategy of those sites
examined between the enamel defect and mortality analyses. The

research has

shown, however, that there is virtue in the histological study of ovicaprine dentition to
help to elucidate herding strategies independently of mortality profiles, especially in
identifying which product was more important in a mixed subsistence system, i.e.
whether milk or meat may have been favoured (Mine Howe section 12.7.1 & Snusgar
section 12.7.2). As this method required the sectioning of animals aged 1-2 years
(animals that are known to have been killed at a prime meat bearing age) to see all the
enamel between birth and 6 months, this technique can only be used to suggest if milk
or wool were also required.

Unfortunately this method cannot be used to identify

dairying in its truest sense, because the young would be killed early, and those kept on
as replacement ewes would be killed at too great an age to examine in this way.

Analysis of defects in samples from Snusgar clearly showed that mixed milk/meat
strategy had been employed, possibly leaning more towards the importance of milk, not
one which was optimising for meat as would have been interpreted from the
survivorship curve.

The distribution of accentuated striae at Earl‟s Bu may also have highlighted the fact
that feasting animals may have come from different farms as 3 individuals suggest
weaning for meat and or/wool, and 2 suggest mixed milk/meat husbandry. It is thought
that this may reflect a stratification of farming in the Norse period, which currently
(based on interim data) may be supported by sites such as Snusgar which clearly show
mixed/meat strategy not a system geared toward the optimal production of meat. This
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hypothesis, however, requires the support of other scientific tests such as isotopic and
microwear analysis which together may help in the identification of settlements that may
have been exporting these products and may help to distinguish possible distribution
networks.

Finally, looking at general distributions of defects without consideration of the
distribution within individual teeth may give a false indication of weaning, as was noted
in the Icelandic samples.

In this case the distribution was potentially identifying

parasitic infection related to herding practices, not just weaning. Greater sampling may
help over come this problem and give a clearer indication of weaning age.

352

13. Conclusion

There has been much debate as to the success of identifying secondary product
utilisation archaeologically in ovicaprines, especially dairying, using current methods;
most notably due to problems of taphonomic processes and differential recovery. The
study of weaning age was identified as a potential method to rectify this problem by
providing a direct relationship between the animal and the husbandry system under
which it had been reared. Weaning had previously been detected in dentition using
isotopic analysis; however, this technique did not provide a high enough resolution to
accurately determine age.

The aim of this thesis, therefore, was to establish whether a new methodology could be
developed and applied to archaeological ovicaprine assemblages, based on the
analysis of dental enamel defects, which could provide information on herding
strategies, in particular the utilisation of milk.

In this chapter the findings of this study are summarised and conclusions on the
potential of the methodology for identifying weaning age in ovicaprine dentition are
reached. Finally, this thesis highlighted some areas which require further investigation;
these and suggestions for future research to enable this work to progress are also
presented.

13.1 Can dental enamel defects be identified and aged in
ovicaprine molars?
The first stage of this research was to determine a methodology: for observing
developmental defects in the enamel of sheep teeth and for determining the age at
which a defect occurred.
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Macroscopic analysis was shown to be inappropriate for the study of dental enamel
defects of ovicaprine dentition; firstly as coronal cementum was observed to mask or
even change the appearance of surface defects and secondly because of the inability of
this methodthis method can not be used to detect the less severe disturbances,
accentuated striae of Retzius, formed within the structure of the enamel, which were
considered more likely to be indicative of stresses associated with weaning.
Development of a methodology for microscopic analysis remedied these problems,
allowing not only the identification of the neonatal line, but also a number of types of
hypoplastic defects (sections 9.2 & 10.2 ?), including depression types not previously
identified in sheep dentition.

It also highlighted, however, complications with regards to defect visibility, namely the
relationship between degree of processes of enamel formation and tooth wear and what
could be observed. Further research using the modern samples determined that, for
the study of weaning, which will typically occur in ovicaprines within a 6-7 month period
after birth, there was a narrow range of developmental/wear stages within which the
required area of the tooth could be observed: and the purpose of comparison, teeth
needed to be selected from jaws in which in order to see defects from the neonatal line
to the cementum enamel junction (CEJ) the M1 washad to be at Payne‟s wear stage 9A
and the M2 no greater than stage 5A (but ideally younger than stage 3C).
in order to see defects from the neonatal line to the cementum enamel junction (CEJ).

An attempt was made to apply ageing methods commonly used in enamel defect
studies to ovicaprine molars.

The first, counting perikymata, was necessarily

discounted as these structures could not be consistently seen along the length of the
tooth nor could perikymata spacing (which varies throughout the tooth) be determined
due to the nature of hypsodont molars. Instead age was determined as the position of
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the defect in relation to the average height of an unworn crown. Calculating an average
crown height for this study required measurements from a combination of worn and
unworn teeth, since ovicaprine molars come into wear before tooth formation is
complete (section 5.3.3.2 and Figure 5.21). In this way the age at which a defect
occurred could be roughly determined from its distance from the CEJ in millimetres.

13.2 Is weaning reflected in enamel defects?
Examination of modern samples of known weaning age from Rousay, Orkney and
Upernaviarsuk, Greenland strongly suggested that weaning was can be recognized in
ovicaprine dentition, reflected as dental enamel defects, most commonly in the form of
accentuated striae (section 1211.7).

Weaning was identified as the first potential stress to occur after birth common to
animals within a flock reared under the same herding strategy. Since it is not possible
to definitively identify the aetiology of individual defects, it was necessary to distinguish
weaning as trends seen within assemblages. The distributions of the defects seen
within the enamel of the Rousay and Greenlandic teeth were plotted in relation to
distance from the CEJ in millimetres. Peaks within these frequency distributions were
identified and the age at which these occurred was determined based on an average
calculated measurement of crown height from the neonatal line (birth) to the CEJ at 6
months (section 65.3.3.2). While the ageing of defects was necessarily based on broad
age categories, divided into monthly groups, it was believed that this level was
acceptable for establishing ages for general trends within sample assemblages.
Determining a more precise age at weaning would have required a greater
understanding of the nature of enamel formation rates in ovicaprines than is currently
available (see section 1413.36).

355

The Rousay and Greenlandic samples were selected as examples of animals that had
been reared for meat and as such were weaned late, between 5-6 months.
Corresponding peaks were found in the combined distributions of defects of each group
occurring between 4-6 months; the variation in ages at weaning of ± 1 month could was
be attributed to within population variations in birth date with lambing in both flocks
sampled occurring over an interval of several weeks rather than one specific date. As
only 1 defect in each sample group was found in enamel formed prior to 4-6 months it
could be stated with some confidence that weaning had been identified (section
1211.7).

In the populations examined weaning occurred quite late, between 5-6

months. It was argued that earlier periods of weaning, e.g. between 0-4 months, should
also be detectable and indeed may be more readily observed, because the bond
between ewe and lamb is stronger closer to birth than beyond 3-3.5 months (Arnold et
al. 1979, ). (Ssection ??11.7).

Although no examples of early weaning were available during this study to verify, it was
argued that weaning would also be reflected between 0-4 months, because the bond
between ewe and lamb is stronger closer to birth than beyond 3-3.5 months (Arnold et
al. 1979).
The observation that in ovicaprines weaning is identifiable using enamel defects has
significant implications for reconstructing mortality profiles and in turn for understanding
past herding and economic strategies. Existing interpretative frameworks, e.g. Payne
(1973) or Grant (1982), are limited in that they provide a yardstick against which to
measure an assemblage for evidence of economic specialisation, in dairying, in meat
production or wool. It is more difficult to identify emphasis where a mixed-herding
strategy prevails, e.g. milk/meat or vice versa (section ?1.1.1). The timing of weaning
can potentially allow some exploration of these issues, because as argued in section
2.2.1, weaning will vary according to the product being emphasised.

Based on
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historical and archaeological data for the North Atlantic region (sections 2.21 & 6.3.4), a
model was developed by which different herding strategies could be recognised from
enamel defect prevalence (Ssection 5.3.4?).

The 6 months during which the M1 tooth develops was divided into 3 age groups each
equated with a specific herding strategies;

0-2 months: a peak in enamel defects at 0-2 months indicates a mixed milk/meat
subsistence strategy with an emphasis on milk production over meat,

2-4 months: a peak in enamel defects at 2-4 months indicates a mixed milk/meat
system where meat was equally important,

4-6 months: a peak in enamel defects at 4-6 months indicates that meat and/or wool
production was being optimised.

While it was initially hoped that this methodology could also be applied to ovicaprine
remainsused to identify intensive dairying, this proved not to be possibleit was found
that this was not possible. A dairy herd is reflected archaeologically characterised by
the culling of very young animals, i.e. within the first few weeks/months of life, and the
presence of older milking ewes, culled after their fertility and/or productivity declines.
Understanding of the processes of enamel formation gained during the course of this
thesis indicated that eExamination of the dentition of these such animals would not be
possible as the processes of enamel formation would obscure internal structures in
young individuals and too much of the tooth would be lost to wear in the older females.
As it is best to view the M1 tooth in individuals aged approximately 1 year, when it is
likely the animal would have been slaughtered for meat, this technique, therefore, can
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only be used to suggest whether milk was the more desirable product in a mixed
subsistence system.
Based on historical and archaeological data for the North Atlantic region (sections 2.2 &
6.3.4), it was possible to divide the 6 months during which the M1 tooth was developing
into 3 age groups to distinguish different herding strategies; a peak in enamel defects at
0-2 months indicating a mixed milk/meat subsistence strategy with an emphasis on milk
production over meat, 2-4 months suggesting a mixed milk/meat system where meat
was equally important and 4-6 months where meat and/or wool production was being
optimised.

13.3 Can weaning age be used to determine ovicaprine herding
strategies in archaeological contexts?
The understanding of enamel defect morphology and aetiology and how this relates to
herding strategies gained from analysis of such features in modern ovicaprine dentition
(sections 11.7 & 11.8) was used to help interpret similar features in archaeological
material (Chapter 12). Ovicaprines from a range of archaeological sites within the
North Atlantic islands were selected for study, providing an opportunity to test the
methodologies developed as well as insight into herding strategies in the Iron Age and
Norse/Viking periods in these islands. This analysis was undertaken in conjunction with
conventional mortality profile analysis (after Payne 1973) and a more innovative use of
multivariate statistics (after Helmer et al. 2007) (Chapters 7 & 8).

Examination of the sheep molars from selected archaeological sites showed as
expected a much greater frequency of dental enamel defects than seen in the modern
populationssample dentition. Distinct patterns in the distribution of these defects within
the enamel were also noted, highlighting differences in the peak timings of these stress
events, suggestive of differences in husbandry practices between the archaeological
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sites. The distribution of Snusgar and Earl‟s Bu were particularly interesting as both
had regions of enamel with little or no defects (signifying periods of life with little stress),
while Mine Howe, Hofstaðir and Sveigakot had more dispersed distributions (signifying
more persistent stress throughout life).

Despite a wide distribution of defects seen within the samples from Mine Howe, the
majority of insults were seen before 4 months suggesting a mixed strategy of milk and
meat procurement, not an optimal meat and/or wool production system. This agreed
with the correspondence analysis (CA) and mortality pattern for the site (section
12.7.1), however, the peak of the frequency distribution of defects fell in the region of 1
month after birth indicating that milk may have been the important product; a distinction
the mortality data could not make.

The distribution at Earl‟s Bu was very different from the other archaeological sites, with
no defects found between 2-4 months.

The peak age of defects fell between 4-6

months indicating a meat and/or wool production system; however, 2 individuals had
defects between 0-2 months interpreted as having been reared under a milk/meat
subsistence strategy in which milk was the more important commodity.

While the

dominance of meat production was strongly indicated by the CA and mortality data,
there was no evidence to indicate the utilisation of milk. The presence of two seemingly
incompatible herding strategies on one site, however, could be explained by reexamining the mortality profile.

The absence of young and old animals within the

assemblage, which are required for a flock to be self sustaining, together with the
nature of the site is suggestive of the importation of animals (section 12.7.3). This
disparity in herding strategy, reflected in the dental enamel defects, may therefore
indicate the procurement of animals from farming sites employing different husbandry
systems.
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With only one defect beyond 4 months in the sample molars from Snusgar, an optimal
meat and/or wool production system could be discounted. The remaining defects were
distributed between 1-4 months with a peak between 1-2 months, clearly suggesting a
mixed milk and meat subsistence system in which milk may have been important
product from ovicaprines. This agreed with the mortality and CA data (section 12.7.2).

While the interpretations of the Orcadian sites were founded on relatively clear trends
(based on the absence of defects in certain regions of the enamel), the Icelandic
distributions were more complicated.

At these sites, more than the others,

interpretations were necessarily based on the results of descriptive statistics and the
distribution of defects within individuals sample molars.

In the Hofstaðir sample only 4 teeth had defects within one region of the tooth, 3
between 4-6 months and 1 between 2-4 months, suggesting the rearing of animals for
meat and potentially wool in conjunction with a subsistence system of milk and meat
production.

The rest of the samples, however, displayed more highly dispersed

distributions. After several hypoplastic defects with associated accentuated striae were
discounted (Figure 12.1) as the result of aetiologies probably unrelated to weaning, the
distribution was seen to be focused in 2 regions, 1-2 months and, with a greater
frequency, between 4-6 months. Closer examination of these 2 distributions, however,
revealed that some individuals had defects within both groups. As weaning could only
be reflected in one region of the tooth, attention was paid to which region had the
emphasis for these individuals. In all but one case the emphasis fell between 4-6
months.

When considered as archaeological phases, Phase 1 also showed an

emphasis of meat and/or wool production, with 1 individual suggesting a mixed
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milk/meat strategy. There were too few samples from Phase 2&3 to present a potential
herding strategy (section 12.7.4).

While the presence of a single individual appearing to have been weaned for milk and
meat may appear anomalous in comparison to the data for meat and wool production,
this seems to support metrical data for the site which suggests a dual flock system in
which both ewes and wethers were important (McGovern et al. 2009).

This also

appears to be was also supported by correspondence analysis, where the plot for
Phase 1 was found to fall equidistantly between the meat, wool and milk/meat regions
of the graph (section 12.6).

The samples sectioned from Sveigakot had a similar distribution to Mine Howe, with
defects widely distributed and a peak between 0-2 months.

As with the Hofstaðir

samples, the distribution within individual teeth showed that 4 teeth with defects
between 1-2 months also had defects between 4-6 months.

Nevertheless, the

emphasis on distribution of the defects by individual showed that 4 animals had defects
between 0-4 months, representing a milk/meat subsistence strategy, and 3 had defects
between 4-6 months indicating meat and/or wool production (section 12.5).

This

suggested a dual flock system was employed, as at Hofstaðir, supported in part again
by metrical data (McGovern et al. 2009);, however both the CA and mortality data
suggest a more intensive meat production system and fail to identify the use of wool or
milk at this site.

In an attempt to understand why defects consistently appear to occur between both 1-2
months and 4-6 months at Hofstaðir and Sveigakot, which appear to suggest similarities
in life events between the sites, historical accounts of farming practices were
considered. The most convincing explanation for this patterning seemed to be stresses
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related to the movement of stock based on the transhumance system commonly used
in Iceland. Both Hofstaðir and Sveigakot therefore demonstrate a caution is needed in
the interpretation of enamel defect data and that the highlight that in certain
circumstances this method could be misinterpreted if the distribution of defects within
individual samples must be considered.
are not considered and showed that some caution must be taken when looking at
weaning age in general distributions, although this would be negated by the
examination of larger numbers of samples.

It could be suggested thatW with so few teeth being examined, 6-10 per site, it could be
argued that sample sizes are rather small to gain a representative overview of
interpretations are based on too small a sample to be representative of the overall
picture of husbandry regimes. However, it can be argued that this is also the case in
mortality and CA studies too, due to processes of taphonomy, differential disposal of
remains, the destruction of sites (e.g. to coastal erosion) and partial excavations.
Furthermore, due to the destructive and time consuming nature of histological
examination of developmental enamel defects, it may not seem worth employing this
technique in light of other non-destructive methods such as mortality profiles and CA.
Nevertheless, when considering sites where patterns may be confused, such as mixed
subsistence, this method has been shown to provide novel insight that it can provide
more information and help gain a clearer understanding of into ovicaprine husbandry
practiseson site, with the preferential selection of one product over the other, which
would be difficult to gain in any other way. in each case weaning data has added to the
picture of husbandry for the site. It may also be possible to use this analysis on smaller
assemblages (i.e. where there is not enough data for mortality). Finally, it must be
remembered that mortality analysis suffers from its own biases, due to processes of
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taphonomy, differential disposal of remains, the destruction of sites (e.g. to coastal
erosion) and partial excavations.

13.4 Further insights into herding strategies
The results of the study of weaning age showed that the interpretations of herding
strategies

for

the

archaeological

samples

generally

corresponded

with

the

interpretations of the mortality data, however dental enamel defects appear to have
picked up on subtleties that may have been lost when looking at mortality graphs.
Using this new method it is possible to suggest what herding strategy was used,
milk/meat or meat/wool, and if there was an emphasis on milk over meat. It may also
be possible to identify dual flocks, as seen in the Icelandic sites, and to identify animals
that derived from farms employing different husbandry systems than reflected at the site
onto which they were imported, such as at Earl‟s Bu. In both cases, however, this is
only possible if supported by other archaeological evidence (see section 13.6).

Beyond the identification of weaning within the archaeological samples, however, this
research has shown that examination of the distribution of enamel defects can also
highlight differences in the life experiences between the ovicaprines of different sites.
These are reflected as differences in the frequency experienced per animal and the
sample as a whole, the distribution within the enamel and absence of defects within
certain regions. It is likely that this reflects differences within farming practices but also
the conditions, climatic and environmental, that the animals were reared in. This is
evidenced by differences between the archaeological sites within this study; the Norse
sites in Orkney and Iceland and more especially between the Norse and IA sites within
Orkney (see section 13.6).
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13.6 Further research
While the results of this research are encouraging, certain areas require further
investigation if this technique is to be improved.

Firstly, the average tooth crown height measurements from which estimations of age at
weaning were calculated in this study were based on only 76 sectioned teeth (see
section 5.3.3.2); more measurements, particularly of unworn teeth, would be necessary
to provide a more accurate average. Also although the calculations in this study were
all made on animals of the Northern short-tailed breeds from the North Atlantic, these
were made using both modern and archaeological remains. Despite the similarity of
these breeds for a more accurate method separate average crown heights would need
to be calculated for sheep in different regions, if possible from the archaeological
remains being studied.

Greater investigation of the internal structures of enamel,

especially counts and spacing of perikymata, should also be considered as this may
allow a refinement of the ageing method.

It would also be useful to examine more modern sample teeth from ovicaprines of
different husbandry systems of known lifestyle, diet and weaning age; most importantly
this should include individuals that had been weaned early (between 0-2 months) for
milk production and slightly later between 2-4 months as examples of mixed milk and
meat procurement strategies raised to older ages. This would help to confirm trends
seen within the archaeological samples in this study. It may also be interesting to
conduct analysis of defects within samples in conjunction with isotopic analysis of
sheep tooth enamel to independently confirm that weaning has been identified in the M1
tooth. This would be done by locating higher δ18OCO3 levels along the tooth, expressed
as ratios in mm from the CEJ, which are found in suckling animals rather than in
weaned animals (Franz-Odendaal et al. 2003; Fricke & O‟Neil 1996). This could then
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be associated with peaks in the distribution of the defects to confirm the identification of
weaning.

From the analysis of the archaeological samples it has been shown that it is possible
that remains on site may represent animals that derive from other settlements
employing different husbandry practices, e.g. Earl‟s Bu. It may be possible to increase
this knowledge by conducting microwear analysis, to see if these individuals were
eating similar diets or were fed on pastures or fodder from different regions (Mainland
1998, 2003).

This should be undertaken in conjunction with isotopic analysis of

strontium isotope ratios used to identify the consumption of plant matter from different
geological regions, i.e. identify long distance movement (Balasse et al. 2002), and
oxygen isotopes ratios which provide information on temperature variations which can
reflect movement between latitudes (Balasse et al. 2003, Fricke et al. 1998).

To understand the level of success of a particular farming system, not related to
weaning, it would be interesting to provide more considered aetiologies for defects.
This may be done by considering pathology within the ovicaprine remains of a site,
which could provide possible aetiological explanations for hypoplastic defects, as well
as giving an indication of the level of health within the flock. Examination of skeletons
within discrete burials, however, could provide the best opportunity to study defects
related to the health of an individual as it might be possible to associate these with
pathology particular to that individual. In the case of animals displaying hypoplasia
thought to reflect the effects of fluoride poisoning, the use of a proton microprobe may
be able to determine fluoride distribution within enamel to confirm this. In doing so this
could also provide valuable archaeological information on the effects of ashfalls (Coote
et al. 1997).
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In addition, it may be necessary to find a way to section and examine more teeth per
site to produce a clearer picture for understanding husbandry. One possible method
could be the use of virtual histology “via propagation-phase contrast X-ray synchrotron
microtomography (Smith & Tafforeau 2008: 217),” which is the computerised
reconstructions of virtual slices from radiographs taken during the rotation of the sample
(Smith & Tafforeau 2008). Recent advancements in this technology mean that internal
incremental structures of enamel, like the neonatal line, can be viewed in a nondestructive way (Tafforeau & Smith 2008, Smith & Tafforeau 2008) at various depths
and thickness throughout the tooth. It has also been used to identify perikymata and
striae of Retzius to determine crown formation time in fossil rhinoceros enamel
(Tafforeau et al. 2007). Use of this method means that it would be possible to increase
sample sizes and obviate the problem of incorrectly sectioning buccal enamel, as virtual
section could be taken at different angles.

If this is not a prohibitively expensive

technique, it could eliminate the time consuming process of embedding and sectioning.

Finally, as this method has shown that it can potentially be used to discern ovicaprine
utility where it may be unclear, it would be interesting to apply this technique to sites
with unusual mortality profiles like Baleshare (Figure 7.5) and Hrísheimar (Figure 7.6),
which lack particular age groups.

This methodology might also be of benefit in

examining sites like Gásir in Eyjafjörður, Iceland to determine if those animals brought
onto site at prime meat age were specially reared for market or represent animals that
derive from mixed milk/meat strategies but were reared to older ages.
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