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ABSTRACT

FACULTY OF HUMANITIES

Archaeology
Thesis for the degree of Doctor of Philosophy

THE ACQUISITION OF DOMESTIC EQUIDS IN ROMAN BRITAIN
By Richard Chuang

Domestic equids, namely, horses (Equus caballus), donkeys (Equus asinus), and their
hybrid offspring, mules (Equus caballus x Equus asinus), played an essential role in the
Roman world. As pack animals, they served in both public and private sectors in the
Roman daily life. According to written sources, mules in particular were used
predominantly as pack animals by the military and enabled the transport of troops, the
transport of supplies, and large weaponry to every corner of the empire. The production of
mules requires the presence of both male donkey and female horse, and thus mule breeding
in northern Europe would necessitate the importation of donkeys to regions outside of their
natural distribution and/or the import of mules from elsewhere. The importation and export
of domestic equids has indeed been described in historical sources but not recognised in

the zooarchaeological record.

As a result, the significant predominance of horses over donkeys and mules in Roman
Britain is not currently well understood. This is mainly due to the issue of species
identification. The thesis aims to refine the existing methods and develop new techniques
to more accurately distinguish between different domestic equid species in an attempt to
obtain, not only the representative frequency of different domestic equid species in
selected Romano-British sites, but also to observe different isotopic values (oxygen,
carbon, and strontium) of selected specimens in order to discuss their localness. The results
suggest that, while both donkeys and mules do exist in Roman Britain, the scarce presence
of donkeys and the foreign isotopic signature of possible mules imply that these two

species were not systematically introduced into Roman Britain.

This study shows the potential of the use of species frequency and isotopic analyses for

examining the procurement strategies of domestic equids in Roman Britain.






Table of Contents

TaDIE OFf CONTENTS ... ettt e ste e e i
LiST OF TADIES ..ot nee e vii
I TS Ao T 10 SRS iX
I TS Ao 1Y, = oSSR Xi
DECLARATION OF AUTHORSHIP ....oooiiiiieee e xiii
ACKNOWIEAGEMENTS.......c.viiieee et e et e e e e nte e e sneenne e XV
Chapter 1 - INTrOdUCTION........coiiiiiiic e 1
1.1 — Introduction and ReSEarch AIMS .........cccoieiiiiriieie e 1
1.2 — Domestic Equids in Archaeological Research ...........ccoccooeviieiiiiiiiinecee, 4
1.3 — Domestic Equids in the Roman World............cccocoiiiiiiiiin e, 8
1.3.1 — The Mule: Its Infertility and Hybrid Vigour..........ccccccooveie e 9

1.4 — The Supply of Domestic Equids in the Roman world.............c.cccccocveveiveiviinnen, 12
141 —The SUPPIY OF HOISES .....oovieecee et 12

1.4.2 — The Supply of Mules and DONKEYS..........cccccveiveiiieieerie e 15

1.5 — Indication of donkeys and mules in Roman Britain.............ccccccovveviiieiiececcieennn, 16
1.5.1 — Donkey-keeping in BritaiN.........c.ccooeiiieiiiiniiisiseeeee e 17

1.5.2 — The “Making” of Mules in the Roman World ............ccccceoeiiiiniiiniinienn, 17

1.6 — Zooarchaeological Evidence for Domestic Equids in Roman Britain .................. 25
1.7 — Chapter SUMMAIY ......cooviiiiiiieitesie ettt bbb 32
Chapter 2 - Equid Identification: Existing Methods.............ccccceviiviiiiiie e, 34
2.1 — INEFOTUCTION ..ottt sb et ne e 34
2.2 — Qualitative methods: species determination through morphological traits....................... 35
2.2.1 —Dental MOrphology .......cccoeiieii e 37

2.2.2 — Post-Cranial Morphological Traits ..........ccoceviiiniiiiiee e, 42

2.3 — Quantitative methods: species determination through biometric analysis........................ 47
2.3.1 — Discriminant FUNCtION ANAIYSIS .......cccoiiiiiiiiiieeeee e 49

2.3.2 — The “Davis Method”: First Phalanges (PH1) Slenderness Index ................ 54

2.4 — Potential Biometric Methods for Equid Identification...............ccccoooveviiiiiinnnne. 55
2.4.1 — Principal Component ANAIYSIS .......cccoviiiieiiieiiic e 55

2.4.2 — Geometric Morphometric Method ..., 56

2.5 — Identification issues with purported non-caballine archaeological specimens ............... 59
2.6 — Further comments on species determination ..........c.coovvvvrieienene e, 64
2.8.1 — SEZB.ui it e e e renens 64

2.6.2 — Slenderness and rODUSINESS. .........ciueiierieie e 66

2.7 — Chapter SUMMAIY ......cooiiiiieieeieeie et e e e e ee e ste e e e e seeaesneesreeneeenes 68



Chapter 3 - Biometric Analysis: DFA and the Davis Method .............ccccocvevieiiiccic e, 73

I8 1o (0o [0 ox (o] o OSSPSR 73
3.2 — Rethinking Discriminant Function Analysis............ccooveiiiiiinncneeeee, 73
3.21 — Some Comments on Johnstone’s DFA ApProach...........cccoccovveniincnennen, 74
3.2.2 — Revising Johnstone’s DFA approach: Materials and Method..................... 75
3.2.3 —Modified DFA method: RESUIES .......ccevveiiriiiiiiiieee e, 83
3.24 — DFA Method SUMMAIY .......cccveiiiiiiieie e 103

3.3 — The Davis Method: First Phalanges (PH1) Slenderness IndeX ............ccccceevenenn 106
3.3.1 — Method: Scatter Plot and Mahalanobis Distance.............c.ccocvvvvviiininnnnn 106
3.3.2 — Material: Additional Data and GroupINg.........cccceeveeererenenenenesieeeeens 109
3.3.3 — ReSUILS aNd DISCUSSION .......veivieiiaiiesiiesieeie sttt 110
3.34 —The Davis Method SUMMATY ......ccooeiiiiiiiiiiiieeeeeee e 114

3.4 — Chapter SUMMAIY .......couoiiiiiiieiiiiesieeeeee ettt bbbt 115
Chapter 4 - Geometric Morphometric Methods...........ccccocveiiiiciiciecc e, 119
ot [ ] (oo 18 [ox o] SRRSO 119
4.2 — IMAEEITAL ... b 121
4.3 — Approach I: Angle analysiS........ccccveiviiiiieieeie e 126
4.3.1 — Method: Angle acquisition using IMaged...........ccoceveieieninenineeeee, 128
A.32 — RESUILS ..ottt ettt re e nre e 130
4.3.3 — Angle Analysis SUMMAIY .........ccooiiimiiiiiine e 132

4.4 — Approach I1: Landmark-based GMM ...t 133
4.4.1 — Method: Landmark-based analysis using the geomorph package in R ..... 135
AA.2 — RESUILS ..ottt bbb 138
4.4.3 — Landmark-based GMM SUMMAIY..........cccceieiieiiiiieieeceee e 141

4.5 — Approach 111 Outline-based GMM ...........cccoiiiiiiiec e 141
451 — Method: Outline-Based analysis using geomorph package in R............... 142
452 — RESUILS ..ottt nreenne e 146
453 —Outline-based GMM SUMMANY .......ccooiiiiiiriiiierieeee e, 149

4.6 — Approach IV: Shape ANAlYSIS.........ccviiiiiiiiie s 150
4.6.1 — Method: Shape analysis using MOmMocS IN R .......ccccccoveviiiiiciiciic e 150
A.6.2 — RESUILS ..ottt e 159
4.6.3 — Shape AnalysiS SUMMAIY.......ccccciieiiiiiiie e 165

4.7 — Chapter SUMMAIY ......ioiuieiieeciee ettt e et e e e saeesbeenree s 165
Chapter 5 - Identification of Zooarchaeological EQUIdS ...........cccccoeviiiiiiiiiciicc, 169
TR0 1o 0o [ Tox 1 o] o PSSR 169
5.2 — Archaeological Material............cooiiiiiiiii s 170
5.2.1 — The Roman Site of Healam Bridge, North Yorkshire...........cccccccoervvenenn. 178
5.2.2 — Northern Suburb and Western Suburb, Winchester, Hampshire............... 178



5.2.3 — The Roman site of Thornhill Farm, Fairford, Gloucestershire.................. 179

524 — Bremetenacum, the Roman fort of Ribchester............ccoovviiiiiiciinnnen, 181
525 — Bleachfield Street, AICESIEN .......cccvviiiiiiiiii e 182

5.3 — Outcomes Of BIOMELrIC ANAIYSIS .....ccveieiiieiiieieieee e 182
5.3.1 — Predicting Roman Equids Using the Modified DFA Method.................... 183
5.3.2 — DFA results and their IMpliCationS ..........cccccevieveiiieiiecece e, 193
5.3.3 — Species Determinations using the Davis Method ..............cccccevviiieiienenn, 201
5.3.4 — Species representation of domestic equids based on post-cranial elements .....206

5.4 — Species determination of lower molar dental morphology .........cccccccevveiiiienen. 210
541 — ANQGIE ANAIYSIS....cuviiiiiitiiiieieee e 211
54.2 — Landmark-based GMM.........cccooiiiiiiiiiii e 214
54.3 —Outline-based GMM .........cccoiiiieiiiie e 218
544 —Results of Shape analySiS .........coeiereriieniiiieee e 221
54.5 — Results comparison for all GMM analyses............ccccovvevieiveiieieeiieseennnn, 223

5.5 — Chapter SUMMAIY ......c.coooiiiiiiiicieieie et 230
Chapter 6 - Recent Advances on Identification —aDNA ..........c.coceevviieievie s, 233
6.1 — Chapter INtrOAUCTION .......cceeiiiiiccece e 233
6.2 — The use of aDNA for equid species identification .............cccceeireneiininnieiennenn 234
6.2.1 — The Pompeii “hybrid” €QUIT ........cccceiiiiiiiiiirieeee e 235
6.2.2 — Validating lingual valley shape through aDNA analysis............cccceevennne. 236

6.3 —aDNA analysis for hybrid species: the basic principle.........ccccociviiiiiiicnenn 237
6.4 — Identifying archaeological mules: a pilot project in progress ...........ccoeeveeveennenn. 239
6.4.1 — Method: from Sanger Sequencing to NGS (Next-Generation Sequencing)..... 239
6.4.2 — Material for aDNA analysiS.........cccoveiiiiiiiieiicie e, 240
6.4.3 — Initial results of aDNA analysis using NGS ...........c.ccocovveieiieve e, 242
6.44 — Indication of current aDNA fiINdINGS ......c.coooviiiiiiiiiie e 245

6.5 — Chapter SUMMAIY .....cc.ooiiiiee et sneesreeneeeneenee e 246
Chapter 7-Isotopic Analyses: Method, Material, and Outcomes ..........ccccccevcveverieennenn. 249
0 A [ 0 To [ od 1 o SRS 249
7.2 — Stable Isotopic Analyses of Mobility and Migration: A Brief Overview....................... 249
7.2.1 —The Basic Principles of Oxygen Isotopic Analysis ........cccccceevveiieiiieeninnn 253
7.2.2 — The Basic Principles of Strontium Isotopic Analysis.........ccccceveviiviieennnenn 256
7.2.3 — The Basic Principles of Carbon Isotopic Analysis .........cccccceevveiieiiieeninnnn 259

7.3 —Using Isotopic Analysis to Determine Equid Procurement Strategies................ 261
A V- (= 4 T | USRS 265
741 — Material SEIECHION .........ocieiieie e 266
742 —Selected Material ..........ccoveiviieiiee e 270
TA3 — MEINOUS ... e 271



T8 RESUIES .o et 272

7.5.1 — Results of Oxygen Isotopic Analysis by Site ........ccoveviiiiiiiiciieiien, 278
7.5.2 — Overview of Carbon ISOtopiC RESUILS...........ccceiiiiiiiiee e 294
7.5.3 — Results of Strontium 1Sotopic ANAlYSIS ..........cooviieiiiiiecseee 297

7.6 — Summary and CONCIUSION .........coiiiieiicie e 304
Chapter 8 - Discussion and ConCIUSION ..........cccooieiieiiiic e 309
8.1 — INTFOUUCTION ....c.viitiiiieiieie ettt bbb 309
8.2 — Summary of current fINAINGS .......ccooviiiiei e 309
8.2.1 — Species RePreSENtatioN..........ccccveieiieieeiie e 310
8.2.2 — Localness of DOMESHIC EQUITS .........cceriiriiriniiiiieieiee e 311
8.2.3 — Recommendation for future equids identification..............c.ccocovevvirinnnn 313

8.3 — The “Making” of Mule and Donkey-Keeping in Roman Britain ....................... 315
8.4 — Mule Supply in ROMAaN Britain ........ccoveiiiiiiieeseeee s 323
8.5 — CONCIUSION ...ttt ettt nes 326

Appendices 331

Appendix I.I — Measurements of Modern Control Data (HUMErUS) .........cccccovevverieieenenn 333
Appendix I.11 — Measurements of Modern Control Data (Radius)............ccccceveieeiieiiennn, 337
Appendix L1l — Measurements of Modern Control Data (Metacarpal) ............cccceevenee. 343
Appendix 1.1V — Measurements of Modern Control Data (Femur)..........cccocevvnininnenne 351
Appendix 1.V — Measurements of Modern Control Data (Tibia) ..........ccccocvvevviiniienne, 357
Appendix 1.VI — Measurements of Modern Control Data (Metatarsal) ............cccceeveneee. 363
Appendix I.VII — Measurements of Modern Control Data (Anterior PH1) ...................... 371
Appendix L.VIII — Measurements of Modern Control Data (Posterior PH1) .................... 377
Appendix I.1X — Measurements of Modern Control Data (the Davis Method)................. 383
Appendix Il.I — Measurements and Species Determination using DFA (Radius)............. 401
Appendix I1.11 — Measurements and Species Determination using DFA (Metacarpal)........... 403
Appendix I1.111 — Measurements and Species Determination using DFA (Femur)........... 405
Appendix I1.IV — Measurements and Species Determination using DFA (Tibia) ............ 407
Appendix 1.V — Measurements and Species Determination using DFA (Metatarsal)................ 409
Appendix I1.VI — Measurements and Species Determination using DFA (PH1).............. 411
Appendix I1.VII — Measurements and Species Determination by the Davis Method (PH1) ........... 413
Appendix I11.1 — Species Determinations by Site Types (Urban)..........ccccooceevieiiiiiieecnnen, 417
Appendix I11.11- Species Determinations by Site Types (Military) ...........cccccovevivviieennnnn, 419
Appendix I11. 11— Species Determinations by Site Types (Rural) ........cccccoceevvevieiieennnnn, 421
Appendix 1.1V — Species Determinations by Site Types (Small Town) ..........cccceeveeee. 423
Appendix I11.V — Species Determinations by Site Types (Others) ........ccccocvvviniiinnnenn 425
Appendix IV.I — SD-GL Shape Indices (Modern Control Data — Humerus) ................... 427
Appendix IV.I1 — SD-GL Shape Indices (Modern Control Data — Radius) ............c........ 429
Appendix IV.1l11 — SD-GL Shape Indices (Modern Control Data — MC)...........cccccvveneen. 431
Appendix IV.IV — SD-GL Shape Indices (Modern Control Data — Femur) .................... 433
Appendix IV.V — SD-GL Shape Indices (Modern Control Data — Tibia).........ccccccevenenn 435
Appendix IV.VI — SD-GL Shape Indices (Modern Control Data — MT)......ccccceevrnnnenn 437


file:///D:/Users/ricey/Google%20Drive/00-The%20Big%20Thesis%20Folder/00-Correction/Thesis%20post-viva%20correction%20JULYFF.docx%23_Toc457514160
file:///D:/Users/ricey/Google%20Drive/00-The%20Big%20Thesis%20Folder/00-Correction/Thesis%20post-viva%20correction%20JULYFF.docx%23_Toc457514161
file:///D:/Users/ricey/Google%20Drive/00-The%20Big%20Thesis%20Folder/00-Correction/Thesis%20post-viva%20correction%20JULYFF.docx%23_Toc457514162
file:///D:/Users/ricey/Google%20Drive/00-The%20Big%20Thesis%20Folder/00-Correction/Thesis%20post-viva%20correction%20JULYFF.docx%23_Toc457514163
file:///D:/Users/ricey/Google%20Drive/00-The%20Big%20Thesis%20Folder/00-Correction/Thesis%20post-viva%20correction%20JULYFF.docx%23_Toc457514164
file:///D:/Users/ricey/Google%20Drive/00-The%20Big%20Thesis%20Folder/00-Correction/Thesis%20post-viva%20correction%20JULYFF.docx%23_Toc457514165
file:///D:/Users/ricey/Google%20Drive/00-The%20Big%20Thesis%20Folder/00-Correction/Thesis%20post-viva%20correction%20JULYFF.docx%23_Toc457514166
file:///D:/Users/ricey/Google%20Drive/00-The%20Big%20Thesis%20Folder/00-Correction/Thesis%20post-viva%20correction%20JULYFF.docx%23_Toc457514167
file:///D:/Users/ricey/Google%20Drive/00-The%20Big%20Thesis%20Folder/00-Correction/Thesis%20post-viva%20correction%20JULYFF.docx%23_Toc457514168
file:///D:/Users/ricey/Google%20Drive/00-The%20Big%20Thesis%20Folder/00-Correction/Thesis%20post-viva%20correction%20JULYFF.docx%23_Toc457514169
file:///D:/Users/ricey/Google%20Drive/00-The%20Big%20Thesis%20Folder/00-Correction/Thesis%20post-viva%20correction%20JULYFF.docx%23_Toc457514170
file:///D:/Users/ricey/Google%20Drive/00-The%20Big%20Thesis%20Folder/00-Correction/Thesis%20post-viva%20correction%20JULYFF.docx%23_Toc457514171
file:///D:/Users/ricey/Google%20Drive/00-The%20Big%20Thesis%20Folder/00-Correction/Thesis%20post-viva%20correction%20JULYFF.docx%23_Toc457514172
file:///D:/Users/ricey/Google%20Drive/00-The%20Big%20Thesis%20Folder/00-Correction/Thesis%20post-viva%20correction%20JULYFF.docx%23_Toc457514173
file:///D:/Users/ricey/Google%20Drive/00-The%20Big%20Thesis%20Folder/00-Correction/Thesis%20post-viva%20correction%20JULYFF.docx%23_Toc457514174
file:///D:/Users/ricey/Google%20Drive/00-The%20Big%20Thesis%20Folder/00-Correction/Thesis%20post-viva%20correction%20JULYFF.docx%23_Toc457514175
file:///D:/Users/ricey/Google%20Drive/00-The%20Big%20Thesis%20Folder/00-Correction/Thesis%20post-viva%20correction%20JULYFF.docx%23_Toc457514184
file:///D:/Users/ricey/Google%20Drive/00-The%20Big%20Thesis%20Folder/00-Correction/Thesis%20post-viva%20correction%20JULYFF.docx%23_Toc457514188
file:///D:/Users/ricey/Google%20Drive/00-The%20Big%20Thesis%20Folder/00-Correction/Thesis%20post-viva%20correction%20JULYFF.docx%23_Toc457514192

Appendix IV.VII — SD-GL Shape Indices (Modern Control Data — PH1-All) ................ 439

Appendix IV.VIII — SD-GL Shape Indices (Archaeological Specimens) ..........cccccceeuenen. 441
AppendixX V — I1SOLOPIC OULCOMIES .......oiviriiiiriieiieiieieie ettt 445
LISt OF RETEIENCES ...ttt et e nnes 447


file:///D:/Users/ricey/Google%20Drive/00-The%20Big%20Thesis%20Folder/00-Correction/Thesis%20post-viva%20correction%20JULYFF.docx%23_Toc457514194




List of Tables

Table 1.1- Number of chromosomes of different equids ............ccocoverereieicieiie e 11
Table 1.2 - Frequency of four main domestic animals from Roman sites in ABMAP................ 26
Table 1.3 — Known cases of donkey and mule identifications. ...........c.ccocevviiiiiininncncncee 31
Table 3.1 — Number of modern equids used as standard dataset in the present thesis................. 78
Table 3.2 — Measurements used for each element. ..........ccoovviiiiinei e 84
Table 3.3 — Classification rate of NUMENTi. ......ccccoiiiiiiiic e 85
Table 3.4 — Classification rate Of radii. ........ccccviriiiiiieie e 87
Table 3.5 — Classification rate of metacarpals. ..........cccceoeiiiiiiiiieci e 88
Table 3.6 — Classification rate of femMOra........c.ocooviiiiiiiic 90
Table 3.7 — Classification rate of tiDIae .........ccovvvriiiiiiec e 91
Table 3.8 — Classification rate of Metatarsals. .........cccoovveiiiiiii e 93
Table 3.9 — Classification rate of anterior first phalanges ........c.cocoveviviieiiiiecinice e 95
Table 3.10 — Classification rate of posterior first phalanges............cccooveveviiiecieniiicie e 96
Table 3.11 — Classification rate of first phalanges...........ccooviiiiiii e 99
Table 3.12 — Summary of highest classification rate by element.........c..cccocvevevivniiie e 101
Table 3.13 — The Mahalanobis distances between different breeds/species. ............cc.ccovrennene. 112
Table 3.14 — The Mahalanobis distances between three domestic equids Species. ................... 113
Table 3.15 — Number of species determined............cooveieriiiiiien s 114
Table 4.1 — Modern specimens used i GIMM. .........coiiiiiiiir s 125
Table 4.2 — Reclassification rate usSing M-0iSt..........cccooeiiiiiiiiin s 132
Table 4.3 — Outcomes of ANOVA for landmark-based GMM analysis...........c.ccooovvveninennnn 139
Table 4.4 — Proportion of aCh PA TN PCA. ..o s 140
Table 4.5 — Outcomes of ANOVA for outline-based GMM analysis............cccccevvivieiieiieiennnns 147
Table 4.6 — Proportion 0f 8aCh PA TN PCA ...t 148
Table 4.7 — MANOVA outcomes for shape analysis using MOMOCS. .........ccccovviviieieeieniennas 159
Table 5.1 — List of sites from which measurements were obtained. ...........cccocovvivniiiiennnennnn 175
Table 5.2 — Summary of DFA determination. ..........ccoovoriiiie e 194
Table 5.3 — Summary of DFA determination (no femura and possible identification). ............ 195
Table 5.4 — Species determination of different elements from the same individual .................. 197
Table 5.5 — Frequency of domestic equids from different Site types........ccceevevvreiieiceniennnnns 201
Table 5.6 — Species determination using the Davis method ............cccoceviiiieniene s 206
Table 5.7 — Species determinations of the individuals with multiple elements analysed .......... 207
Table 5.8 — Species representation of domestic equids identified by Site...........cccoevviniienne. 208
Table 5.9 — Teeth with atypical caballine dental patterns. ..........c.ccocovviveiiiii v 211
Table 5.10 — Species determination for teeth with atypical caballine dental patterns. .............. 225
Table 5.11 — Squared Euclidean distance (d%) between My and Ma. ..........covvveveeeeiereeeireene. 227
Table 6.1 — Material selected for aDNA analysis using NGS............ccccooviiiieveiecse e 242

Vii



Table 6.2 — Specimens identified by aDNA @nalysis. .........ccooeiiirieiinieee e 244

Table 7.1 — The eruption and mineralisation of lower premolars and molars in horse. ............ 269
Table 7.2 — Number of samples from selected SiteS. ........cocveviiirieiiiiee e 270
Table 7.3 — 50 values of Winchester SPECIMENS...........c..ovurveveeeereeereeeseseeseesseesee s 279
Table 7.4 — 30 values of AlCEStEr SPECIMENS .........c.vvuvererrereeeeeese e 280
Table 7.5 — 50 values of RIDCheSter SPECIMENS............c..everveeveeeereeeseeeeeeee e 282
Table 7.6 — 50 values of Fairford SPECIMENS............cvvueveeveeeeereeeeeeseseeeeeeeee e 284
Table 7.7 — 50 values of Serbian SPECIMENS ............cvvueveeveereveeeeeeseseeeeeeeee e 286
Table 7.8 — 3"°C data of current specimens and published data ...........co.coceverereerererceerenea. 296
Table 7.9 — ¥'Sr/%°Sr value of the selected 16 SPECIMENS............ceveveeeeeeereeeeeeeeseeeeee s 297

viii



List of Figures

Figure 2.1 — Dental pattern in three major domestic equids ..........ccccoevveverieereereseene. 40
Figure 2.2 — Lingual fold pattern in caballine and asining.............ccccccvcveveieieece s, 40
Figure 2.3 — Buccal fold penetration in caballine and asining...........ccccccoecevvevvevesnenne. 41
Figure 2.4 — Left mandible of a modern Shetland Pony. ........ccccccoovviiiiiiiniieece 41
Figure 2.5a — Different stage Of WEAI...........cooiviiiiiiiie e 41
Figure 2.6 — Dental morphology of maxillary teeth in different domestic equids.......... 42
Figure 2.7 — Scapula of horse (left) and mule (right).......cccocooveiiiiini e 44
Figure 2.8 — Distal radius of donkey (left), mule (middle), and horse (right) ................ 44
Figure 2.9 — Distal articulation of a horse tibia (left) and a mule tibia (right)................ 45
Figure 2.10 — Third metacarpal (MC3) of horse (left) and mule (right)...........c.ccocoe.. 45
Figure 2.11 — Anterior and posterior first phalanx (PH1) of horse and mule.................. 46
Figure 2.12 — Shape of distal tibia articulation. .............cccccceeveviiie i 46
Figure 2.13 — Linear correlation between GL and midshaft width of horses and donkey MC3...... 53
Figure 2.14 — The size, position, and orientation do not change a shape..............c.c....... 58
FIQUIE 3.1 — DFA SEEP L. oot 82
FIQUIE 3.2 — DFA STEP 2. ettt 82
FIGUIE 3.3 — DA SIED 3. . oottt et te et e e sneenas 83
Figure 3.4 — DFA scatter diagram for hUmerii.........ccccccooveiiiiciicie e 86
Figure 3.5 — DFA scatter diagram for radii.............cccoveeiiiiiiiieii e 87
Figure 3.6 — DFA scatter diagram for metacarpals.........c.ccccooevveveiiciiiece e 89
Figure 3.7 — DFA scatter diagram for femMOora...........ccoceeereiiiininiiiceee e 90
Figure 3.8 — DFA scatter diagram for tibiae ... 92
Figure 3.9 — DFA scatter diagram for metatarsals ............ccocooeoviieiniincincc 93
Figure 3.10 — DFA scatter diagram for anterior first phalanges ...........ccccoovniiinnnnnne 95
Figure 3.11 — DFA scatter diagram for posterior PHL............cccccoeiiiiiivieic e 97
Figure 3.12 — DFA scatter diagram for first phalanges...........ccccocevveviiiiii e 100
Figure 3.13 — PH1 measurements taken for the Davis method..............ccccceveiieinennnnn 107
Figure 3.14 — Hypothesised clustering region for different species/breed.................... 107
Figure 3.15 — BFd/GL index and SD SCAtter-gram. .........c.cocervrereeieeienene e 111
Figure 4.1 — Example of geometric morphometric method ...........cccceveveiiicncnnninne. 120
Figure 4.2 — Example of Non-metric variation in equid molars. ..........ccccoeeevenernnnnnn. 122
Figure 4.3 — Shape difference between U and V. ... 126
Figure 4.4 — Measurements taken for Angle Analysis. .......c.ccoovivniiiinenc i 128
Figure 4.5 — Hypothesised regions for each equids SPECI€S........cccccvvevvviiieiiiesiieesinenn, 129
Figure 4.6 — Scatter plot using the difference between angles and bucco-lingual distance. ..... 131
Figure 4.7 — Eight landmarks used for landmark-based GMM ...........c..ccccevviiiievinne 135
Figure 4.8 — Distribution of all landmarks from every sample after GPA.................... 139
Figure 4.9 — Species separation using PC1 and PC2. .........ccccoovviviiinieienc e 140
Figure 4.10 — Landmarks and curve used in outline-based GMM.............cccccoirvnnnn. 144
Figure 4.11 — Distribution of all points from every specimen after GPA..................... 147
Figure 4.12 — Mean shape of the curves from two SPECIES. ........cccvvrvriererenenereriene 148
Figure 4.13 — PCA scatter plot for outline-based GMM............cccooieiiviviciie e, 149
Figure 4.14 — Shape extracted for shape analysis.. ........cocceveirieninie i 151
Figure 4.15 — Landmarks used in MOMOCS. ........cccueiiriiiiniinienee e 154



Figure 4.16 — Qualitative estimation of harmonic number...........ccccooeieiininnn, 156

Figure 4.17 — Quantitative estimation of harmonic number............c.cccocco s 157
Figure 4.18 — Graph showing the cumulative percentage of harmonic power............. 157
Figure 4.19 — Comparison of the mean shapes generated by image of different species. ....... 160
Figure 4.20 — Contribution of PC in shape reconstruction. ............cccccevevevveveiiiesnennns 162
Figure 4.21 — PCA scatter plot from shape analysis..........ccccoccevvveviiieiie v 164
Figure 5.1 — DFA scatter plot for archaeological radii...........c.ccccevviveiiveivciciieceens 185
Figure 5.2 — DFA scatter plot for archaeological MC. ...........cccoceeviiieiieii e 188
Figure 5.3 — DFA scatter plot for archaeological femora. ..........cccccevevieivecciieiee, 189
Figure 5.4 — DFA scatter plot for archaeological tibiae ..........c.ccooviieieiiiiiie, 190
Figure 5.5 — DFA scatter plot for archaeological MT ... 192
Figure 5.6 — DFA scatter plot for archaeological PHL. ..........ccccoviiiiiiiiiiicieeee 193
Figure 5.7 — BFd/GL index and SD scatter plot with archaeological specimens......... 202
Figure 5.8 — Z149 Comparison to reference collection. ...........cccecceeveiiveiicic s, 203
Figure 5.9 — Plot of archaeological specimen based on angle and bucco-lingual distance. ..... 213
Figure 5.10 — Hypothesised region for each SPecCies. ........cccceevieviiveiieese e 215
Figure 5.11 — PCA scatter plot of archaeological specimens using landmark-based GMM. .. 217
Figure 5.12 — Hypothesised Region of eaCh SPECIES. .........cccovieiiiiiiieieie e 218
Figure 5.13 — PCA scatter plot of archaeological specimens using outline-based GMM. ...... 220
Figure 5.14 — PCA scatter plot using shape analysis with MOmOCS...........cc.ccoceririenne. 222
Figure 5.15 — Dental Pattern of different domestic equids from Eisenmann’s database. ........ 229
Figure 6.1 — Mandibular teeth of DA-959. .........ccoeiiiiece e 245
Figure 6.2 — Mandibular teeth of RB-728 (RibChester)..........cccooeviiveiieiicie e 245

Figure 7.1 — Hypothesised distribution patterns for different procurement strategies. 265
Figure 7.2 — The age of formation and eruption for premolars and molars in horses. . 269

Figure 7.3 — The 5™0 distribution of Winchester Specimens.............c..ccc.coevevververneene. 279
Figure 7.4 — The 5™0 distribution of Alcester SPECIMENS. .........cc.coovvvvevverrrnrerrerneone. 281
Figure 7.5 — The 5™0 distribution of Ribchester Specimens. .............co.ovvvevenvervennenne. 282
Figure 7.6 — The 5™0 distribution of Fairford Specimens. ..........c..cccovvvevvererenreerenneone. 284
Figure 7.7 — The 5™0 distribution of Serbian SPeCIMENS............cc.covvverrevrrreeerrrenenne. 287
Figure 7.8 — Distribution of 8*30 values By SIteS. ...........ccoeervreereireeeeeeeeesseseeenione, 289
Figure 7.9 — The 5™0 distributing patterns of horses by Sites. ..........c.ccocoevrevrrvenenne. 290
Figure 7.10 — The 820 distributing patterns by SPecies.............ccovvverrreverereseerrrenenne. 293
Figure 7.11 — Distributions of §"3C data by SIeS............ccoevrrreeereereeeeeeeeeeeeeseenienn, 295
Figure 7.12 — Combination of 5"%0 and ®'Sr/*®Sr data. ..........c.ccoveerverrerrcereereees 303

Figure 8.1 — Roman coins showing mules pulling two-wheeled carriage (carpentum).322


file:///D:/Users/ricey/Google%20Drive/00-The%20Big%20Thesis%20Folder/00-Correction/Thesis%20post-viva%20correction%20JULYFF.docx%23_Toc457557710
file:///D:/Users/ricey/Google%20Drive/00-The%20Big%20Thesis%20Folder/00-Correction/Thesis%20post-viva%20correction%20JULYFF.docx%23_Toc457557721
file:///D:/Users/ricey/Google%20Drive/00-The%20Big%20Thesis%20Folder/00-Correction/Thesis%20post-viva%20correction%20JULYFF.docx%23_Toc457557723
file:///D:/Users/ricey/Google%20Drive/00-The%20Big%20Thesis%20Folder/00-Correction/Thesis%20post-viva%20correction%20JULYFF.docx%23_Toc457557724
file:///D:/Users/ricey/Google%20Drive/00-The%20Big%20Thesis%20Folder/00-Correction/Thesis%20post-viva%20correction%20JULYFF.docx%23_Toc457557739

List of Maps

Map 1.1 — Horse breeds mentioned in Roman and Greek sources and their main use... 14
Map 5.1 — Romano-British sites in current thesiS.........c.ccocvvvevievi e 177

Map 7.1 — §"®0pw value range from mean annual precipitation for western Europe ... 254

Map 7.2 — 5"®Opw range based on modern groundwater. .............cccocoevevreereenrreeenes 256
Map 7.3 — Strontium Isotopic Ratios of UK. ..........cccoeiieiiiie i 258
Map 7.4 — Strontium Isotopic Ratios of Europe based on mineral water. .................... 259
Map 7.5 — 5™0pw ranges and Selected SIteS.. ..........ovivrvreereerieeeeeeseeeieeeese s s 277
Map 7.6 — 8'20P" contour Map of EUIOPE ..........ocvveeveeeeseeieeeeeeseessesessees s 285

Map 7.7 — Locations of selected sites with both oxygen and strontium isotopic analyses... 298

Map 7.8 — Possible locations of origin of the four non-Caballine equids..................... 300

xi


file:///D:/Users/ricey/Google%20Drive/00-The%20Big%20Thesis%20Folder/00-Correction/Thesis%20post-viva%20correction%20JULYFF.docx%23_Toc457514586




DECLARATION OF AUTHORSHIP

I, RICHAD CHUANG, declare that this thesis and the work presented in it are my own and

has been generated by me as the result of my own original research.

The Acquisition of Domestic Equids in Roman Britain

- the identification of domestic equids and case study with isotopic analyses

I confirm that:

1. This work was done wholly or mainly while in candidature for a research degree at

this University;

2. Where any part of this thesis has previously been submitted for a degree or any other

qualification at this University or any other institution, this has been clearly stated;
3. Where I have consulted the published work of others, this is always clearly attributed;

4. Where I have quoted from the work of others, the source is always given. With the

exception of such quotations, this thesis is entirely my own work;
5. Thave acknowledged all main sources of help;

6. Where the thesis is based on work done by myself jointly with others, I have made

clear exactly what was done by others and what I have contributed myself;

SIGNEA: ..ttt sttt ettt e e bt e at e et e e e a b e e beeenteenseennreenraan

Date: 28/09/2016

Xiii






Acknowledgements

Looking back to the years in this PhD project, many aspects of the research had changed
due to several unexpected issues while the ultimate aim remains the same. The present
thesis has shifted from using aDNA to validate qualitative morphological traits to refining
and developing several different identification techniques for the challenge regarding
distinguish the subtle differences between domestic equids. The ultimate goal, however, is
to re-think the introduction of domestic species from one region to another as part of a
“cultural package” of the invaders. But unlike species as food or companions, species
utilised as labour animals by the local populations seem much more difficult to “replace”
by the invader.

As a little kid, I was still able to see farmers riding carts pulled by water buffalo (Bubalus
bubalis) in the country side of Taiwan. Water buffalo was not native to Taiwan and was
not introduced probably until early 17" century. The main users of water buffalos were the
Han farmers from the southeast coast of China, and the Dutch systematically introduced a
large quantity of water buffalo to improve local agricultural production (possibly
established local breeding) for their own profit. Gradually, the local “native” population
lived on the plains gradually merged with Han migrants, but there were those who
continued their way of life. Horses came to Taiwan much later in time and were to be used
only by selected few (mostly government officials), thus they were never considered as
farm animals in Taiwan. In other words, even though horses (and other domestic equids)
were introduced, they were regarded as social symbols and never replaced water buffalo as
the main source of transportation among the local populations. All these make me wonder
more about the role and the introduction of labour animals in the past.

Countless helps and supports from friends and colleagues that get me through the process
of this PhD project. First, I would like to thank both of my supervisors, Dr. Jacobo
Weinstock and Dr. Alistair Pike, for all the supports and constructive advice to keep me
focus on the research topic.

Second, I would like to thank the following colleagues for granting me the use of their
material and/or for helping me assess them (in alphabetical order): Heather Dawson
(Corinium Museum), Deborah Jaques(Palaeoecology Research Services), Marsha Levine,
Jill Phillips (University of Southampton), Helen Rees (Winchester Museum Service), Sue

Stallibrass (University of Liverpool), and Patrick Tostevin (Ribchester Museum).

XV



I also would to thank Vincent Bonhomme for his support and technical help making the
use of the Momocs package possible. Special thanks to Dr. Polydora Baker (Historic
England) and Dr. Fay Worley (Historic England) for providing me additional data for
carrying out my analyses. And this thesis is made possible by the partial funding from the

Ministry of Education, Taiwan.

All Colleagues and PhD students in the archaeology department here in University of
Southampton are thanked for tolerating me to occupy the mammal room over such long

period of time.

Finally, I would like to thank the understanding and support of my family throughout
writing this thesis and my life in general.

XVi



Chapter 1 - Introduction

1.1 — Introduction and Research Aims

The importance of draught and pack animals has decreased dramatically since the middle
of the last century due to the advanced development of new technologies in different fields,
which has allowed motorised vehicles and machines to be mass produced and to become
more affordable. This has radically altered the relationship between humans and the
domestic animals that traditionally served as plough and pack animals. Unlike other
domesticates, which are usually utilised as food and are now commonly presented to us as
packed meat products, the connection with large working animals, namely, the domestic
equids, has been lost in most urbanised societies (although they still play an active role in
leisure and sport). While these plough and pack animals have been replaced gradually over
recent generations in many areas, they are still essential in regions of the world where
motorised vehicles are not suitable or affordable; in these regions, they still perform the

services that they did in the past.

With changes in the demands made on draught animals, their procurement strategy will
also change to accommodate the decreasing market. It is difficult to create a new market or
increase an existing demand for draught animals, as their motorised competitors have
established a permanent place and, therefore, the suppliers of such animals would have to
change their breeding scheme in order to minimise the basic costs and avoid any surplus
that would add to their costs. Since such a market, in principle, will constantly adjust itself
to remain at equilibrium, and the demand will change from time to time, the breeding
scheme of draught animals will have to alter to reflect the socio-economic development as
well as particular events in history. For example, regarding typical Roman pack animals,

the use of both donkeys and mules as labour animals is well recorded in Greek and Roman
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historic documents. However, both species were foreign to many newly conquered
regions/provinces of the Roman Empire, particularly in the north-west. The spread of these
two species into Western Europe is undeniably associated with the westward expansion of
the Roman Empire. Nonetheless, questions of their adaption by local populations and about
the supply to or production of these foreign species in these areas during Roman time are
rarely raised by archaeologists. For example, how was the introduction of these donkeys
and mules carried out? Did the Romans make efforts to establish local breeding or were
these animals supplied continuously from the heartland of the Empire? Does the presence
of donkeys and mules imply a Romanised way of life, as indicated by the change in diet
and husbandry (e.g. Kings, 1999; Albarella et al., 2008)? Did the initial introduction of
donkeys and mules make a permanent impact that altered the traditions of the local culture
and farming practices, or did the use of these animals disappear with the collapse of the
Roman Empire? These are questions that are essential to understand past human-animal
relationship, but have not been properly investigated due to the difficulties in

distinguishing different domestic equids species.

The presence of donkeys and mules has always been scarce in British archaeological
records. Although their introductions have usually been credited to the Romans (Johnstone,
2008), historical records have opposed their local precence in a later time period
(Holinshed, 1587); furthermore, other scholars have also questioned such early
introduction (Baxter, 1998; Dent, 1972). While archaeological evidences indicate the
presence of both species as early as Roman or even pre-Roman (Johnstone, 2004), it is
necessary to further clarify the definition of “the introduction of a foreign species”.
Unfortuantly, such issue has never been explicitly discussed regarding donkeys and mules.
For the current thesis, an introduction of a foreign species requires more than the presence
of their skeletal remains. A sustained population which allows local breeding to be

maintained as well as impact on either local ecology or cultural practise is considered
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essential for the introduction of a species. That is, once donkeys and mules are introduced
to the British Isles, it is expected that there would be enough of them to maintain localized
breeding as well as associated artefacts such as mule-shoes or donkey mills. However, the
latter may be problematic as small artefacts can be traded and “donkey mill” can be pulled
by other animals. As a result, to determine their “localness” will be the key to understand

the introduction of these foreign species in Roman time. This can be achieved by using

stable isotopic analysis. The current thesis aims to:

1. Filling the gap by reviewing existing methods for the determination of domestic equid
species and to suggest new identification criteria/techniques for specific determination.
This includes the use of biometric analyses as well as geometric morphometric
ananlyses. These new methods will allow the determination of the relative
representation of the different equids to be established.

2. Establishing species ratios based on new identification methods, in conjunction with
isotopic analyses, to ultimatedly examine possible equid procurement strategies. In
other words, to understand if different equid species are used by different
site/population and whether the domestic equids were supplied locally or imported

from elsewhere.

According to the definition of “introduction of species” described ealier, the current thesis
hypothised that if donkeys and mules were introduced by the Romans, the number of
donkeys should be more abundant to maintain the local breeding of both donkeys and
mules. Futhermore, based on the consideration of procurement cost, most of these donkeys
and mules should show local isotopic signatures. This is because to import these animals,
particularly donkeys, is more likely to make them more expensive than procuring local

horses.
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The characteristic of procurement strategies will be reflected in both the species
representation and the localness of the domestic equids found from context. Previous
speculations of the provisioning models are only based on limited biometric evidence on
the frequency of different species and historical written sources for the origin and localness
of breeds. However, in order to correctly interpret and examine different procurement
strategies, it is necessary to first establish reliable methods that can distinguish the
archaeological remains of different domestic equid species. Several studies in the past have
suggested various methods for separating mule bones from those of horses (Armitage and
Chapman 1979; Eisenmann 1986; Eisenmann and Beckouche 1986; Uerpmann and
Uerpmann 1994; Peters 1998; Johnstone 2004, summarised in Johnstone, 2004). However,
there is a general lack of mule comparative material to allow these methods to be further
tested for accuracy. As a result, the present thesis first addresses the issue of existing
identification methods. Following that, different methods involving both conventional and
novel application of biometric and morphometric data are developed and utilised to
identify species of archaeological equines. The localness of selected archaeological
equines is then examined by the combination of different isotopic analyses. With species
determination supported by established methods, comparison can then be made between
the localness of different domestic equids from Roman Britain, allowing the second aspect

of procurement strategy to be investigated.

1.2 — Domestic Equids in Archaeological Research

Among all the domestic equids, horses have attracted the most attention in archaeological
research in the past few decades. The ongoing dispute regarding the origin of horse
domestication and horse riding alone has stimulated numerous research projects involving

different disciplines for more than 30 years (Levine, 1990; Anthony et al. 1991; Grigson,
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1993; Brown and Anthony, 1998; Levine, 1999; Anthony and Brown, 2000; Bartosiewicz
and Bartosiewicz, 2002; Jansen et al. 2002; Bendrey, 2012, to list but a few). In recent
years, some attention has been focused on another domestic equid, namely, donkeys,
whose domestication status is more difficult to determine (Rossel et al. 2008; Shackelford
et al. 2013; Kimura et al. 2013). In contrast to the attention on horses and donkeys, mules,
perhaps due to them being a hybrid species, have tended to be overlooked and have often
gone unnoticed. Despite being relatively elusive, mules’ renowned superiority as pack
animals thanks to their hybrid vigor (Clutton-Brock, 1992) still grants them a place in
history, and they were considered valuable beasts of burden in numerous historical records

and were depicted in a variety of artworks.

However, mules in archaeological records have been less appreciated and well studied. The
morphological differences between the remains of mules, as a hybrid species, and horses
are very subtle; whether or not they can be identified unambiguously and consistently has
been questioned (Johnstone, 2004). A discrepancy in the relative abundance of mules
exists between historical sources of various types (written, painted, or even manufactured)
and archaeological materials such as faunal remains and functional objects (e.g. mule-
shoes). This is not to say that archaeological material should always match historical
sources exactly, and several issues need to be considered. For example, historical texts
cannot always be taken at face value and pre- and post- depositional factors may also affect
bone preservation. Nevertheless, on a purely theoretical basis, it could be expected that the
ratio of horses to mules — as portrayed in written records — should more or less be reflected
with a certain degree of similarity in zooarchaeological finds. However, this does not seem
to be the case. Only very few cases of mules have been identified and reported from
Roman sites, both in the empire’s heartland and the provinces (Johnstone, 2004). Some
scholars have argued that the subtle morphological differences between horses and mules

5
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cause most researchers to overlook the possible presence of mules (Johnstone, 2004;
Levine, 2004; Maltby, 2010) or to use a broader category, such as “equid” for general

identification, much as in the case of sheep and goats.

Since 1979, when Armitage and Chapman (1979) reported and published the case of a
Roman mule found in London (see Chapter 2), the possibility of being able to identify
mules has been clearly stated. Indeed, further developments of morphological criteria (both
cranial and post-cranial) as well as biometric analyses have argued that it was possible to
distinguish mules from horses (Eisenmann, 1986; Eisenmann and Beckouche, 1986; Peters,
1998; and summarised in Chapter 4 of Johnstone, 2004). Unfortunately, as will be
described in more detail in the next chapter, there is a dearth of modern known mule
material that can be used in more thorough comparative anatomical analyses. Furthermore,
not only is the number of comparative mule specimens insufficient to test the validity of
the putative morphological criteria, but also the intra-specific variability of these domestic
equids is commonly disregarded because the possible presence of equids other than horses
is not always fully recognised. These identification methods remain merely as basic
guidelines for distinguishing mules from horses. In other words, it is still uncertain whether
all mules will bear particular morphological traits, or whether these few known mule
specimens can only represent “typical” mules, but not all. The intra-specific variation of
horses is exceedingly wide; many local breeds have adapted to particular environments so
that they are markedly different from each other (e.g. various pony breeds on small island
settings) or special breeds have been bred for particular purposes (e.g. heavy draught
horses and modern police/military horses). Whether these minor differences that
researchers have identified from the skeletal remains, (morphologically or biometrically),
represent intra-specific or inter-specific variation is unclear without further validation
based on larger datasets amount of material. Nevertheless, there is now sufficient evidence

6
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to alert researchers to the need to be fully aware that mules may be represented among
archaeological equine remains and that they may be identified using some existing

methods.

That said, the number of donkeys and mules being clearly identified based on the available
published and unpublished faunal reports still appears to be extremely low, particularly in
the north-western Roman provinces (e.g. Roman Britain, see section 1.6 and tablel1.2). This
suggests that the dispersal of donkeys and mules may not have been homogeneous
throughout the Roman Empire, and thus that the importance or use of these two species
may have been highly localised or restricted (e.g. used by Roman officials, but not by
broader local populations). As a result, it is possible that the number of these two species
(particularly mules) estimated in some of the written records reflects only certain regions
of the Roman Empire and so should not be assumed typical for all Roman provinces. In
other words, one should not expect that the number of donkeys or mules, as well as the
social role they played, would have been the same in the north-west provinces as in the
Middle East simply because both regions were under Roman jurisdiction. Availablitly of
these exotic beasts of burden aside, the usefulness of these pack animals may have differed
under different ecological and economic considerations. In other words, would the donkey
still have been an ideal labour animal when taking into account the expenses of keeping it
alive in an unsuitable environment? Due to the time and budgetary constraints of a PhD
research project, it was not feasible to examine evidence throughout the Roman Empire;
therefore, the current thesis will use Roman Britain as a case study in order to explore the
different strategies of domestic equids procurement on this remote and far-flung island of

the empire.
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1.3 — Domestic Equids in the Roman World

Before discussing the domestic equids in Roman Britain, some related terms should be
defined to avoid confusion stemming from commonly used over-generalised names. In the
current thesis, the term “mule” (Equus asinus x Equus caballus) is used specifically to
refer to the hybrid speciation of a male donkey/ass (Equus asinus) and a female horse
(Equus caballus). The hybrid from the opposite cross, which is the offspring of a male
horse (Equus caballus) and a female donkey/ass (Equus asinus), is distinctively referred to
as a hinny (Equus caballus x Equus asinus). In addition, the term “domestic equid” should
be explained. This term is used loosely in the current thesis to refer to the three major
equine species commonly served as labour animals: horses, donkeys, and mules. However,
it is necessary to iterate that there may have also existed unmanaged horse populations in
Britain; according to Harcourt (1979), some horses roamed free in the wild and were only
rounded-up for the capture and training of yearlings during the Iron Age. In the present
thesis, “domestic equids” may, therefore, include both horses bred in a stud farm under
human management and horses living in wild-living herds before being captured and
training as labour animals. In contrast, the term “donkey” in the current thesis refers only
to those animals that have been tamed or domesticated, whilst “ass” is used explicitly to
refer to the wild or feral animals of the same species. The reason for using different terms
to describe “Equus asinus” is that both types could be involved in mule breeding, and thus
it is necessary to separate further the local wild/feral population from the domestic one.
Finally, although both hybrid species, namely mule and hinny, are partially “caballine”, in
the current thesis, all non-horse domestic equids will be referred to as “non-caballine” for

case of distinction.
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1.3.1 — The Mule: Its Infertility and Hybrid Vigour

Mules (E. asinus X E. caballus) are a different equid than either of the parents, i.e., male
donkey (E. asinus) and female horse (E. caballus). Although this notion is generally
understood, and mules are highly valued as beast of burden (Tegetmeier and Sutherland,
1895; Dent, 1972; Hyland, 1990; Clutton-Brock, 1992, Roth, 1999), the difficulties as well
as the particular set of knowledge and skills required to bring these two species together
successfully and produce the ideal offspring often go unrecognised. Therefore, it is
necessary to pay special attention to the production of this hybrid species and establish

some key concepts and terminology before discussing this species any further.

A mule is not a “natural” species in the sense that mules cannot reproduce themselves
through male mules mating with female ones, although they can be bred in an all-natural
setting inhabited by both horses and asses/donkeys. This type of “cross breeding” is termed
“hybrid speciation”. Hybrid speciation is quite common in plants, but less common in
animals, and relatively rare in mammals (Mallet, 2005). Some of these hybrids are fertile
(mostly homoploid hybrid speciation), while others may be sterile. The cause of infertility
in hybrid offspring is still unclear as many factors are involved (Yang et al., 2004; Gross
and Rieseberg, 2005; Lee et al., 2008; Steiner and Ryder, 2013). There are a few records of
female mules and hinnies being impregnated either by a stallion or a jack and successfully
giving birth to foals, but these are extremely rare, hence the Roman phase of “cum mula
peperit” (meaning when a female mule gives birth) for describing an unlikely situation. In
theory, male mules cannot produce spermatozoa; however, it is not certain if all mule
stallions are completely sterile since most, if not all, are neutered. The logic of castrating
an infertile mule stallion (known as a ‘john’, while a female mule is known as a ‘molly’) is
that even though such stallions cannot produce spermatozoa, they still produce testosterone,
which makes them act rather aggressively, similar to regular stallions (Smith, 2008). Thus,
in order to keep them under control, castrating male mules is recommended. The aetiology

9
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of mules’ infertility is thought to be the uneven number of chromosomes in horses and
donkeys (see Table 1.1, Trujillo et al., 1962; Clutton-Brock, 1992). Nevertheless, recent
advances in molecular biology suggest that the cause of hybrid sterility is far more
complicated (Gross and Rieseberg, 2005). Some scholars have argued that the infertility in
hybrid progeny is due to the incompatibility between the genes from different parent
species rather than simply uneven chromosome pairs (Lee et al., 2008; Steiner and Ryder,
2013). The best example is that the hybrid offspring of Przewalski’s horse and the
domestic horse are fertile even though they also have an uneven number of chromosome
pairs (2n=65, see Table 1.1). In addition, other scholars have also argued that it is the
complexity in the “rearrangement” of chromosomes during the process of speciation that
causes the meiotic breakdown, which ultimately leads to sterility in hybrid offspring (Yang
et al., 2004). As for fertile molly mules, if they are bred with horses, then the offspring will
be horses, and if they are bred with donkeys, theoretically, the offspring should be mules
again, but this seems not always to be the case (Rong et al., 1988; Yang et al., 2004).
Although it is possible to continue using fertile molly mules to breed with jacks to produce
mules, the fact remains that fertile molly mules are very rare and that only very few foals
will survive. This renders such a breeding method impractical. Since the precise cause of
infertility in mules is still unclear and because of the scant number of fertile molly mules,
the only approach to mule breeding remains the old fashioned crossbreeding between two

species.
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Przewalski's horse

Horse (2n=64) (2n=66)

Donkey (2n=62)

Horse (2n=64) Horse (2n = 64)

(2n=65) Hinny (2n= 63)

Przewalski’s horse

(2n=66) (2n=65) (2n=66) (2n=64)*

Donkey (2n=62) Mule (2n=63) (2n=64)* Donkey (2n=62)

Table 1.1 - Number of chromosomes of different equids

* - Although Przewalski’s horses and donkey offspring will theoretically have an even number of
chromosomes, there is no known case of such offspring and, therefore, the fertility of this hybrid is
unknown.

“Hybrid vigour” or “heterosis” means the enhancement of biological functions in crossbred
offspring; from a human perspective, it is sometimes advantageous to cross breed different
animals. In the case of mules, they are usually not only larger in size than both parents, but
are also much stronger and show more endurance (Clutton-Brock, 1992). Crossbreed
progeny from a horse stallion and a female donkey (known as a jenny) is also possible, but
the progeny is referred to as a “hinny” or a “jennet” (particularly in Ireland, but some have
also used the same term to describe a female donkey). While hinnies are also sterile and
present “hybrid vigour”, their physical appearance is quite different from that of mules,
and they should not be considered as the same species. However, frequently, both types of
donkey-horse hybrids are generally categorised as “mule”. Such a simplification can be
problematic especially when trying to interpret its representation in the past. Fortunately,
the presence of “hinnies” is unusual since they are not considered “ideal” labour animals
compared to mules. This is mainly because, comparing to mules, hinnies are much smaller

in size and are much less endurant (Tegetmeier and Sutherland, 1895).

The existence of mules, as a hybrid species, implies the existence of a jack (male donkey),

and a mare (female horse), and further indicates that the other sex of these two species
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must also exist in order to produce offspring to secure future breeding. Mules and horses
can be similar in size, but can clearly be distinguished by their exterior physical features —
the most obvious one being that mules have longer ears, much like their donkey fathers. In
addition, some less obvious traits, such as smaller hooves and coarser manes and tails, can
also be used to distinguish between these two animals (Smith, 2008). All these differences
can be found in Roman artwork (Toynbee, 2013), indicating that most Romans, if not all,

were aware of the difference between mules and horses.

1.4 — The Supply of Domestic Equids in the Roman world

At present, an examination of the domestic equid supply in the Roman world can rely only
on very limited material, mostly written records; and none of these records directly
addresses the question of provisioning, such as the ratio of different domestic equids or
their acquisition and source. This section will review the current understandings and

hypotheses of the domestic equid supply in the Roman world.

141 — The Supply of Horses

Most known Roman records focused on horses for the military, but some clues regarding
horses used in other aspects of Roman life are “hidden” in contemporary writings. The
subject of horse supplying has been discussed by previous scholars (e.g. Hyland, 1990;
Dixon and Southern, 1997); they suggest that horses for the military were acquired through

a number of different means:
1) Bulk military purchase or supply from Imperial estates,

2) Tributes from allies or horses captured in battle, and
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3) Local individual purchases or recruitment.

Of the three domestic equids in question, horses are the least problematic because they
were abundant throughout most of Europe, including Britain. In other words, they could be
easily obtained locally almost everywhere in the Roman Empire. Therefore, it can be
assumed, under normal circumstances, that horses were mainly acquired locally, except
when bulk purchases from specific suppliers to the military were made. Nonetheless,
horses may occasionally have been imported or exported, causing them to end up in
“foreign” locations. Other than being killed in action, military horses may also have been
transferred between regions with the military force. For example, it is argued that 5,500
Sarmatian cavalry were sent to Bremetennacum (modern Ribchester, U.K.) around AD 175
presumably with their mounts (Hyland, 1990, p.185; Dixon and Southern, 1997, p.158).
However, excavation works from Ribchester did not unearth any related archaeological
evidence supporting claims regarding the importation of such a large number of horses. In
fact, archaeological records indicate, the fort was abandoned not long after this date

(Buxton and Howard-Davis, 2000).

In addition to horses used by the military, animals used for sport and entertainment, such
as racing, may also have been transported around the empire. According to Hyland (1990),
specific breeds of horses from North Africa and Spain were favoured as racehorses, and
the trading and exporting of these horses was not uncommon. Map 1.1, based on the work
by Hyland (1990), shows all known horse breeds mentioned in ancient Latin and Greek
texts. It should be noted that whilst some regions were known to produce horse breeds that
were normally used for “civilian” or “general” purposes, there is no evidence that these

regions were exporting horses to other parts of the Roman Empire merely for such
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purposes since horses were native to most regions in Europe and, therefore, were rather

common compared to donkeys and mules.
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1.4.2 — The Supply of Mules and Donkeys

In contrast to horses, little is known about mule and donkey supply. Arcadia in Greece and
Reate in Italy, as mentioned in the works of Varro and Columella, are the only locations
associated with Roman donkey breeding (see section 1.5.2). As for mules, Hyland (1990,
p.72) states that mules for the military were likely to have been supplied by the owners of
large estates or directly from imperial stud farms; she further suggests that for regions
where donkeys and mules were unavailable or were unsuitable for the local climatic
conditions, ponies may have been used as substitutes for mules as pack animals in the
military. Johnstone (2004) further agrees with the idea that mules were bred in only a small
number of centrally-managed locations. She supports this argument using the difference in
size and build of horses and mules (based on her own identifications). She argues that
individuals identified as mules from Roman sites were more homogenous in size/build than
those she identified as horses. However, the uniformity in mule size may also be explained
by the fact that these infertile hybrid creatures can never experience “selective breeding” to
alter their size as intensively as could their parents. Therefore, if only certain type of mares
were used to produce Roman mules, as suggested by Varro and Columella, then it is
logical that the offspring would have been extremely uniform in appearance. As a result,
biometric analysis will not be able to provide sufficient evidence of the possible existence

of a few controlled mule production regions.

The literary sources and previous research seem to suggest that whilst horses could be
obtained locally, the majority of mules — particularly those used by the military — were
more likely to have been bred in a small number of locations. These were either under
imperial control or managed by large estate owners. It is interesting to investigate how

donkeys and mules were supplied or produced in the newly conquered regions/provinces of

15



Chapter 1 - Introduction

the Roman Empire. Discussions on such topics are made possible with the application of
isotopic analyses for detecting the mobility of individual animals. Thus, in addition to
establishing species representation frequency, the second part of the present thesis is a pilot
study that aims to determine the “localness” of different domestic equid species in order to

further examine their procurement strategies.

1.5 — Indication of donkeys and mules in Roman Britain

The Romans are widely credited with the introduction of donkeys and mules into the
British Isles (e.g. Johnstone, 2010; Baker and Worley, 2014, but see also Dent, 1972,
pp.53-55 and Baxter, 2002 for alternative views). Nonetheless, some issues regarding
donkey keeping and mule-breeding are often neglected when discussing domestic equids in
Roman Britain or making claims about their introduction. Donkeys are not a species native
to the British Isles. Thus, logically, to sustain a local population of mules, there must be a
sufficient number of donkeys not only to produce mules, but also to ensure more jacks for
future mule production. Irrespective of whether mules are produced as the primary aim or
as a by-product of having donkeys, it is important to stress that there cannot be a local
mule population without donkeys. Furthermore, unlike the introduction of species such
species as fallow deer (Dama dama), the introduction of taxa normally found in different
climatic environments (i.e. donkey) or requiring human involvement for its reproduction
(i.e. mule), necessitates a particular set of skills in and knowledge about livestock
management that must also be introduced with them. In this section, the skills and
knowledge for donkey keeping and mule breeding will be reviewed to illustrate further the

implications of the presence of these two foreign domestic equid species in Britain.
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15.1 — Donkey-keeping in Britain

Donkeys, or their wild ancestors, are not an equine species that has adapted to the cold and
damp British weather. Unlike the introduction of donkeys into America or Australia where
they could find suitable habitats similar to those in their original area of geographical
distribution, donkeys in Britain never felt “in their element” and thus they have never
established feral populations and have never survived completely on their own. This fact
indicates that this species, unaided, is probably unable to endure the differences between
the British climate and their natural habitat. Livestock management is needed to ensure the
welfare or even the survivorship of donkeys in Britain, for example, by the provision of
rain-shelters, as donkeys possesses no adequate “weatherproof” coat (Dent, 1972, p.145).
The hooves of donkeys in Britain must be cared for to avoid malformed growth caused by
continuously walking on soft and soggy ground and other foot diseases such as laminitis,
due to nutritional-excess problems since they are naturally adapted to a poor grazing
environment (Thiemann and Rickards, 2013). In addition to foot disease, the nutrient-rich
local vegetation in the UK can also lead to other health issues, such as obesity and dental
problems caused by grazing on grass, which is much softer in texture than the vegetation in
their home environment. This is not to say that donkeys cannot inhabit Britain, but they do
require constant human care for their welfare or even their survival in this foreign

environment.

15.2 — The “Making” of Mules in the Roman World

Today, advanced veterinary techniques used in livestock-breeding no longer require the
male to be present during the process of insemination. For example, pig breeding through

artificial insemination has been practised for over half a century in most countries. There
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are numerous benefits in using this breeding procedure (Reed, 1982), and they can be

summarised as follows:

(1) It can allow one boar to mate with more sows in a shorter time and thus reduce
the number of boars kept; furthermore, it can produce piglets in a similar size range

to ensure the quality of the pork.

(2) It can overcome the problems caused by age or size differences that make natural

mating difficult.

(3) Collected semen can be examined, and flawed semen can be eliminated at this

stage, leading to a higher breeding rate and clearer record-keeping.

The observation from pigs may not be the best analogy for equids since they are bred for
completely different purposes. Some of the advantages of artificial insemination may be
used to improve the breeding of mules, such as the fewer number of jacks required and the
need to overcome size differences between female horses and male donkeys. Artificial
insemination, or assisted reproductive technology, is gaining popularity and has forced
more and more horse associations to add “natural breeding” as a qualification to register
for competition (Mills and McDonnell, 2005). The benefits of dealing separately with two
individuals and being able to “pre-select” healthy spermatozoa is appealing to breeding
centres, but most domestic horses seem to “prefer” to reproduce without human

intervention (Mills and McDonnell, 2005).

Artificial insemination was not an option to the Romans and, therefore, all mares had to be
covered by jacks in order to produce mules. While the horses were usually smaller than
their modern counterparts — as will be discussed later in the chapter — the variability in the

size of Roman donkeys is still unknown. If they had a similar size range, like their wild
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relatives, then the size-difference between Roman donkeys and the usually small-sized
horses may not have been a major concern. However, there is historical evidence that size
difference between two animals presented, at least occasionally, a problem. In this case,
the solution was to provide some sort of facility for jacks to overcome the difference in

height. Columella gives a full description of such facility as follows:

“A special place is constructed for these purposes — the countryfolk call it a
"machine"” — it consists of two lateral walls built into gently-rising ground,
having a narrow space between them, so that the mare cannot struggle or turn
away from the donkey when he tries to mount her. There is an entrance at each
end, that on the lower level being provided with cross-bars, to which the mare is
fastened with a halter and stands with her forefeet at the bottom of the slope, so
that, leaning forward she may the better receive the insemination of the donkey
and make it easier for a quadruped smaller than herself to mount upon her back

from the higher ground.”

<Columella, de Re Rustica V1.37, trans. H. B. Ash>

There is no mention of such a facility in Varro’s work (de Re Rustica) and, therefore, this
facility may have been developed after Varro’s time (116 BC — 27 BC). Varro,
nevertheless, points out the importance of grooms and the danger inherent in the process of
equine mating. He refers to an incident that occurred during the mating of two horses
(Varro, de Re Rustica 11.7, as described in Hyland, 1990). In this case the stallion was
unwilling to cover the mare, and to resolve this issue, the groom covered the stallion’s
head and forced him to coition. When the cover was removed from the stallion’s head, he
crushed and bit the groom to death (some other translated editions have interpreted the
tragedy as being caused by incestuous breeding). Fortunately, donkeys are less aggressive

when refusing a task, but the challenge of letting both species accept each other is much
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greater than forcing an unwilling horse stallion. Donkeys and horses are accustomed to
living in their own herds and are not naturally interested in each other even during the
mating season. Jacks will refuse to cover mares, and mares will not allow jacks to come

near them.

Several solutions and “tricks” regarding mule breeding are suggested in the works of
Columella and Varro as well as in several other, more recent sources (Konrad, 1980). The
first recommendation is that the mule-breeding jack, or specifically, mare-covering jack,
should not have had previous experiences with jennies. This simple solution is not ideal
when the number of jacks is limited because if jacks are used only to breed mules, there
will not be enough of them to maintain the donkey population required for future mule
breeding. If the jack is raised as a horse, then the success rate for covering will largely
increase. As described in detail in Columella’s work (de Re Rustica VI. 37. 7-9), the jack
should be removed from his jenny mother and secretly smuggled to another foaling mare.
The jack will then be fed on the mare’s milk and be raised as a horse. This psychological
imprint will ensure the jack will not refuse to cover mares when he is sexually mature, and
mares will be less likely to refuse him, as he will smell like a horse; whether he will have a

problem covering jennies afterwards is not mentioned in the text.

The rejection from a mare is much more dangerous since she will kick the donkey trying to
mount her as well as the groom who is leading the donkey. The solution suggested by
Columella for this situation is that different jacks should be brought to the mare to give her
the illusion that she is given a choice (de Re Rustica VI. 37. 9-11). When the mare is
willing to be covered by whatever jack she has selected, ‘he’ will be replaced by the mule-

breeding jack. The actual practice of bringing two different species to reproduce a hybrid is
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not a simple task and requires experience. Therefore the introduction of such system into a

new area will need more than just the introduction of the concepts or the animals.

Even when expertise on how to bring these two species together is available, Columella
adds that one must be aware of the difficulty in finding the perfect parents for the breeding
of mules. He categorises horses into three different types: namely, racehorses, the mule-
breeding mares, and common horses (de Re Rustica VI. 27. 1-4). The fact that mule-
breeding mares are single out as a horse type indicates the importance of finding mares that
are willing to mate with donkeys. According to Columella, suitable mule-breeding mares
should be between three to ten years of age, in addition to having other physical
characteristics (de Re Rustica VI. 34. 2). Pliny the Elder (Naturalis Historia, Book VIII,
LXIX), writing somewhat later than Columella, suggested that the breeding mares should
not be less than four years of age. This is a relatively short period, since the gestation
period for a mule is about thirteen months (compared to ¢. 11 months for horses and c. 12
months for donkeys). Assuming a mare is no longer suitable for mule-breeding after the
age of ten and that she is able to gestate every year and that she produces no twins, then a
maximum of seven mules can be bred in one mare’s lifetime. However, after foaling, the
mare will probably need to wait until the foal weans for her next gestation and, furthermore
— as Avristotle noted in his work — “a mare giving birth to two mules is regarded as
unnatural and portentous” (Hist. An, Book V1). Judging from the above, it would be rare

for a mare to have more than four mules throughout her lifetime.

In addition to the requirement for mares, Columella also points out that a good quality
jacks are even more difficult to find. There are two sources for superior donkeys that were

known to be the best at that time mentioned in Varro’s work: the Arcadian donkeys from
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Greece and the Reatine donkeys from central Italy (Rerum rusticarum, VI1II). Interestingly,
there is no mention of any other breed of donkey from the western part of the Roman
Empire, such as the Iberian Peninsula or France from whence high quality modern breeds
of donkeys originated. In addition, recent research has shown that donkeys were present in
the former region as early as Chalcolithic times (Cardoso et al., 2013). Arcadian donkeys
were traditionally deemed as the ideal breed for mule breeding, but by the time of Varro,
Reatine donkeys were equally valued (Varro, Rerum rusticarum, VI). The criteria for
selecting suitable jacks are also described in detail in the works of Varro, Columella, and
Pliny the Elder, but only Columella further notes that sometimes the external appearance of
jacks can be deceiving; that is to say, handsome jacks do not always produce good mules
(de Re Rustica VI. 37. 4-7). The best jacks were believed to be the first generation
offspring between a tamed wild ass of Phrygia or Lycaonia and a domesticated jenny. This
account was first mentioned by Varro (Rerum rusticarum, V1), and probably quoted later

by Columella (de Re Rustica VI. 37. 4-7) and Pliny the Elder (Historia Naturalis, VIII, 81).

These contemporary agricultural manuals and related records would seem to suggest that
mule breeding was more likely to be restricted to certain regions due to the availability of
“ideal” donkey breeds, especially if the first generation progeny from the tamed wild ass
was involved. Given that most accounts of mule-breeding are first mentioned in the work
of Varro — who also quotes Aristotle on several topics — some of these statements were
outdated by the time of Pliny the Elder. As a result, very little is known about any

improvements in mule-breeding traditions during the later Roman period.

Bringing together two species that naturally refuse to mate with each other is just one of

the obstacles to be overcome in the production of mules. As mentioned previously, while
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certain ‘tricks’ and techniques could help to overcome the problem of inter-specific
rejection, and lead to the successful mounting, there were still no guarantees of a
successful birth of a mule. A higher percentage of perinatal mortality has been noted for
mules in comparison to horses or donkeys due to the risks of hybridization, such as
neonatal isorythrolysis (Smith, 2008, see below). While obviously unknown to the Romans,
the reasons for the higher rate of perinatal mortality in hybrids is now understood due to
advances in modern veterinary science. In the case of mule breeding, the first risk is a
greater chance (c. 10%) of neonatal isorythrolysis in mule foals, but this condition is rarely
found in horse or donkey foals (Smith, 2008). Neonatal isorythrolysis is a condition where
the mother’s blood type is different from the foal’s and can be relatively common in hybrid
speciation. If the foal has an incompatible blood type, the mare’s body will react as if it is
an invading bacterium and will develop an antibody against it (McClure, 1997). The
antibody will then enter the foal through the placenta or the colostrum (also known as the
first milk, which contains antibodies from the mother to prevent disease in the newborn); it
will then attack the foal’s erythrocytes and start haemolytic reactions. This will lead to
further complications, such as anaemia, which if not treated, will cause the death of the
mule foal. The standard treatment nowadays is to prevent the foal from taking the mare’s
colostrum and instead seek alternative sources of nutrition; the foal can be returned to the
mare after 36 hours once the colostrum is clear (Smith, 2008). However, there is no
mention of such a practice in any major Roman agricultural manual, which suggests that
this neonatal condition was not understood or treated by Roman breeders, probably leading
to a higher rate of neonatal mortality among mules. Mules are also more susceptible than
horses to several parasitic infestations, such as ascarids and habronemiasis (Smith, 2008).
Although most cases of these infestations are not necessarily fatal in equines, the high pain
threshold mules inherit from their donkey fathers will make it difficult to notice the

infestation before it becomes serious (Smith, 2008:54).
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In summary, keeping donkeys in Britain, regardless of the time frame, will necessarily
involve a high degree of human labour whether this foreign species is introduced either as
a labour animal or for mule-breeding. Furthermore, mule-breeding — especially in Roman
times — is a complicated process that requires specific knowledge of both horses and
donkeys as well as the availability of suitable parents from both species, particularly jacks.
Even with the “know-how” and the availability of suitable parents, there is still a very high
death rate among neonatal mules. It is highly unlikely that the successful spread of mule
breeding could have been easily achieved by the introduction of the concept or the suitable
parent species alone. In other words, even if the idea of the crossbreeding of male donkeys
(or asses) with female horses to produce mules were introduced to a new region, the
probability of the local population successfully breeding mules would be low. In addition,
even for colonists or immigrants from continental Europe with the necessary knowledge
and skills, it would have been nearly impossible to gain access to the “ideal” donkey
breeds, either the first generation of tamed jack ass and domestic mare or those used in
Reate or Arcadia. Thus, one question should be asked: Would it have been necessary for
the Romans to localise mule-breeding in a region where only one species of the parents
was available, or would it have been more cost-efficient to seek out and adapt to the local

alternatives?
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1.6 — Zooarchaeological Evidence for Domestic Equids in Roman Britain

The frequency of domestic equid remains in Romano-British assemblages has never been
high. For most Roman sites in Britain, the percentage of domestic equids is typically
between 3-5%, and the ratio is somewhat higher in suburban and rural settlements (Maltby,
2010). One possible reason for such a sparse presence of domestic equids as a whole is that,
unlike other livestock, they were not slaughtered in large amounts for meat consumption
(King, 1978). Faunal reports from the “early days” tended to emphasise cut/butchery marks
on domestic equids in Roman times in order to make a comparison with the known
horsemeat consumption of the local Iron Age groups (Coy and Maltby, 1984). A general
consensus that horses, and all other domestic equids, were not normally exploited as a meat
resource in Roman Britain has been reached in later studies (Maltby, 2010) based on the
meagre presence of butchery marks and the overall completeness of their skeletal remains
in comparison to cattle. Nevertheless, despite they usually are rather small in quantity,
domestic equids (although mainly identified as horses) are still a common taxon in Roman

sites (e.g. tables in Maltby, 2010, and Table 1.2).
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Winchester northern and

Period

Roman

Cattle
n (%)
474

Horse
n (%)
75

Pig
n (%)
42

Sheep/Goat
n (%)
336

927

southern suburb (51.13%) | (8.09%) | (4.53%) (36.25%)
Borough High St, 27 2 25 9
Southwark Roman (42.86%) | (3.17%) | (39.68%) | (14.200%) | ©
1059 0 0 657
Owslebusy LIA-Roman | o1 7106) | (0.00%) | (0.00%) | (38.20%) | 17°
Alington Avenue, LIA - Early 10 9 3 42 64
Dorchester Medieval (15.63%) | (14.06%) | (4.69%) | (65.63%)
2 1 0 1
Avonmouth Late Roman (13.33%) | (6.67%) | (0.00%) | (80.00%) | =
21 19 1 15
Balksbury, Andover Roman (37.50%) | (33.93%) | (1.79%) | (26.79%) | °°
Bancroft Villa, 185 33 23 68
Wolverton Roman (59.87%) | (10.68%) | (7.44%) | (22.01%) | >
Banjo site, Micheldever i 5 0 4 9
Wood LIA - Barly Roman | > 5806) | (0.00%) | (22.22%) | (50.00%) | ¢
Beckford Early Roman (3514180/) (19 25%) © O%%) (45112%) 31
. 0 . . .
Beddington Sewage 47 26 27 18
Farm Roman (39.83%) | (22.03%) | (22.88%) | (15.25%) | 18
Old County Hospital, 51 10 16 52
Dorchester Roman (39.53%) | (7.75%) | (12.40%) | (40.31%) | -2
— 31 10 0 0
Birdlip, Cowley LIA - Early Roman (75.61%) | (24.39%) | (0.00%) (0.00%) 41
7 9 4 9
2
Chaucer House Roman (24.14%) | (31.03%) | (13.79%) | (31.03%) o
38 13 3 2
Hooper Street, London Roman (67.86%) | (23.21%) | (5.36%) (3.57%) 56
Land at Queen Street, 9 4 0 2
Stotfold Roman (60.00%) | (26.67%) | (0.00%) | (333%) |
London Wall Roman (541525<y) (22 ?3% 4 515<y) (18 isw 22
. 0 . 0 . 0 . 0
Maiden Castle Rd, 5 4 0 16
Dorchester Roman (20.00%) | (16.00%) | (0.00%) | (64.00%) |
Margate to Weatherlees 3 76 17 14 42
Hill LIA-Roman 1 o) 6106) | (11.41%) | (9.40%) | (28.19%) | 1*°
- 18 6 2 1
Popley, B tok LIA - Roman 38
Opley, Basingstoxe (47.37%) | (15.79%) | (5.26%) | (31.58%)
Rock Roman Villa, Isle 8 2 0 26
of Wight LateRoman | ) 200) | (5.56) | (0.00%) | (73.22%) | -°
Rope Lake Hole, 67 14 9 107
Purebeck, Dorset LIA-Roman | ) 0106) | (7.11%) | (a57%) | 5431%) | 7
Sites B, C & K, Brighton 60 12 5 17
Hill South LIA - Barly Roman | o3 8306) | (12.77%) | (5.32%) | (18.00%) | >
4 3 0 7
14
Westhampnett Late Roman | 55 5706) | (21.43%) | (0.00%) | (50.00%)
2227 280 179 1476
Total (53.51%) | (6.73%) | (4.30%) | (35.46%) | “r02

Table 1.2 - Frequency of four main domestic mammals from Roman sites in ABMAP (Animal Bone
Metrical Archive Project). Note the reason that a higher frequency in horses and a lower frequency
in pigs than expected average (e.g. King, 1978; Maltby, 2010) is due to the fact that these numbers
are based on more complete bones that can be measured. As a result, the less fragmented

“horse/equid” bones appear to have higher frequency than average.
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Among the species of domestic equids, horses are doubtless the most frequently identified;
indeed, only a small number of non-caballine domestic equids are recorded in faunal
reports. However, it could be argued that this is because mules and donkeys are usually
overlooked in the process of identification due to the subtle morphological differences
between these species and horses. Using the Roman invasion of Britain in AD 43 as an
example, Peddie’s (1997) estimation of the number of mules and horses used as well as
other transportation and logistical needs based on historical records suggests that the total
number of mules used would have been around 7,900 (Peddie, 1997, p.36, with 5,150
mules for carrying tentages and equipment for the contubernia and 2,750 for carrying

rations to the troops), while he estimated that only 5,500 cavalry horses were used.

Peddie probably underestimated the number of horses because other possible uses of this
species — e.g. bell-mare in a mule train, cart-pulling animals, or even as interim substitutes
for mules — were not considered. However, based on legionary requirements, one mule was
assigned to each contubernium (consisting of eight soldiers) to carry their tent, rations, and
weapons (Roth, 1999) and, therefore, the number of mules in the Roman military would
have been close to, if not higher than, the number of horses, which were used only as
riding animals in cavalry units. However, whether such regulations were implemented to
the full or whether compromises had to take place in real life (such as the use of oxen to
replace mules) is unknown from official records. The Roman military was doubtless the
largest user of mules since it relied on their superb performance and low maintenance as
described in modern military manuals (e.g. Special Forces Use of Pack Animals, FM 3-
05.213(FM 31-27), 2004). Mules may have been too costly or not suitable for commoners

to purchase as draught animals, especially since mules cannot reproduce themselves.
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Furthermore, depicting mules may also represent only the artist’s own perception of an
actual event. If the artist’s impression of a typical pack animal was a mule, especially if
depicting scenes from the “core” Roman region, then the scene would be more likely to
present this notion using “typical pack animals” (i.e. mules) instead of depicting the actual
scene in which a variety of labour animals (from horse to oxen) could have been used.
Most viewers would have understood the concept of the scene rather than taking it at face

value.

Since there had been Roman legions permanently stationed in Britain since its invasion, it
could be assumed that there should have been mules present in Britain to match the known
Roman military regulation described above. Following this assumption, it could be argued
that it would have been advantageous for the Roman military administration to localise
mule production in order to supply sufficient number of mules for local military needs.
Consequently, the presence of donkeys could also be expected, as they are necessary for
the breeding of mules. However, as mentioned above, the reported number of donkeys and
mules in faunal reports is extremely small. The rarity of donkey and mule remains in
Roman Britain has attracted the interest of several scholars in the past (e.g. Albarella, 1999;
Bendrey, 1999; Baxter, 2002; Johnstone, 2004). Based on previous research, as well as by
conducting a basic survey of the available resources (published and unpublished reports),
the identification of both donkeys and mules are recorded at only a very small number of
Romano-Britain sites (Table 1.2). For the present thesis, in order to include all cases of
finds identified as donkeys or mules in Roman Britain, published reports were consulted
(including those considered ‘grey literature’). Additionally, an enquiry was made to the
“Zooarch mailing list” (ZOOARCH@JISCMAIL.AC.UK) to which many researchers in

related disciplines subscribe, including several experts and scholars who are familiar with
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the faunal assemblages from this geographical region. Sadly, only a handful of responses

were received and they added merely one more case to those previously gathered.

A total number of 19 cases of donkey identification and 11 mules have been recorded in
either faunal reports or doctoral theses from British archaeological assemblages dating
from the Iron Age to the end of Roman period (prior to 5™ Century). Six donkey
identifications and nine mules are either derived directly from Johnstone’s results (2004,
albeit not all are included in her discussion) or determined using the range of shape indices
in her thesis. In other words, identification through a biometrical approach has largely
increased the number of donkey and especially mule identifications. Table 1.2 summarises
these cases and the method of identification employed as well as a list of sites either have
large quantity of equids or with high potential for the presence of non-caballine equids.
Several of the listed past identifications are considered dubious due to the lack of
description on the element itself, or regarding the morphological criteria used, or to
limitations in the methods applied. The latter will be discussed in detail in the next chapter
after a review of the existing identification methods. Even without questioning the
accuracy of previous works and considering the number of domestic equid remains
recovered from excavated sites, the number of donkeys and mules remains extremely low.
In addition to the lack of awareness of the possible presence of these species or the failure
to distinguish different species due to the subtle differences between them, it can also be

argued that non-caballine equids may have simply been rare in Roman Britain.
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‘ Site ‘ Element ‘ Method Reference
1 | Danebury Metacarpal DFA (Johnstone, Grant, 1984
2004)
2 | Newstead Fort Skull Morphology Ewart, 1911
3 | Fairford, Thornhill Farm Teeth Morphology Levine, 2004
4 | Tripontium N.A. N.A. Coy and Maltby, 1987
Frocester Court Roman . Noddle, 1979; Price,
5 Villa First Phalanx Morphology 2000
Barnsley Park, .
6 Gloucestershire Third Phalange | Morphology Noddle, 1985
, Articulated Morphology, Log
7 | Hunt’s House, Southwark Forelimb Ratio on MG3 Bendrey, 1999
g | Rothwell Haigh, Rothwell, | \yooiorea) SD-GL Index Ayton, 2011
Leeds
St. John’s School,
9 L eatherhead, Surrey Metacarpal SD-GL Index Ayton, 2012
10 | Stonea Metatarsal DFA (Johnstone, Johnstone, 2004
2004)
11 | Thorpe Thewles Femur E)OIBQ)(Johnstone, Johnstone, 2004
12 | Brading Roman Villa Metatarsal SD-GL Index, Worley, 2013
Morphology
Kilverstone, Thetford, . .
13 Norfolk Metacarpal Log ratio Higbee, 2006
14 | Wainscott, Kent {\:;?]d'bmar Morphology Bendrey, 2009
15 | Berinsfield, Oxfordshire Radius N.A. Wilson and Allison, 2010
Magna Carta, " .
16 Herefordshire : Size Noddle, 1985
Croydon, Lower Coombe " .
17 Street, Greater London ' Size Yeomans, 2011
18 Staines, EImsleigh House, ? Slenderness Chapman and Shanks,
Surrey 1976
. . Hamshaw-Thomas and
19 | Wilcote, Oxfordshire loose tooth Morphology Bermingham 1993
‘ Site ‘ Element ‘ Method Reference
1 Billingsgate Buildings, Near complete | Morphology, Armitage and Chapman,
London mandible biometric 1979
. . Partial ;
2 Healam Bridge, Yorkshire Skeletons Morphology Jaques, forthcoming
3 | Beddington Sewage Farm | Metacarpal DFA Johnstone, 2004
4 Longthorpe Metacarpal DFA Johnstone, 2004
5 | Orton Farm Metacarpal DFA Johnstone, 2004
Metatarsal
6 | Thorpe Thewles Metatarsal DFA Johnstone, 2004
7 Skeleton Green Metatarsal DFA Johnstone, 2004
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8 | Scole-Dickleburgh Metatarsal DFA Johnstone, 2004
9 | Castleford Metatarsal DFA Johnstone, 2004
10 | East London Cemetery Femur DFA Johnstone, 2004
11 | Hayton Fort Femur DFA Johnstone, 2004

Sites with high potential for the presence of non-caballine equids

Site n (%)* Note Ref
1 | Alcester** 65 (0.63%) possible mule dc:tzang, unpublished
2 | Elms Farm 169 (2.12%) abundant equids %%iar;stone and Albarella,
3 Healam Bridge** possible mule D. Jaques, pers. Comm.
. - . Stallibrass and
* %
4 | Ribchester Fort military site Nicholson, 2000
5 | Thornhill Farm, Fairford** | 365 (12.75%) ﬁmb'e donkey and || o\ ine 2004
6 | Tort Hill West 69 (24.24%) high equids ratio Albarella, 1997a
7 Winchester** 75 (8.09%) high equids ratio Maltby, 2010
8 | Wroxeter Military Site (0.51%) military site Noddle, n.d.
9 Dodder Hill (0.88%) military site Davis, 1988
the former County Hospital 0 . .
10 Site, Dorchester (1.86%) abundant equids Grimm, 2008
11 | Swanscombe, Kent (6.94%) near complete Reilly, 2010
skeleton
12 | Old Shifford Farm 88 (20.23%) high equids ratio Lange, 1995
13 | Margate-Weatherlees Hill | o) 4 740y Grimm, 2009
Pipeline
14 | Colchester 341 (0.84%) abundant equids Luff, 1993
15 | Piercebridge Roman Fort 150 (2.05%) military site i&gglzham and Gidney,
Alington Avenue, 0 . . .
16 Dorchester 72 (7.35%) high equids ratio Maltby, 1988
17 | Bancroft Villa 560 (11.94%) high equids ratio Levitan, 1990

Table 1.3 — Known cases of donkey and mule identifications.

Note: DFA stands for Discriminant Function Analysis. It is a method used by Johnstone in her

thesis and will be further explained in later chapters.
* - the percentage is calculated based on the sum of cattle, sheep, pigs, and horses.

** - these sites are used in the current thesis. The number of equids bones from Winchester is

based on measured records from ABMAP
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1.7 — Chapter Summary

Whilst the essential role played by domestic equids in the Roman world has generally been
recognised, the emphasis in past studies has always been on horses. Possible reasons for
the scarcity of non-caballine equids in the zooarchaeological record are the difficulties of
identifying them and/or unawareness of their possible presence, particularly in the case of
mules. Horses, donkeys, and mules are different species of domestic equids with different
social status and values to their owners. Of the three, only horses are native to most of
Europe whereas donkeys were foreign species to most of northwest Europe, before Roman
expansion. However, fairly little is known about the process of their introduction into these
regions. The presence of different domestic equids in the past can contribute important
information on the socio-economic and cultural aspects of societies and, therefore, it
should be further examined. In this chapter, in addition to discussing the implications of
the presence of non-caballine equids in Roman Britain, the difficulties of donkey keeping
and mule breeding mentioned in Roman written accounts and modern veterinary
perspectives are explored in the context of the introduction of donkeys to Britain by the
Romans, and their breeding of mules. And finally, the current understanding of
provisioning models of Roman equids and known records of non-caballine equids in

Roman assemblages are reviewed.

While the ultimate goal of the current project is to examine the different procurement
strategies of domestic equids in Roman Britain, this cannot be achieved without correctly
determining the species of archaeological domestic equids. As a result, the first part of the
current thesis aims to advance the identification methods for separating the three major
domestic equids, and by using domestic equids in Roman Britain as an example to

investigate the species representation ratio based on suggested identification methods. The
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second part of the thesis will be a first attempt at determining the “localness” of the Roman

domestic equids through isotopic analyses.

This thesis, therefore, comprises eight chapters. Chapter 1, gives a general background
addressing the importance of the issue under study. As the first part of the thesis, Chapter 2
critically evaluates existing identification methods commonly used to separate different
domestic equids. Chapters 3 and 4 present suggested modifications and improvements to
the existing methods as well as the newly proposed techniques respectively. Results of
species determinations are then summarised in Chapter 5, which provides an estimation of
frequencies of domestic equid species (horse/mule/donkey) as well as supporting evidence
for the species identification of the teeth used for further isotopic analyses. Chapter 6
proposes the use of ancient DNA as an alternative approach for the most precise
identification method in future research. The second part of the thesis begins with Chapter
7, which presents and discusses all the results from the different isotopic analyses. Chapter
8 summarises all outcomes from both approaches and discuss the implication of current

outcomes on different domestic equine procurement strategies in Roman Britain.
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2.1 — Introduction

This chapter critically evaluates some of the identification methods that have been used by
other scholars, and reviews the identification of specimens assigned to donkeys and mules

in publications/reports listed in Table 1.2.

A thorough critical evaluation of most existing techniques used in identifying equids to
species-level has been carried out by Johnstone (2004). In her evaluation, she discusses the
advantages and disadvantages of the methods used for this purpose, and she introduces her
use of Discriminant Functions Analysis (DFA) on measurements of different post-cranial
long bones to distinguish between different species of domestic equids. A decade has
passed since her thesis, but very little has changed on the subject of species identification
except that more people considering Johnstone’s slenderness index as an indirect method
for separating domestic equids (e.g. Ayton, 2011 and 2012). To avoid repetition, this
chapter will focus only on the main methods: morphological criteria and three different
techniques of biometric analysis. Whilst these methods seemingly provide the solution to
the challenge of equid identification, little has been done to test their validity and
consistency. As a result, this chapter will also begin exploring the possibility of newly
developed methods. Some of these methods will form the backbone of species
identification in the present thesis and so will be discussed in more depth in the following
chapters. However, the main aim of this chapter is to outline the main methods adapted by

faunal specialists and to examine their practical efficiency and accuracy.
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2.2 — Quialitative methods: species determination through morphological traits

The most direct approach for zooarchaeologists to identify various animal remains to taxon
level is by using anatomical differences in analogous skeletal elements (i.e. metacarpals in
cattle and horses) that are a result of evolutionary adaptation and/or history. The
differences between taxa are usually apparent and can be distinguished with basic training,
although some might be harder to identify than others and require the examination of more
specific criteria (e.g. sheep and goats). Identification of animal remains to species level in
closely related taxa, on the other hand, can be very problematic due to the subtle nature of
the differences and, in the case of horses at least, large intraspecific variability. Thus, in
such cases, the availability of large, adequate comparative collections that encompass the
variability within taxa is critical. However, it is evident from previous studies on domestic
equids (e.g. Johnstone 2004) that comparable modern mule samples are extremely rare in
archaeology departments and museums. This has led to a limited understanding of the
physical distinction between horses and mules, thus making the identification of domestic
equids to species level extremely difficult. In addition, there seems to be a lack of
understanding of the differences between these two equid species in terms of their cultural
or economic impact. Both factors have resulted in the identification of most equids in
Roman faunal assemblages as “horses” with little or no mention of the possible presence of

mules.

Since comparable reference collections are limited, the next best option would be the use
of detailed illustrations of the minor differences from published works (e.g. Armitage and
Chapman, 1979; Peters, 1998). However, one must remember that these illustrations are
made specifically to manifest the differences and thus the differences may have been

embellished to signify the characteristics and may be subjective. Several studies have
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provided detailed illustrations demonstrating the differences between horses and mules
(Armitage and Chapman, 1979, Eisenmann and Beckouche, 1986, Eisenmann, 1986, Peters,
1998, Uerpmann and Uerpmann, 1994, summarised in Johnstone, 2004). All of these
criteria require a certain level of completeness and reasonable preservation of the remains
to allow an accurate determination from observation. All these subtle differences in
physical traits are summarised and described in full in Johnstone’s work (2004) and will be
only briefly discussed here. However, it is necessary to point out that none of these traits
have been adequately validated, mainly due to the lack of mule samples; no cross-
validation has been carried out to test the consistency between the morphological traits and
other existing methods. The major concern regarding these morphological traits is that the
representativeness of the mules used to establish these traits is unknown. In other words, it
is still uncertain if horse-traits are present only in horses, and mule-traits can only be found
in mules, or if there will be horses that “look like mules” and vice versa. Most researchers
suggest that mules inherit several traits from their donkey fathers, thus making them
distinguishable from horses (Johnstone, 2004). The assumption that mules inherit
characteristics from their father (donkey) is probably based on easily observable external
characteristics such as the longer ears of mules which are always more similar to donkeys’,
in addition to the slenderness of limb bones in modern specimens. But this may not be
valid for skeletal elements, including teeth. In fact, very little is known about hybrid
heredity in skeletal elements to be certain that it is impossible for a mule to inherit some of
these claimed distinguishable traits from the mother (horse) instead from the father
(donkey). In other words, these morphological traits may represent mules that have
inherited donkey characteristics, but they cannot represent mules that have inherited horse
characteristics, and there is no evidence showing such mules do not exist. As a result, using

these morphological traits, validated or not, we may be able to identify some mules that
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have inherited donkey characteristics, but mules that have inherited horse characteristics

will still be wrongly identified.

While observing morphological differences provides a simple and direct approach to
species identification, the similarity between these two taxa has made distinguishing
between them extremely challenging, and the accuracy of the outcome is currently
unknown. It seems that subjectivity may also bias the determination in favour of the more
common species (i.e. horses). Furthermore, the completeness of the bones will affect the
feasibility of the method. For example, skulls have been suggested as having a number of
clear traits that allow mules and horses to be separated easily. Bennet (2008a) argues that
mules tend to inherit their heavy heads from the father and, therefore, the angle between
the occiput and forehead can be used to distinguish mules from horses. This method can be
used only in the rare occasion when skulls are found well preserved. In the great majority
of cases, however, complete equid skulls are rare in the archaeological record. The
following section will briefly describe the morphological criteria that have been used to
distinguish between domestic equids and will discuss their practicality with modern or

archaeological samples.

2.2.1 — Dental Morphology

The morphology of the occlusal surface in both the upper (maxillary) and lower
(mandibular) cheek teeth of equids is often regarded as showing the most reliable
morphological criteria for the distinction between domestic equine species (Armitage and
Chapman, 1979; Davis, 1980; Eisenmann, 1986; Uerpmann and Uerpmann, 1994).
However, the lower dentition has been used more commonly than has the upper for this
purpose (e.g. Armitage and Chapamn, 1979; Uerpmann and Uerpmann, 1994, Levine,

2004, Bendrey, 2009) and, therefore, more emphasis will be given to the former in this
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study. The first and second molars are believed by some scholars to provide more reliable
identifications (Davis, 1980), and thus these are commonly used as evidence to attest to the
species of equids in zooarchaeological assemblages (e.g. Armitage and Chapman, 1979;
Levine, 2004). Nevertheless some researchers argue that all lower cheek teeth can, and
should be used for identification (Payne, 1991; Uerpmann and Uerpmann, 1994). The
earliest archaeological application utilising the lower dental morphology can be traced
back to Armitage and Chapman (1979), who argued that a distinctive “V’-shaped pattern
can be observed on the linguafelxid (hereafter “lingual fold”) of the first and second lower
molars of mules, while a ‘U’-shaped pattern is observed on those of the horses (Figure 2.1).
This piece of evidence is supported by the biometric analysis of mandible measurements
within the same article (Armitage and Chapman, 1979, pp.340-1). However, they also
noted that this trait is known to be “variable and cannot always be used to identify species”

(Groves and Mazak, 1967, as explained in Armitage and Chapman, 1979, p.343).

Uerpmann and Uerpmann (1994) used the same criterion to distinguish between mules and
horses, but in addition, they supported their identification using morphological criteria in
maxillary teeth. It has been suggested that the same characteristics in the occlusal
morphology can be used to distinguish between horses, asses, and half-asses (Eisenmann,
1986). Eisenmann argues that a U-shaped lingual fold pattern is commonly found in E.
caballus (horses) whilst the V-shape is characteristic of E. asinus (asses and donkeys, see
Figure 2.2); she notes, however, that this trait is not always present in half-asses
(Eisenmann, 1986, pp.75-6). In addition to the lingual fold, Eisenmann further argues that
the length of the ectoflexid (hereafter “buccal fold”) can also be used as a criterion to
distinguish between equids; E. caballus is often associated with a deep/long buccal fold
whereas E. asinus shows a shallow/short one (Eisenmann, 1986, and Figure 2.3 below). In
contrast to their parent species, mules’ mandibular teeth are regarded as possessing an even
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deeper/longer buccal fold than that of horses which nearly connects with the lingual fold

(Table 4.1 in Johnstone, 2004, p.165).

The variations in dental morphology based on qualitative traits, however, are challenged by
Payne (1991), who uses quantitative data to test this criterion. He concludes that the
intraspecific variability of the lower dentition overlaps between two very different equid
species from two different sites. According to Davis (1980), molars are more reliable than
premolars for specific determination, but he also warns that dental morphology may not be
consistent even within the tooth row of a single individual and, therefore the identification
of isolated teeth is unreliable. Nevertheless, Payne (1991) suggests that species

identification is still feasible if all cheek teeth are present.

Unfortunately, the detailed process of how species determination is carried out when
contrasting characteristics are observed in different teeth from the same mandible is not
explained. As an example, the mandible of a modern Shetland pony from the reference
collection at the University of Southampton (604) shows an inconsistent morphology in its
mandibular teeth (Figure. 2.4). The lingual fold of the third premolar and second molar
forms a more pointed end than the fourth premolar and the first molar. Even if the
premolar is excluded, the dental morphology of the second molar still resembles more
closely the traits regarded as being characteristic of mules; in this, it is dissimilar to the
first molar. As a result, without detailed quantitative analyses, the inconsistency in the
morphology of enamel patterns in molars may lead to dubious determinations. In addition
to the difficulties mentioned above, the situation is further complicated by age and/or

pathology-related changes (Johnstone, 2004, p.163; Figures 2.5a and 2.5b)
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Horse Donkey

Lingual

Posterior —|— Anterior
Buccal

a - Metastylid
a’- Metaconid

b - Lingual fold
¢ - Buccal fold
d - Endofelxid

Mu 1 e e - Metaflexid

Figure 2.1 — Dental pattern in three major domestic equids

Horse: The metastylid (a) and metaconid (a’) in horses are not symmetrical. The metastylid is often
more elongated than metaconid. The “U”-shaped lingual valley (b) is considered to be a typical
caballine trait. The buccal fold (c) shows a partial penetration in horses and, therefore, the bucco-
lingual distance in horses is shorter than donkey, but larger than mule.

Donkey: The metastylid (a) and metaconid (a’) in donkeys are symmetrical. Both metastylid and
metaconid are much more round comparing to horses. The “V”-shaped lingual valley (b) is
considered to be a typical asinine trait. The buccal fold (c) shows no partial penetration in donkey
and, therefore, the bucco-lingual distance is largest in donkeys.

Mule: The dental morphology of mules is argued to be more donkey-like. That is the symmetrical
and round metastylid (a) and metaconid (a’), as well as the “V”-shaped lingual fold (b). The only
main difference is the extremely short bucco-Inigual distance (c) deep penetration of buccal fold).

Figure 2.2 — Lingual fold pattern in caballine and asinne
Left (A): Caballine U-shape - Observed mostly in horses.
Right (B): Asinine V-shape - Observed mostly in donkeys. (images from Hite, 2008)
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1

Figure 2.3 — Buccal fold penetration in caballine and asinine
Left (A): Caballine mandibular teeth with deeper/longer buccal fold.
Right (B): Asinine mandibular teeth with shallower/short buccal fold. (Images from Hite, 2008)

-

R\

S

Figure 2.4 — Left mandible of a modern Shetland Pony. (604, Department collection, University of
Southampton)

From left to right: third premolar (P3), fourth premolar (P4), first molar (M1), and second molar (M2).
Note that the premolars are more of U-shaped than V-shape, whereas M2 are V-shaped.

Figure 2.5a — Different stage of wear

Left: Extremely worn molars, no lingual fold or buccal fold pattern can be observed. (from
Winchester, NR75-557) Right: Teeth (probably M2) not in wear, also no pattern can be observed.
(from Winchester, VR74-434).

Figure 2.5b — pathological or non-metrical variation (from Winchester, HA74-401)

The description of the morphological criteria for the discrimination of the maxillary teeth

in equids is based on Uerpmann and Uerpmann’s work (1994), and is summarised by
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Johnstone (2004, pp.164-5, Table 4.1 and Figure 4.3, shown in Figure 2.6 below).
Uerpmann and Uerpmann (1994) point to the presence of the pli(ca) caballina and the
symmetry of the protocone as being characteristic of horses (Figure. 2.6). However, the
differences between horses and other equid species in these traits are very subtle, thus
making taxonomic determination rather challenging. There has been little use of these
criteria in zooarchaeological studies and thus their reliability is uncertain. However, both
criteria appear to be inconsistent in the skulls of modern horses and donkeys in the

reference collections of the University of Southampton (137, 604, DC209, and 132).

b
) = A\
a
c c
Horse Donkey Mule

a - Protocone in horses is asymmetricalm, while protocone in donkeys and

mules is symmetrical and smaller in size.
Buccal b - Horses have a ‘U’-shaped interstylar profile, while donkeys and mules
Anteri I P . has a much flatter interstylar profile with angles at unction with stylar.
nicrior osterior ¢ - The pli caballin is well developed in horses and is absent in donkeys.
Lingual While mules do have pli caballin, it is much reduced in size comapring

to horses.

d - Horses have a complex fossette folds, donkeys have a simple fossette
folds. However, this trait varies in mules.

Figure 2.6 — Dental morphology of maxillary teeth in different domestic equids. (after Johnstone,
2004)

2.2.2 — Post-Cranial Morphological Traits

Although postcranial bones attract less attention than cranial elements in the taxonomic
determination of equids, morphological criteria to separate equid species have also been
suggested for this purpose. Peters (1998) carried out a detailed comparison of postcranial
elements of horses and mules; however, these have not been widely applied to separate

mules from horses. Very few bone reports in Britain are known to follow his criteria,
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certainly at least partially due to the original work being published in German; only in
2004 were they summarised in English by Johnstone (2004). Furthermore, these
morphological traits may be evident in modern, well-preserved samples, but they are
unlikely to be observable in most archaeological materials. Figure 2.7 to 2.11 summarise
all post-cranial morphological traits proposed by Peters (1998, images from Johnstone,
2004) to distinguish mules from horses. It must be mentioned that Johnstone’s work (2004)
only summarises the criteria within her literature review (her actual identification is done
through biometric analysis which will be discussed later in this chapter). It is surprising
that, while Johnstone was aware of these criteria and had measured several mule skeletons
in her data-collecting process, there is no mention of whether these criteria were also
observed in her modern samples. Recently, through Johnstone’s work (2004), more
researchers have become aware of Peters’ morphological criteria. Nevertheless, the only
case of mule identification using Peters’ (1998) criteria reported for a Roman site in Britain

is from Healam Bridge (D. Jaques, forthcoming, see section 3.3.2).

In addition to unfamiliarity with Peters’ work, the difficulty in practically applying these
criteria is probably a further reason why they are not commonly used. While the
illustrations depict clear differences between horses and mules, most of the time, the actual
elements present an intermediate morphology. For example, the horse tibiae from the
comparative collection at the University of Southampton (Specimens 123, 137, 604, and
132) vary, ranging between two extremes when compared with Peters’ illustration (1998)
(Figure 2.12). Like most guides for comparative anatomy used in archaeology, although
the descriptions are as objective as possible, it is still up to the observers to decide whether

the examining elements meet the criteria or not.

43



Chapter 2 - Equid Identification: Existing Methods

Figure 2.8 — Distal radius of donkey (left), mule (middle), and horse (right). (From Peters, 1998)
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Figure 2.9 — Distal articulation of a horse tibia (left) and a mule tibia (right). (From Peters, 1998)

iy KA IR ol 41 el S5

Third metacarpal (MC3) of horse (left) and mule (right). (From Peters, 1998)

Figure 2.10
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Figure 2.11 — Anterior (left) and posterior (right) first phalanx (PH1) of horse (above) and mule

(below). (From Peters, 1998)

Shetland Pony (605)

Race Horse (123)
Figure 2.12 — Shape of distal tibia articulation.

New Forest Pony
(137)

Only modern race horse appears to match Peters’ (1998) illustration.
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2.3 — Quantitative methods: species determination through biometric analysis

It could be argued that the use of quantitative, biometric analysis would provide a more
“objective” alternative to the use of rather subjective and vague terms such as “slender” or
“more gracile”. Through the careful measurement of the multiple dimensions of a skeletal
element and the analysis of these measurements, it could be possible to identify minor
differences in thickness, robusticity, and/or general proportions between species.
Nevertheless, determining what the cut-off point is between two species will inevitably be
subjective, given that overlaps commonly occur. The basic principle of biometric analysis
resides in the assumption that bones not only differ in taxonomy which, is largely
determined by evolutionary process related to the surrounding environment, but also show
adaptations to a particular, individual’s life-style. For example, Shackleford et al. (2013)
suggest that domestic donkeys used as labour animals have a limited and repeated pattern
of locomotion in comparison to wild asses and, therefore, it is possible to distinguish
domestic donkeys (or tamed asses) from wild asses. However, it will require an immense
number of specimens to build up a representative standard. The benefit of building a large
database is that the outcomes can be tested statistically, and all future studies can benefit

from it.

A substantial amount of research has been dedicated to the separation of different species
of Equus using biometrical analyses (e.g. Davis, 1982; Eisenmann and Beckouche, 1986;
Eisenmann, 1986; Payne, 1991; Bendrey, 1999; Baxter, 2002; Johnstone, 2004; Barron-
ortiz et al.; 2008; Davis, 2008) and yet, reliable taxonomic separation of mules and horses
using these methods cannot be achieved. There are two main obstacles to the application of
biometrical techniques in the discrimination of horses, donkeys, and mules:

i) the limited availability of modern comparative mule skeletons
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i) the large morphological variability in horses and donkey breeds

Before being largely replaced by automobiles and other machinery, domestic equids were
the major mechanisms for land transportation as well as an essential power source in
agricultural activities. During the course of history, intense selective breeding of horses
and donkeys was exercised to “improve” the build and obtain desirable characteristics for
the fulfilment of different tasks. As a result, the biometric profile of modern domestic
equine samples may be quite different from those in the past. While the ideal Roman
conformation for domestic equids may have remained similar to the modern ideal,
particularly for horses (Hyland, 1990), the morphology of certain elements may have
changed without altering the overall build of domestic equids (commonly referred to as
“conformation”). For example, the change in the weight-bearing capacity may reflect the
alteration of the geometrical profile of a limb bone without affecting its length. This
change will not be noticed when considering the conformation, but will be amplified only
during analysis of the biometrics of a particular element. As a result, the inclusion of
multiple breeds, where each has been bred for specified tasks — such as large draught

horses, or large mule-breeding donkeys — may bias the biometric analysis.

Despite being more “objective” than the qualitative observation of physical traits in
taxonomic determination, the outcomes of biometric analyses should not be accepted
uncritically. After all, biometric analysis reflects only a statistically sound determination
for which a margin of error must be allowed. The reliability of the results will depend
chiefly on the representativeness of the sample (dataset) used. The paradox here is that
large datasets that include different breeds of horse and donkey will result in a larger
overlap between different species; in contrast, a smaller dataset, restricted to one or few

breeds, will result in less overlap between species, but will also be less representative.
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Thus, the selection of modern samples to be included in the analysis becomes crucial when
attempting the taxonomic identification of archaeological equid specimens. This will be

discussed further in the next chapter.

A number of different biometric analyses have been used to distinguish equid species in
the past, such as log-ratio (Eisenmann and Beckouche, 1986), trivariate morphometric
analysis (Davis, 1982), multivariate analyses (Dive and Eisenmann, 1991), discriminant
function analysis (Johnstone, 2004), and bivariate plotting (Davis, 2008). However, there
are also a few potentially useful techniques that have never been tested by previous
scholars, for example, Principle Component Analysis (PCA). Most biometric analyses
have been carried out with the aim of separating wild from domestic equids. Only
Discriminant Function Analysis (hereafter DFA) has been used specifically for
distinguishing between donkeys, mules, and horses. In this section, two more recently
developed biometric analyses will be reviewed and evaluated: DFA and bivariate plots.
The section will end with an exploration of the potential use of PCA as well as introducing
the concept of a geometric morphometric approach (GMM). This section will examine the
practical efficiency of these formally used biometric methods and outline the concept for

shape analysis as a potential identification method.

2.3.1 — Discriminant Function Analysis

DFA is a multivariate analysis technique suitable for identifying a predefined group to
which a sample is more likely to belong (Hair et al., 2010). It has been commonly applied
in studies that aim to group different samples that can be described by different sets of
quantitative data. The utilisation of DFA as a method to identify horses, donkeys, and

mules is proposed by Johnstone (2004, 2005, 2008, 2010), as a potentially better method
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than those based on qualitative morphological criteria. However, similar to other methods
based on biometric analysis, there are limitations to DFA. This section will focus on the
principle of DFA for distinguishing between horses, donkeys, and mules by describing the
principles and limitations of DFA. The next chapter will further evaluate this method as
one of the mainstream biometric analyses for the identification of domestic equids in
archaeology. However some slight modifications are made in order to not only refine, but

also to revise this method by adding a new dataset and using updated software.

As an analytical method, DFA has been gaining awareness and popularity in recent
archaeological studies (DeGusta and Vrba, 2003; Barron -ortiz, 2008; Germonpré et al.,
2009; Phillips et al., 2009; Kovarovic et al., 2011; DiMichele and Spradley, 2012, etc.) and,
therefore, is inevitably being criticised for exaggerated manipulation of the data and for
overstating interpretation (Kovarovic et al., 2011). It is important first to understand some

of the basic principles of how this analytical method works.

DFA can only be used when the dependent variable is nonmetric/nominal based (e.g.
species) and the independent variables are metrical data (e.g. measurements). When the
discriminant functions are calculated based on predefined groups, and then the group to
which an unknown individual with the same set of variables should belong can be
predicted. Thus, it is appropriate to use DFA for distinguishing between different domestic

equines, and predicting the identification of unknown archaeological remains.

However, a discriminant function is, by definition, “a variate of the independent variables

selected for their discriminatory power used in the prediction of group membership” (Hair
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et al., 2010, p.233). Therefore, the variable selected to form the variate must be
“discriminatory”. In other words, the general shape of the same element from different
domestic equids must be different and can be represented through their measurements.
This is an essential point to remember when using DFA. If the variables, in this case,
metrical data, are not significantly different between groups, then DFA will still perform to
a certain degree by having overlaps between groups, but this will not represent much of an
improvement over the use of qualitative morphological traits in the specific assignation of

a specimen.

Simply stated, DFA will emphasise the best variate from all data (variables) entered that
can best categorise all members to their predefined groups. That is to say, if the samples
are best separated by length, then length will be weighted more in functions; if they are
mostly different in width, then the width measurement will be accentuated. It is also
important to note that DFA can only treat data as they were entered and will not be able to

recognise characteristics such as robustness or slenderness as in the log index approach.

The primary purpose and main requirements for using DFA to distinguish between
domestic equids seems to fit the current aim of species identification perfectly, but there

are more specifications of this method that need to be fulfilled in order to allow it to
operate properly. The first issue is still the problem with the availability of samples. Ideally,
there should be enough of them to be separated into two groups: one to calculate the
functions, and one to test it (Hair et al., 2010). However, such an ideal is much less likely
to be applicable in practice, especially in archaeological research. Nevertheless, it is
recommended that for each group, there should be at least 20 observations or, as a

minimum, for each group, the number of observations (n) should be at least one more than
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the number of variables (v) (n=v+1); otherwise, the outcomes will become unstable as the
number of observations decreases (Hair et al., 2010, p248). The scarcity of available
modern mule specimens has been mentioned several times before, but here it will

significantly affect the stability of this method from the outset.

The second possible problem is the representativeness of the variables. Similar to most
other biometric analyses, it is assumed that the general shape is different between domestic
equids and that their measurements can reflect these differences. This is based on the
assumption that the directional growth of the same element has different growth rates in
different species. This is known as “allometry”, i.e. the changes in shape relating to the
change in size. This is in contrasted to “isometry”, i.e. the changes in size without any
change in shape (Klingenberg, 1998). In equids, allometric differences are usually shown
in the slenderness/robustness of the limb bone. However, unlike the log-ratio index
technique, which calculates the proportion of different measurements in an attempt to
detect trends reflecting the slenderness or robustness of the limb bone (Eisenmann and
Beckouche, 1986), DFA takes all the measurements at face value and amplifies the
differences by giving more weight to those that seem more discriminatory and less weight
to those that seem less so. Using the current equine limb bone as an example, a racehorse
metacarpal is significantly longer than that of a Mediterranean donkey of the common
breed and, therefore, using the greatest length of the metacarpal makes it possible to
distinguish successfully between these two species. According to the definition of
allometry, if the greatest length (GL) increased at a different rate to the smallest shaft
width (SD), this difference will be represented by the change in the robustness of the shaft.
Thus if GL and SD of the third metacarpal (MC3) from horses and donkeys are included in
a scatter plot (Figure 2.13), it is quite clear that a linear correlation exists between the two
measurements in both species (r* coefficient = 0.94233) and, therefore, it suggests that the
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morphometric relationship between the two taxa is isometric rather than allometric. In
other words, “size” in all dimensions may be viewed as most “discriminatory”” when
calculating discriminant functions. Therefore, if such a high linear correlation (coefficient >
0.90) exists between most dimensions, instead of separating mules from horses and
donkeys, DFA will only separate large equids from medium and small ones. In addition, a
high linear correlation between multiple variables is known as multicollinearity in statistic
and will significantly compromise the accuracy of the prediction in DFA. The software can
still perform DFA with inadequate sample size and multicollinearity, but both
specifications are so critical that the result and prediction will be unstable and inaccurate if
they are not fulfilled. The use of additional variable such as z-scores (Shenan, 2014) can
significantly improve the accuracy of classification in DFA, but the z-score cannot be
calculated for archaeological specimens of unknown species. Since more than two
measurements are taken to describe the overall shape of an element and, therefore, DFA
may still be applicable for evaluating the overall allometric relationship between every

measurement taken if due care is paid to their linear correlations.
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Figure 2.13 — Linear correlation between greatest length (GL) and midshaft width (B) of horses
MC3 (GL>200) and donkey MC3 (GL<200) from Eisenmann’s dataset.

The diagram shows the linear correlation between both dimensions in the both species; individuals
with ‘overlapping’ sizes (e.g. ponies and Poitou donkeys) are excluded for clarity.

53



Chapter 2 - Equid Identification: Existing Methods

Although Johnstone (2004) develops a relatively detailed description of the DFA technique
in her thesis, the original dataset was not available until recently. As a result, even though
this method has gained much attention among researchers facing the same challenge, there
have, to my knowledge, no publications by other scholars in which DFA has been used to
separate equid remains. As mentioned in Chapter 1, to compensate for the absence of the
original dataset, faunal specialists have turned to use the index ranges derived from DFA
predictions as an indirect method for species identification (e.g. Ayton, 2011, 2012).
Further comments will be made on using ranges of shape indices as a means to distinguish
between domestic equid species and evaluate their impact on interpreting domestic equids

in Roman Britain (see section 2.5)

2.3.2 — The “Davis Method”: First Phalanges (PH1) Slenderness Index

An Index calculated from a number of measurements to represent approximately the
general shape of an element have often been used when analysing subtle differences
between groups of individuals to investigate issues such as sexual dimorphism and
taxonomic assignation (Davis, 2000). Since this technique can roughly distinguish between
groups according to the different shapes of elements, this concept has been used by Simon
Davis as a method to distinguish Equus asinus from Equus caballus (Davis et al., 2008),
and thus it will be referred simply as the “Davis method”. As mentioned above, the post-
cranial elements of donkeys are generally assumed to be more slender and gracile than
those of horses. Based on this assumption, Davis et al. (2008) calculated the slenderness of
PH1 using the greatest length (GL) and smallest shaft width (SD) and plotted it against the
distal articular facet breadth (BFd) to separate donkeys from horses. In addition to
requiring only three measurements, which are usually routinely taken, this method
circumvents the issue of differences between the anterior and the posterior PH1. As
mentioned earlier, in most reports, it is rare that a distinction is made between these two
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elements due to the subtle differences between them, and this has often resulted in the
exclusion of all proximal phalanges from further biometric analysis. Nevertheless, this
method has never been used to distinguish mules from other domestic equids and its
validity for species determination is still unclear. In addition, it has very little statistical
power to support the outcomes; that is the significance was never calculated in previous
studies. However, the simplicity of the method and its success on separating donkeys from
horses in previous research, makes testing its suitability to separate mules and horses with

the available data worthwhile (see Chapter 3).

2.4 — Potential Biometric Methods for Equid Identification

Various multivariate analyses have recently been introduced to the field of archaeology,
but only a few are applicable and appropriate for the species determination. In this section,
two “mainstream” analytical approaches are introduced to explore their potential as

feasible methods for identifying domestic equids.

24.1 — Principal Component Analysis

Principal component analysis (PCA) is a statistical method of dealing with multiple
variables, which has recently attracted more attention in archaeological studies (Arsuaga
and Carretero, 1994; Pizarro et al., 2012). PCA is usually not used as an interpretive
analytical method directly, but more often as a translating tool for explaining the
relationship between data sets and, therefore, it is more commonly associated with the use
of metadata, e.g. in “shape analysis” (see section 2.4.2). PCA and DFA operate in a
somewhat similar fashion. Both take the original data and generate a new matrix to

relocate the data. Instead of calculating function(s) based on the discriminating power of
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each variable, PCA generates several principal components (PC) that give the original data
different loadings, and produces a bivariate plot using the desired PC as output. PCs are
generated by orienting the axis multiple times to remove all linear correlations. One of the
differences between DFA and PCA is that while the former determines the likelihoods
based on Mahalanobis distances to decrease the effect of linear correlation, PCA uses the

Euclidean distance, since linear correlations have already been removed.

The removal of the linear correlation between data is ideal for testing the morphological
profiles of equid limb bones since, as was shown above in the example of the third
metacarpal (GL and SD) of horses and donkeys, some dimensions are highly correlated
and they may impact DFA. However, PCA is not as ideal as DFA for species identification
in the sense that PCA can only reduce the number of correlated variables but does not
maximise differences between them. As a result, PCA is not efficient for predicting the
likelihood of an unknown specimen. Nevertheless, PCA can still provide assistance as a

useful tool to evaluate the efficiency of DFA-based predictions.

2.4.2 — Geometric Morphometric Method

The geometric morphometric method (GMM) is an analytical method commonly used in
zoological and botanical research for identifying shape differences between species and
breeds. It can be referred to as “shape analysis” in general; indeed, broadly speaking, it can
refer to methods as simple as biometric analysis based on a few measurements or as
sophisticated as comparing 3D shapes involving multiple sets of coordinates. Regardless
what approach is used, the ultimate aim is to analyse the shape the data (i.e. Cartesian
coordinates of defined points) are describing. Shape analysis is becoming increasingly

common in archaeology, especially in zooarchaeology (Bignon et al., 2005; Owen et al.,
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2014; Seetah et al., 2014; Evin et al., 2015), with a number of methods and software
packages being developed and adapted. However, it should be remembered that the basic
concept of shape analysis is to distinguish differences between shapes using statistical
approaches. There are numerous methods to compare shapes, from the simple use of
distances between landmark points to the comparison of entire outlines of specimens. The
important thing to remember is that it is not the complexity of the method that determines
the efficiency of the outcomes, as we shall see in Chapter 4 and 5. Shape analysis has a long
history, and it has been further adapted for similar uses in different disciplines. Thus, it is
difficult to provide a comprehensive review of this method due to its complexity and the
rapid advances that have been made in recent years. This section will provide a general

overview of the concept of GMM.

The term, “geometric morphometric” is first used by Corti (1993) to generalise the method
for different approaches of shape analyses developed by various researchers such as
Bookstein (1991). The basic concept, as briefly mentioned above, is to analyse the
similarity and differences in shape using coordinates of defined points. In order to compare
these coordinates, it is necessary to alter some of the attributes that are irrelevant to shape;
these attributes include size, orientation, and position. A shape will remain the same even
if all three of these attributes are changed (Figure 2.14). Therefore, it is possible to describe
an object as a shape using predefined points or general outlines and then to rescale and
reorient these shapes to overlay (reposition) them on top of each other to allow
comparisons to be made. This process is termed “Procrustes fitting”, which repositions and
orients all shapes based on the group centroid point generated by each set of coordinates.
After this process, the coordinates can be further analysed under the same scale and
orientation using the distance or angle of points to determine whether they are significantly
different from each other.
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a. Same shape in different positions.

b. Same shape in different sizes.

c. Same shape in different orientations.

Figure 2.14 — The size, position, and orientation do not change a shape.

Strictly speaking, there are two main approaches in GMM: landmark-based and outline-
based; the selection of an approach is determined by the nature of the testing subjects. For
the landmark-based approach, it is necessary that there are sufficient numbers of landmarks
on the testing subject to allow the shape to be correctly described. A landmark in GMM is
a point that can define the shape of the testing subject and that has a corresponding
(homologous) point on all specimens. Using the human face as an example, the eyes and
nose can be used as landmarks because they are defining a shape and are generally present
on all humans. In contrast, a chin dimple is not an ideal landmark because it does not
appear on all human faces. The landmark-based approach is, however, not suitable for
subjects that lack shape-defining landmarks that have a one-to-one correspondence, e.g.
ovals or round subjects. In these cases, the general outline of the subject can be used

instead of landmarks. It should be noted, however, that an outline is still made up by a
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number of points that do not need to correspond to another set in other outlines. An outline
can be open (e.g. a line) or closed (e.g. a shape) and, therefore, has an advantage in
comparing not only featureless objects, but also in focusing on the part of object that is of

interest.

The application of GMM has been used in the study of equids remains. Seetah et al. (2014)
uses modern domesticated horses to investigate the dental morphological differences
between breeds. Seetah et al. (2014) use the upper second premolars and the third molar
from Icelandic and Thoroughbred horses and concludes that there is a significant
difference between the two breeds. If small differences between breeds of a single species
can be successfully detected using GMM, then this method may be promising for
separating the arguably stronger observable differences between the three domestic equids
under study. For the specific determination of domestic equids, all skeletal elements with
morphological traits are potentially candidates for GMM. For example, Bignon et al. (2005)
used the distal end of metapodials to examine if there were long distance migration of wild
horse populations in the Late Glacial Europe. However, as a first attempt at using GMM
for domestic equid species determination, the current thesis will use only the dental

morphology of lower molars; further details will be provided later (see Chapter 4).

2.5 — Identification issues with purported non-caballine archaeological specimens

Cases of non-caballine domestic equids (i.e. mules and donkeys) recorded in
archaeological literature were listed at the end of the last chapter (section 1.6). Some of
these claims regarding donkey or mule identification are, however, problematic due to the

lack of description and the ambiguity of the methods used in the original reports. From the

59



Chapter 2 - Equid Identification: Existing Methods

list (Table 1.2), it is clear that most of the mule identifications were from Johnstone’s
thesis, and that nearly half of the donkey identifications were determined either using
Johnstone’s DFA method directly or by referring to the SD-GL indices derived from her
DFA results as supporting evidence (i.e. Ayton, 2011, 2012; Worley, 2013). An SD-GL
index is calculated as follows: GL/SD x 100; it is an index that reflects the general
slenderness of a limb bone. Some of the outcomes derived from Johnstone’s method are
not referred to individually in her thesis, since only selected elements are considered to
produce more “reliable” predictions. Nonetheless, they are still used for the calculation of
shape indices of different species and, therefore, will be considered as having been
identified. The present thesis utilises a revised version of Johnstone’s DFA method, and
claims of donkey and mule identifications will be discussed in detail in Chapter 5. More
attention should be paid to the three donkey identifications based on the SD-GL indices. In
all three cases, species determination was based on the series of tables and histograms
presented by Johnston (2004, Chapter 6). However, it should be emphasised here that
Johnstone (2004) did not claim or suggest that her shape-indices could be used as an

alternative to other methods to identify domestic equids.

Indeed, these shape indices were originally discussed by Johnstone (2004) in detail —
divided into geological regions and chronological period, and in conjunction to DFA
outcomes (Johnstone, 2004, pp.292-304) for the specific purpose of discussing the
differences between domestic equids in time and space. However, perhaps due to the
absence of her original data for further DFA application, researchers search for biometric
criteria in domestic equids have utilised these indices as a method of species determination.
The potential risk in using these shape indices directly is that they are merely a by-product
derived from DFA and, therefore, the reliability has never been cross validated by the use
of a dataset of known species. In other words, if the shape indices were accurate, then there

would be no need to develop or use a more complicated method such as DFA in the first
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place. Johnstone’s aim in calculating these indices was to discuss the changes in either the
size or build of domestic equids in the Roman world through time and space. She did not
use these indices — or suggest that they should be used — as an identification method. This
is in all probability because the degree of overlap between species would render the

method inadequate as an identification technique.

For example, using the broadest ranges of SD-GL index, which consider only the
metacarpals (MC3) of the “identified” individuals from the Roman period in Johnstone’s
thesis (2004), the ranges of the three major domestic equids are as follows: horse 12.13 -
16.89 (mean=15.01), mule 13.05 - 15.84 (mean=14.52), and donkey 12.53- 14.96
(mean=13.55). While their means suggest differences in the slenderness in the metacarpals
of these three species, the range for horses clearly overlaps both mules and donkeys. A
similar situation is found with the metatarsals (MT3) (Johnstone, 2004, pp.317-341). The
ranges for Roman metatarsals are as follows: horse 10.10 - 14.40 (mean=11.83), mule
9.40 - 12.37 (mean=11.14), and donkey 9.53 to 11.43 (mean=10.65). Again, the level of
overlap between the three species makes identification based on the SD-GL index rather
questionable. Not all measurements are given for the three cases identified as donkeys
based on their SD-GL indices, and some ranges are obviously misquoted (i.e. Ayton, 2011,
2012). As a result, the identifications of these specimens as donkeys should be
reconsidered albeit one of the metatarsals from Brading Roman Villa (Worley, 2013) is

unusually short (GL=216mm) compared to other archaeological equid metatarsals.

Some of the remaining donkey identifications are also dubious because of the lack of
details on the specimen themselves and the criteria used to distinguish them. For example,

according to the site report, the earliest Roman donkey identification from Newstead Fort
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was based on a complete skull (Ewart, 1911). However, there is no mention of whether the
identification was based on the morphology of teeth or on the overall shape of the skull.
Furthermore, no photographic or illustration is given for this skull. Similarly, very little
information is provided by Noddle (1979) to support her identification of the donkeys from
Frocester Court and Barnsley Park, both in Gloucestershire. For the Roman villa at
Frocester Court, inconsistent information is given for the identification of a number of
equid specimens. Noddle (1979) argues for the presence of donkeys on the basis of the
unusually short greatest length (GL) of a metapodial (there is an inconsistency between the
text and the table regarding whether this is a metacarpal or a metatarsal). However, the
final site report (Price, 2000) states that three donkey bones, all first phalanges, were
identified; no mention is made of the metapodial. The GL measurements listed for equid
first phalanges from the same report are also extremely unusual, with 10 GL measurements
out of 23 first phalanges under 50mm. Using Eisenmann’s factors for small ponies (2009),
first phalanges with a GL this short will give a maximum estimated withers height of 80
cm. Given that such a withers height is much too short compared to the size of the modern
small Mediterranean donkeys (roughly between 90 to 120 cm), it is very likely that these
records contain some errors. However, unless the assemblage is re-examined, the
identification of specimens as donkeys may never be confirmed. For Barnsley Park, the
only information provided for the identification of a third phalanx as that of a donkey is as
follows: “A 3" phalanx, which undoubtedly came from a donkey, was found dating from
the pre-villa phases. This must be one of the earliest occurrences recorded in Britain”
(Noddle, 1985, p94). Although there are differences between the small and narrow hooves
of donkeys and the larger and wider ones of horses, it is difficult to accept such a
description as objective evidence for the presence of donkeys without additional
information such as a photograph showing the specimen comparing the hooves of known

donkeys and horses. This is rather important especially when there are no claims in the

62



Chapter 2 - Equid Identification: Existing Methods

relevant literature that the 3™ phalanx has distinguishable characteristics. It could be
argued that the small-sized local horses known to have existed in Iron Age Britain may
lead to misidentifications as pointed out by Harcourt (1979, p.153). While it is
understandable that due to publication costs, faunal reports are often limited in the number
of pages, photographs and figures, and tables (including measurements), that may be
included, the implications of the identification of these specimens for understanding the
presence and provisioning of donkeys (and mules) in Britain, which will provide further
insight into past human-animal relationships, would certainly have merited a more detailed

description.

Regarding the metacarpal from Hunt’s House (Bendrey, 1999), it was found in articulation
with a radius and a partial humerus. In addition to the morphological traits in the radius,
Bendrey (1999) utilised the data from Eisenmann and Beckouche (1986) to create a log-
ratio diagram to compare and determined that this individual was more likely to be a
donkey. However, the measurements from this metacarpal are also used in Johnstone’s
DFA (as well as in the DFA in the present thesis — see Chapter 5), and both fail to
characterise this individual as a donkey. Further comments will be made regarding this
specimen (section 5.3.1.2), but it seems that the evidence supporting its identification is

rather slim.

Judging from the above, most identifications of mule and donkey either lack objective
evidence (illustration or proper description of the criteria used) or show a mis-application
of the biometric criteria. As a result, very few cases of donkey and mule identification are
unambiguous, and most of these are based on dental morphological traits, e.g. Armitage

and Chapman (1979) and Levine (2004), although the photograph of the latter is not

63



Chapter 2 - Equid Identification: Existing Methods

included in the publication (Levine, pers. comm.). The present thesis include the Roman
Britain samples from Johnstone’s dataset (2004, including the Hunt’s House metacarpal),
as well as the material from both Fairford (Levine, 2004) and Healam Bridge (D. Jagues,
forthcoming) for further analysis, and the outcomes will be discussed in Chapter 5.
Unfortunately, no reply was obtained for an application for access and sampling of the

mandible from the Billingsgate site housed at the Natural History Museum, London.

2.6 — Further comments on species determination

According to the review of donkey and mule identification (see above), several “basic
criteria” or assumptions have been made — either explicitly or implicitly — when
determining the species of an unknown (domestic) equid. Size and slenderness are the two
criteria that have most frequently affected species determination, perhaps subconsciously,
and thus undermine one’s ability to inspect the specimen more objectively. This section

will further explore their possible effects in the identification of domestic equids.

26.1 —Size

Size is usually the first thing noted in the process of identification, and it may have
influenced species determination. Most faunal specialists are aware that horses in the past —
including Roman times — were notably smaller in Britain than their modern counterparts,
before serious efforts to improve the size of horses were made during Henry VIII’s reign
(Thirsk, 1984). However, the visual impression may still induce some bias. For example,
when making a direct comparison of an archaeological specimen against a much larger
modern horse (particularly the improved breeds), the difference may lead to the rejection

of an identification as “horse”. Such bias may not exist if the archaeological specimen is
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first compared with an unimproved breed of horse, such as a pony. In addition,
preconceptions on the size of these animals may also influence species determination.
Although farmyard animals are less regularly in contact with modern urban-dwellers
(which, presumably, most of us are likely to be), images of horses and donkeys still
constantly appear in either films or books, and whenever these images are used, regardless
of the time frame of the content, the horse is typically shown as being a significantly larger
animal than a donkey. Ultimately, this has created a stereotype of their relative sizes,
which may have led to the assumption that these domestic equids can be discriminated
objectively through biometric analysis. There is no doubt that the use of quantitative data
in species determination can eliminate some of the effect of “stereotyping”. However, even
if we are able to objectively distinguish modern domestic equids based on their biometric
differences, how well these modern samples represent the domestic species that have been

greatly improved and continuously modified in the past few hundred years?

Despite the fact that a wide range of withers heights for Roman horses has been estimated
based on archaeological speciemens (assuming species identification is correct), the
consensus on the average withers height range of Roman horses seems to be between 12
and 14 hands (121.92 to 142.24 cm, e.g. Rackham, 1995, p.170, Figs. 128). This
completely overlaps with that of wild asses (E. africanus) and what is considered as the
standard withers height for a modern common donkey (Orhan et al., 2012; Kugler et al.,
2008). Very little is known about the morphological or size changes that occurred to
donkeys after their domestication, and unless they were significantly smaller than their
wild relatives (E. africanus) in Roman times, then they would have had a withers height
range similar to that of some horses. Furthermore, according to Aristotle (Hist. An. Book
V1-36), the onager (Equus hemionus) was referred to as a “mule” (half-ass, 2émi-0nos) in
ancient Syria because they resembled this domestic species. He further explained that they
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were different species because, unlike mules, onagers were fertile, confirming that he was
not referring to other equine species. If size were one of the physical similarities shared by
these two equine species in addition to the long ears, then the withers height of mules
would be about 10.75 to 12.5 hands (109 to 127 cm), which would actually be similar to
both modern donkeys and small Roman horses. It must be mentioned that the onagers that
Aristotle depicted are probably the extinct Syrian onagers, the smallest sub-species. In
addition, it is important to understand that while “size” is considered as a virtue for mules
in modern times, given that they are bred mainly as large labour animals for heavy
ploughing, such use did not exist in Roman times due to the lack of a proper equine
harness (Langdon, 1986). For pack animals, size really did not matter because the carry
capacity of domestic equids seems to be related to species/breeds rather than size (e.g.
Hyland uses the carry weight to size ratio between pony and riding horse, 1990, p.72). In
contrast, in addition to the increased amount of food required for larger mules, they would
also be more difficult to load (the taller they are, the higher up people need to lift the load).
All the above suggests that the size between these three domestic species may not have
differed as significantly as represented by modern perceptions. As a result, size cannot be
relied upon as a morphological feature for species determination and extreme precaution

needs to be taken when interpreting the biometric data.

2.6.2 — Slenderness and robustness

A further issue in distinguishing different domestic equine species is the assumption of the
different robustness/ slenderness among species. As mentioned above, shape indices
presented in Johnstone (2004) were used in order to discuss the variability of domestic
equids, both chronologically and geographically. One of the reasons that the shape indices
seem to be separating species neatly in Johnstone’s thesis is that the specimens used to
calculate the indices were determined by another method (namely DFA), which had
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already grouped them based on similar considerations (see Chapter 3). However, since they
were used to examine further the changes of determined species in time and space, their
accuracy was not an issue for her discussion. Among these shape indices, the SD-GL index
— representing the general robustness/slenderness of a long bone — is most commonly used
as a criterion for species determination. The risk of using this index directly is that there is
not enough evidence supporting its accuracy as a method for distinguishing between
different species of domestic equids. In particular, the robustness of horse limb bones
varies considerably depending on “breed” (e.g. Arabs versus most pony breeds) and

possibly castration of stallions in their early years.

As discussed in Johnstone (2004, p.111-5), it is difficult to assess the effect of castration in
Roman equids. It is suggested that since horses were castrated after four years of age
(when most epiphysis of limb bone are fused), they are more likely to have much more
robust limb bone than those of jacks, which were castrated much ealier in life (about two
years of age). However, very little is known about the castration of mules. Modern
breeders recommend the castration of john because they can be as aggressive as stallion
even if they are infertile (Smith, 2008). Therefore it is assumed that mules were also
castrated in their early years since they were not used for breeding and were mainly used as
packed animals. As a result, while it is possible that some mules (i.e. castrated johns)
might have more slender bones as the result of early castration, those of uncastrated mules
may not be differientiated from those of horses. On the other hand, since stallions were
castrated much later in life in Roman time, it is less likely to have a casreated stallion with

slender limb bones to be misidentified as mule.
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In addition, present available knowledge of bone robustness in hybrid species such as
mules is too scarce to warrant its use as a criterion to separate it from the other domestic
equids. While it is true that available metric data gained from modern samples of known
species may suggest that one species has a more robust or more slender long bone than
others, at best, this can only be used to increase the plausibility of analyses. It should not
be forgotten that a degree of overlap exists between species. One way to strengthen the
claims of an identification is through the use of other measurement or indices, in addition
to robustness/slenderness (e.g. Davis method, see Chapter 3). Additional factors will allow
different aspects of long bone geometry to be taken into consideration and will avoid the

determination being monopolised by a single index.

Given the high degree of similarity between these domestic equids, the subtle differences
between their skeletal morphology require a more comprehensive examination. One
difference detected in one method or element may not be significant in another. As a result,
the current thesis aims to use different methods in an attempt to test their accuracy, but also
to use the outcomes to cross-validate morphological traits that have been claimed to

characterise different equid species.

2.7 — Chapter Summary

Most faunal specialists are probably aware of the main methods used to distinguish
between different domestic equids and may have used them either directly or indirectly.
Nevertheless, very little attention and effort is being made to validate or cross-check these
methods. As a result, their reliability and consistency is still questionable. The use of

qualitative morphological traits is no doubt the most direct and cost-effective method of
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determination. However, one must be aware of the risks involved when there is no
comparative collection physically available (i.e. mule), and the identification can be made
only through illustrations and text descriptions. This is especially true when these
illustrations and descriptions may have been created using only a very small number of
modern samples. Not to mention that there is no consideration of the impact of recent
selective breeding (particularly on the infertile species, which can represent only their
immediate parents) and contemporary standards for the ideal beast-of-burden. Even though
biometric analyses may be more objective in nature than qualitative criteria, it is crucial to
understand the limitation of the statistical methods employed and to be cautious when

selecting representative samples.

Perhaps due to their more recent history, both the DFA and Davis methods have not been
widely utilised. For DFA, this may also have been due to the complexity of the method —
namely, the involvement of statistical concepts and software — or to the absence of the
original dataset to carry out the analysis. However, several publications directly or
indirectly derived from Johnstone’s DFA indicate that this method has made an impact on
the species identification of domestic equids. In contrast, the Davis method seems to
receive very little attention, although it is relatively easier to comprehend than DFA.
Perhaps the fact that this method can deal only with first phalanges has limited its
practicality. In the next chapter, some modifications proposed to both methods which are
then applied to the archaeological material in order to investigate the frequency of the three

major domestic equids at selected Romano-British sites (see Chapter 5).

In addition to the conventional methods, the potential application of GMM is also explored

as an alternative method for determining domestic equids to species level (Chapter 4). It is
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unfortunate that as no research has focused on applying GMM to a broad range of skeletal
elements of equids in order to cross-validate the claimed morphological criteria.

Nevertheless, the feasibility of this method for future practise is demonstrated. In contrast
to conventional biometric analyses, GMM considerations more aspects and dimensions of
a skeletal element, and better discriminate between the subtle differences that are deemed

unmeasurable by conventional approaches that rely on callipers and a measuring board.

This chapter has also questioned the reliability of some previous identifications of
archaeological specimens as donkeys or mules. Thus, the frequency of these species in
Romano-British sites may have been even lower than previously believed. Issues with past
determinations have been discussed, and the risk of using shape indices derived from

Johnstone’s DFA outcomes should be iterated

Since the ultimate aim is to examine the procurement strategies of different domestic
equids in Roman Britain, it is vital to be able to identify them to species. A determination
of domestic equids to species level is not only crucial for establishing the representation
frequency of these animals between various types of sites, but is also essential for
comparing the localness of different species. In order to attain an accurate species
frequencyi, it is essential to employ multiple identification approaches to verify the
reliability of and consistency between different methods (or different elements of the same
individual). The verification through cross validation is indispensable because in real
practice (and more often than not) not all methods can be utilised for the identification of a
faunal remains. In the next chapters, practicable methods of performing the quantitative

analysis discussed above will be reviewed in greater depth and will then be applied to
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available modern specimens — not only to test their accuracy, but also to establish a

standard for determining the identification status of archaeological specimens.
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3.1 — Introduction

Biometric analyses using measurements taken directly from skeletal elements provide,
theoretically, a more objective approach for taxon/species identification. This chapter aims
to demonstrate the application of the two biometric techniques that were briefly reviewed
in the previous chapter: Discriminant Function Analysis (DFA) and the Davis Method.
Both biometric approaches will be explained, and their limitations and risks i will be
evaluated. The first part of this chapter will focus on the DFA, and this will be followed by
a discussion of the Davis method. The chapter will conclude with a comprehensive
discussion of the prevalent issues for biometric analyses based on the measurement of

post-cranial elements.

3.2 — Rethinking Discriminant Function Analysis

In Johnstone’s pioneering attempt at using DFA to distinguish between horses, donkeys,
and mules (2004), she demonstrated that it is possible to separate different species using
modern samples of known species with relative success. Despite the fact that there are
some issues regarding her dataset (see below), her attempt is still very valuable in
suggesting a reasonable solution to settle the current predicament on equid determination.
The aim of using the DFA method in the present study is to utilise a biometric approach
that can objectively predict the species of archaeological material included in this thesis.
However, as the original dataset became available to other researchers through the national
thesis archive, the high of accuracy claimed for Johnstone’s (2004) DFA study looks more
uncertain. This chapter will first explain the reasons for modification of Johnston’s DFA

technique and then provide a more detailed step-by-step instruction of how DFA is applied
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in SPSS with explanations of some specific functions. Then, the rectified DFA method is

applied to an updated and expanded dataset.

3.2.1 — Some Comments on Johnstone’s DFA Approach

As the present author was making an initial trial of the DFA method with a smaller dataset
at an early stage of this research (i.e. previous to the date in which Johnstone’s original
dataset became available), the accuracy of its outcomes was noticeably dissimilar to those
in Johnstone’s (2004) work. It was first assumed that the reason for such a divergence was
the small sample size. However, when the original datasets became available, efforts were
made to recreate her original DFA technique step by step; the results, however, still did not
match those described in her original work. After a number of further attempts, it became
apparent that the discrepancy may be due to differences in the version of SPSS used and/or
on whether certain settings were used in Johnstone’s study. For example, in SPSS 21 used
by the present study, there is an option whether or not the mean value should be used as the
substitute for missing data. That is, if a measurement in a sample is missing, the software
will automatically calculate the mean of that measurement from the same designated group
and use it as the missing measurement. This will allow more samples to be included in the
analysis even if not all measurements were taken (or available due to other conditions).
However, since the measurement is estimated, the accuracy of the grouping may be
affected. Unfortunately, the older version used by Johnstone (SPSS 10) was not available
for the present author, and it was deemed impractical to test all possible combination of

multiple options in order to recreate her steps.

Another possible contributing factor for the different results between Johnstone’s (2004)

study and the present one is some errors found in Johnstone’s original dataset. Most of the
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errors are probably simple typographical mistakes. For example, the smallest shaft width
measurement of a humerus is given as 337.3 mm (Johnstone, 2004, p.512 and in the .DB
file), when the normal range would be between 30 to 40 mm. There are also some data that
may have been misplaced; for example, measurements for the femur are all in reverse
order (i.e. GLC and GL, SD and DC, Bp and Bd, p.516 and in .DB file) when compared to
other datasets. The same problem is also found for the Bp, SD and Bd measurement for
tibiae (p. 517 and in the .DB file). Similarly, there are also several independent entries
with possible reverse order (e.g. one Przewalski’s horse may have its radius SD and BFd
measurement reversed; p.513 and in the .DB file). It is unclear whether these errors
occurred only in the printed version of the thesis, or whether they also took place in the
DFA. Nonetheless, this adds to the difficulty of fully recreating Johnstone’s DFA
technique since the errors cannot be corrected without accessing the original material and
only on the few occasions where they have been picked up by DFA as outliers in scatter
plots. Since it is not possible to recreate Johnstone’s analyses, no further comment will be
made regarding the accuracy of the original method fully. The species determination in the
present study will rely on the revised version of DFA analyses initially proposed by

Johnstone.

3.2.2 — Revising Johnstone’s DFA approach: Materials and Method

This section outlines some of the main differences between the original method and the
revised one. The main advantage of the revised method is that a larger and more refined
dataset is used. Selecting a representative samples is vital for DFA in order to be able to
make a more accurate prediction of species assignation. This consideration was briefly
mentioned by Johnstone (2004, p206), but it requires further filtering following the same
train of thought (see below). The second part of this section will then provide a detailed
step-by-step description of how to operate DFA in SPSS along with a more in-depth
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explanation of the concept. As a statistical method for predicting the membership of an
unknown entry, several assumptions need to be made before the method calculates the
functions used for assigning membership. Representative samples and suitable DFA
approaches are two main factors that were not fully explained and described in Johnstone
(2004), but that are essential for the application of DFA. The present study aims to
improve on previous applications of this method by refining the standard dataset chosen
and choosing a different approach for the application of DFA. These changes will lead to
more realistic results that would permit more reliable predictions of archaeological equid

taxa.

3.2.2.1 Materials: Representative Samples

The representativeness of standard samples is crucial for the DFA method to make
classifications and predictions. Not only should specimens be representative of their
population (or taxon), but it is also important that the measurements used as variables
represent differences that separate one group from another. Of these two considerations,
the former is by far the more challenging. In this thesis, datasets of modern domestic
equids from the following sources were used: the original dataset in Johnstone’s thesis
(2004), an extensive dataset from Vera Eisenmann’s website (http://www.vera-
eisenmann.com/, accessed 2013), and additional specimens from the collection at the
University of Southampton and Historic England at Fort Cumberland (Table 3.1, all data
are listed in Appendix I). The limited number of mule skeletons available has already been
mentioned, but the wide variety of horse and donkey breeds is equally disconcerting. Many
of these horses and donkeys are the creations of modern selective breeding techniques — in
some instances bred for very specific purposes — and, therefore, will not be adequate as a

comparative standard for archaeological material.
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This same concern was also recognised by Johnstone as she excluded Shetland ponies,
Thoroughbreds and Shire horses from the dataset because “they were considered to be
smaller or larger than anything likely to be present in the archaeological samples” (2004,
p206). While the size of horses was obviously restricted to minimize the effect of selective
breeding in modern horses, the same consideration did not apply to donkeys in her work.
Two Poitou donkeys are included in her dataset. The Poitou donkey (a.k.a Le Baudet de
Poitou) is a special breed of large-sized donkey that has been intentionally bred for the
specific purpose of mule breeding. Surprisingly little is known about its origin except that
this breed begins to be known in France during the Middle Ages (Delannoy, 2007). Since
the time frame that the current thesis is considering predates the known origin of Poitou
donkeys, it is only reasonable to exclude this massive modern donkey breed from the
dataset as well. In contrast to the large-sized equids that have resulted from modern
artificial selective breeding, the exclusion of small-sized horses, such as Shetland ponies,
from the dataset should be reconsidered. Even though it is true that, compared to most
common horse breeds, Shetland ponies are extremely small and may be miniaturised in
more recent history, an archaeological equids of similar size to modern Shetland pony were
found in the Bronze Age level from Jarlsh site, Shetland (Platt, 1956; Trow-Smith, 2013).
Thus, their possible presence in Roman assemblage endorses the inclusion of this breed in
current dataset. However, the assumption of Shedland pony existed locally since the
Bronze Age is based on the esmitation of wither’s height. Moreover, it is not certain
whether the Shedland ponies in current dataset are further miniaturised as a result of
modern selective breeding. Thus, it is recommended for future research, more attentions

should be paid to the inclusion or exclusion of this breed.
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Source Species | Humeri | Radii | MC | Femora | Tibiae [MT |PH1A |PH1P
Horse 34 34 |36 | 37 37 |29 | 33 33

Johnstone (2004) Donkey| 13 12 | 14 12 14 13| 12 13
Mule 9 9 9 9 11 | 9| 10 9

i Horse 0 28 |50 | 28 24 | 52| 36 37
E\'/Svee”br:i"’t‘zn Donkey| 0 | 17 |42| 17 | 18 |37] 20 | 20
Mule 0 7 12| 10 8 |12| 5 6
Horse 3 3 5 3 4 4 3 4
Southampton University | Donkey | 2 2 2 2 2 2 1 1
Mule 0 0 |0 0 0 0 0 0
Historic England Horse 0 2 k k k 2 k 2
(Fort Cumbe%land) Donkey| 0 2 2 2 2 2 2 2
Mule 0 0 |0 0 0 0 0 0

Total 61 116 |175| 123 | 123 |162| 125 | 127

Table 3.1 — Number of modern equids used as standard dataset in the present thesis.

Deciding which breed can be included and which breed should be excluded is crucial for
setting up a method that can be applied to archaeological material. This is because the level
of selective breeding is so intensive that modern perceptions of horses may be considerably
different from those of the Roman times. To state an obvious example, separating ponies
from horses is a relatively new cultural concept, as well as being a regional one. While
there still seems to exist some debate from the equestrian perspective on whether ponies
are a sub-species of horses (Hyland, 1990, p.67) instead of a breed with noticeably
different conformations (Sidnell, 2006, p.2), the general consensus is that they are
biologically the same species, which can artificially be divided by the height of the withers.
The dividing point between horses and ponies is set at 148 cm (about 14.2 hands) as
defined by the International Federation for Equestrian Sports. According to this definition,
most of the Romano-British horses will be on the pony side of the scale. It is not clear
when the cultural concept of separating ponies from horses began, but there must have
been a time when ponies and horses could not have been separated from one another based
on the current standard because the size of horses did not dramatically increase in Britain

before Henry V111 established the famous Horses Act 1540 which set strict limit for the
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size of horses (Thirsk, 1984). As a result, removing the known modern larger breeds in an
attempt to minimise the impact of breeding due to intense artificial selection may be just
the tip of the iceberg of the problem regarding using modern samples; not only do we not
know which breed is “new” or “function-specific” for every single specimen, but also,
there is little background information regarding the breeds of either of the parents that
procreated the mules. Since mules are sterile and do not reproduce, every generation of
mules represents only their immediate parents. This means that mules bred from modern
breeds of horses and donkeys may be comprehensively different from those bred from
Roman horses and donkeys, which may both be significantly smaller than their modern
counterparts. This is by far the most serious potential risk of performing biometric analysis
for identifying infertile hybrid species using modern specimens, and it should be kept in

mind when interpreting the outcomes.

Although it was not feasible or necessary to exclude all the “modern” horse/donkey breeds,
it was still important to remove those with extreme sizes and builds that are known to be
the outcome of recent selective breeding. As a result, all known Poitou donkeys in both
Johnstone’s and Eisenmann’s dataset were excluded as well as an unusually large donkey
individual from the comparative collection of Historic England, Fort Cumberland. In
addition, two massive draught horses and one donkey from Eisenmann’s dataset were
removed because they seem to suffer from a pathological condition that translates into
unusual measurements. Furthermore, as mentioned in an earlier section, some errors can be
found in Johnstone’s dataset; among which all the typographical mistakes or errors that
cannot be confidently corrected (e.g. it cannot be established if the value of 337.3
mentioned above is actually 33.73 or 37.3) were also removed from the dataset. It should
be kept in mind that there are still numerous individuals in the dataset for which there is no
background information regarding their breed and, therefore, it is possible that the dataset
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still includes some unsuitable specimens. However, comparing the outcomes before the

exclusion, there is evident improvement in the accuracy of the taxonomic classification.

In addition to the possible differences between comtemprory breeds and past ones, it
should also be noted that information regarding sex and castration are lacking in the
current dataset. While it has been argued that there is little sexual dimorphism in horses
(Johnstone, 2004), it is not clear that if any of these modern equids were castrated.
However, as mentioned earlier (section 2.6.2), horse castrations in Roman time take place
at four years of age. At this stage, equids limb bones have stop growing and thus would not
affect the proportion of limb bone in castrated male as observed in modern sheeps
(Johnstone, 2004). Therefore it is assumed that the chance of castrated horses being

misidentified as mule will be slim for Roman material.

3.2.2.2 Methods: DFA in SPSS 21

As for choosing the appropriate variables (i.e. measurements) for DFA, it is necessary to
reiterate the aim of DFA for the current research. DFA is a statistical method that is mainly
used for group classification, but can also be used to predict the group to which a catagory
of data with unknown membership is likely to belong. The later usage makes it more
advantageous than other statistical methods since the present study requires a method to
determine the species of archaeological specimens. There are two different approaches in
DFA: the simultaneous approach and the stepwise estimation approach (Hair et al., 2010).
The simultaneous approach will treat all variables as determining factors, although they are
assigned different loadings to each variable depending on their discriminant power. In
contrast, the stepwise estimation approach considers only those variables that have more
discriminant power and neglects those that play only minor roles in the discrimination.

This is achieved by removing one variable at a time, hence the name “‘stepwise estimation
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approach”. In other words, the stepwise estimation approach considers only the variables
that have greater differences, and completely discards those that have little impact on

separating the groups.

For separating domestic equid species using various dimensions describing the general
profile of particular skeletal element, it is necessary to maintain the control of the variables
used for group classification. Although in the present analysis, DFA will continue using
“simultaneous estimation” as used by Johnstone, her step of eliminating multiple
measurements to achieve a better classification rate will not be carried out here. As
explained above, the removal of variables with less discriminating power to increase the
classification rate will be considered equal to using the “stepwise estimation” approach,
which the present author believes to be unsuitable for the present aims. This is particularly
important since the size differences between the three species in question can be clearly
established by visual observation based on their typical representation: donkeys are usually
the smallest and, on average, mules are the largest whilst horses have a wide range of
different sizes. Therefore, it is rather the assumption that allometric differences existed
between these species that we should examine using DFA. As metioned earlier (section
2.3.1), although the use of Z-score can largely improve the classification accuracy, this
approach cannot be applied onto archaeological specimens of unknown species and,
therefore, will not be used in the current study. As a result, all the dimensions should be
used together regardless of their discriminating power. It should be noted that there is one
apparent disadvantage: when a specimen lacks a measurement (due to incompleteness,
erosion, or pathological condition); such specimen cannot be used in the analysis (that is,
unless the missing value is replaced with the group mean, which would decrease the
accuracy and, therefore, is not practised here). The steps of performing DFA using SPSS

21 are shown in the following figures.
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Figure 3.1 — DFA Step 1.

To perform DFA using simultaneous estimation, the option of “Enter independents together” should
be ticked (default setting in SPSS 21). Ideally, bootstrap is also highly recommended as
reinforcement for any datasets with small sample sizes. However it is not used in current thesis due
to hardware limitations.
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Figure 3.2 — DFA step 2.

In the “Statistics” setting, all descriptive methods are chosen, as well as both methods for function
coefficients. This will allow the user to examine the significance of each variable in the output.

82




Chapter 3 - Biometric Analysis: DFA and the Davis Method

i 5
"n.;,-'l Disciminant Analysis: Classification [é]

Prior Probabilities Use Covariance Matrix

@ All groups equal @ Within-groups

(@] Compute from group sizes (] Separate-groups

Display Plots

& Casewise results |« iCombined-groups
(&l Limit cases to first & Separate-groups

[« Summary table [ Territorial map

v Le ave-one-out classification

| Replace missing values with mean

[Cnntinue][ Cancel ][ Help ]

e

Figure 3.3 — DFA step 3.
In the “Classification/(Classify...)” settings, it is essential to choose “Leave-one-out classification”
for the software to perform cross-validation by taking one sample out at a time. Since the current
dataset is still considerably small, it is important to allow the software to reclassify the dataset. This
method is also known as “jack-knifed classification”. Also, since known mule specimens are
significantly lesser than the other two groups, thus all groups are considered as equal.

3.2.3 — Modified DFA method: Results

The results are described by element, and the measurements considered for each element
are shown in Table 3.2. It should be pointed out that there is a difference in the selection of
measurements between Johnstone’s original method and the present one: the lateral length
(LI is not considered in the present analysis. Although Johnstone excluded this
measurement for some elements since her method is closer to the “stepwise estimation”
approach that allows measurements to be removed to increase accuracy, the consideration
here is somewhat different. As a secondary length measurement to the greatest length (GL),
LI does not provide any essential information that can contribute to the description of bone
shape, and it is often not recorded in most faunal reports albeit it is used as a factor for

withers height estimation by Kiesewalter (1888).
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Element Measurements Considered

Humerus GLI, SD, Bd, BT, HTc

Radius GL, Bp, BFp, SD, Bd, BFd, DFd

Metacarpal | GL, Bp, Dp, SD, BFd, Dd

Femur GL, DC, Bp, SD, Bd
Tibia GL, SD, Bp, Bd, Dd
Metatarsal | GL, Bp, Dp, SD, BFd, Dd
PH1 GL, Bp, Dp, SD, Bd, Dd

Table 3.2 — Measurements used for each element.

GLI — greatest lateral length, SD — smallest shaft breadth, Bd — greatest distal breadth, BT —
greatest trochlea breadth, HTc — height of the trochlea constriction, GL — greatest length, Bp —
greatest proximal breadth, BFp — greatest breadth of proximal articular facet, BFd — greatest
breadth of distal articular facet, DFd — greatest depth of distal articular facet, Dp — greatest
proximal depth. DC — greatest diameter of caput femoris.

3.2.3.1 Humerus

Only 61 available specimens have all of the required measurements. All of Eisenmann’s
dataset were excluded due to the lack of the greatest distal breadth (Bd). This is because
according to Eisenmann’s measuring scheme, the greatest distal trochlea breadth (BT) is
the same as Bd while in von den Driesch’s measuring scheme they are separate
measurements. Based on von Driesch, Bd is very difficult to measure in equids and
ruminants because “the most lateral and the most medial prominent points fo not lie in the
same plane” (1976, p.77). It is also worth noting that the measurements for humerii used
by Johnstone in her pioneering work included greatest proximal breadth (Bp, 2004, p.194)
as a variable for DFA. However, this measurement is not listed in her dataset and, therefore,
is not used in the present analysis in order to maximise the dataset. The classification rate
is calculated based on the number of specimens being correctly grouped into its known
taxon. The overall classification rate is 78.7%, the lowest being of horses (73.3%) and the
highest being of mules (88.9%). There are more cases of misclassified specimens in all

species in the cross validations.
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Of the four horses misclassified as donkeys, all are known to be ponies. Three of the six
horses misclassified as mules are Arab horses of considerably large statures (estimated
wither’s height at about 14% hands, about 147 cm) while only one slightly shorter Arab
horse is correctly classified. These cases suggest that the classification seems to be based

mostly on length measurements.

Classification Results®*

Predicted Group Membership
D Horse Donkey Mule Total
Horse 27 4 6 37
(73.3%) (10.8%) (16.2%) | (100%)
Original Donkey 2 13 0 15
(13.3%) (86.7%) (0%) (100%)
Mule 1 0 8 9
(11.1%) (0%) (88.9%) | (100%)
Horse 25 6 6 37
(67.6%) (16.2%) (16.2%) | (100%)
. b 3 12 0 15
Cross-validated Donkey (20.0%) (80.0%) (0%) (100%)
Mule 2 0 7 9
(22.2%) (0%) (77.8%) | (100%)

Table 3.3 — Classification rate of humerii.

a. 78.7% of original grouped cases correctly classified

b. Cross validation is done only for those cases in the analysis. In cross validation, each case is
classified by the functions derived from all cases other than that case.

c. 72.1% of cross-validated grouped cases correctly classified
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Figure 3.4 — DFA scatter diagram for humerii

3.2.3.2 Radius

A total of 116 specimens were used in the analysis. The overall classification rate is 73.3%
with the lowest being of horses (62.7%) and the highest being of donkeys (93.9%). The
cross-validation rate of donkeys remains the same as for the original grouping from first
classification, but it drops by 12.5% in mules due to the increasing number of specimens
wrongly assigned to horses. The overall cross-validation rate does not differ much from the
original classification, indicating that the analysis is more reliable and stable than humerus.
Over half of the horses misclassified as donkeys are known to be ponies, but not as many

Arabs were misclassified as mules (see Appendix I-11).
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Classification Results™*

Predicted Group Membership
D Horse Donkey Mule Total
Horse 42 10 15 67
(62.7%) (14.9%) (22.4%) | (100%)
Original Donkey 2 31 0 33
(6.1%) (93.9%) (0%) (100%)
Mule 4 0 12 16
(25.0%) (0%) (75.0%) | (100%)
Horse 41 10 16 67
(64.2%) (14.9%) (23.9%) | (100%)
. b 2 31 0 33
Cross-validated Donkey (6.1%) (93.9%) (0%) (100%)
Mule 6 0 10 16
(37.5%) (0%) (62.5%) | (100%)

Table 3.4 — Classification rate of radii.

a. 73.3% of original grouped cases correctly classified.

b. Cross validation is done only for those cases in the analysis. In cross validation, each case is
classified by the functions derived from all cases other than that case.

c. 70.7% of cross-validated grouped cases correctly classified.
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Figure 3.5 — DFA scatter diagram for radii
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3.2.3.3 Metacarpal

A total of 175 specimens were used in the analysis. The overall successful classification
rate is 87.4%, and all species have a classification rate of over 80%. The lowest accurate
classification rate is of horses at 80.9% and the highest is of donkeys at 96.7%. The cross-
validation rate is only slightly lower, with no changes in either donkeys or horses. The

ratio of Przewalski’s horse being misclassified as mules is relatively high, but no other

apparent pattern is noticed.

Classification Results®*

Predicted Group Membership
D Horse Donkey Mule Total
Horse 76 4 14 94
(80.9%) (4.3%) (14.9%) | (100%)
Original Donkey ! 58 . 60
(1.7%) (96.7%) (1.7%) (100%)
Mule 2 0 19 21
(9.5%) (0%) (90.5%) | (100%)
Horse 76 4 14 94
(80.9%) (4.3%) (14.9%) | (100%)
. b 1 58 1 60
Cross-validated Donkey (1.7%) (96.7%) (1.7%) (100%)
Mule 3 1 17 21
(14.3%) (4.8%) (81.0%) | (100%)

Table 3.5 — Classification rate of metacarpals.

a. 87.4% of original grouped cases correctly classified.

b. Cross validation is done only for those cases in the analysis. In cross validation, each case is
classified by the functions derived from all cases other than that case

c. 86.3% of cross-validated grouped cases correctly classified.
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Figure 3.6 — DFA scatter diagram for metacarpals

3.2.3.4 Femur

A total of 123 specimens were used in the analysis. The overall successful classification of
specimens is low at 62.6%, making this element extremely inaccurate for species
determination. The lowest classification is that of horses at 46.5%, meaning that more than
half of the horses were misclassified. However, the classification rate of donkeys is 97.0%,
with only one individual being misclassified. The misclassification pattern is similar to that
in the humerus. The majority of horses mistakenly classified as donkeys are known to be

ponies (13 out of 14 cases), and all the Arab horses are misclassified as mules (n=7).
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Classification Results*®

Predicted Group Membership
D Horse Donkey Mule Total
Horse 33 15 23 71
(46.5%) (21.1%) (32.4%) |(100%0)
- 1 32 0 33
Original Donkey |3 05 (97.0%) (0%)  |(100%)
Mule 6 1 12 19
(31.6%) (5.3%) (63.2%) |(100%)
Horse 31 16 24 71
(43.7%) (22.5%) (33.8%) |(100%)
. b 0 32 1 33
Cross-validated Donkey (0%) (97.0%) (3.0%)  |(100%)
Mule 7 1 11 19
(36.8%) (5.3%) (57.9%) |(100%)

Table 3.6 — Classification rate of femora
a. 62.6% of original grouped cases correctly classified.
b. Cross validation is done only for those cases in the analysis. In cross validation, each case is

classified by the functions derived from all cases other than that case.

c. 60.2% of cross-validated grouped cases correctly classified.
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Figure 3.7 — DFA scatter diagram for femora
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3.2.35 Tibia

A total of 123 specimens were used in the analysis. The overall successful classification
rate of 89.4% seems high, but there is a large gap between the lowest classification rate of
73.7% of mules and the highest rate of 100% of donkey. The cross-validation rate implies
that the mule classification is not stable since it drops by 21.1% after cross-validation was
performed. The relatively low accuracy and stability in both horses and mules makes this
element less ideal for identification than MC. In addition, the ratio of misclassified Arab

horses is also considerably high with 3 out of 7 Arab horses misclassified as mules.

Classification Results®*

Predicted Group Membership
D Horse Donkey Mule Total
Horse 60 0 8 68
88.2% 0% 11.8% 100%
( ) (0%) ( ) ( )
Original Donkey 0 36 0 36
(0%) (100%) (0%) (100%)
Mule 3 2 14 19
(15.8) (10.5%) (73.7%) (100%)
Horse 56 1 11 68
(82.4%) (1.5%) (16.2%) (100%)
. b 0 36 0 36
Cross-validated Donkey (0%) (100%) (0%) (100%)
Mule 5 4 10 19
(26.3%) (21.1%) (52.6%) (100%)

Table 3.7 — Classification rate of tibiae
a. 89.4% of original grouped cases correctly classified.

b. Cross validation is done only for those cases in the analysis. In cross validation, each case is

classified by the functions derived from all cases other than that case.

c. 82.9% of cross-validated grouped cases correctly classified.
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Figure 3.8 — DFA scatter diagram for tibiae

3.2.3.6 Metatarsal

A total of 162 specimens were used in the analysis. The overall successful classification
rate is 81.5%, which is not as high as in metacarpals. However, the minor differences
between the original classification and the cross-validation rate of both elements suggest
that the stability of both elements is similar. The lowest classification rate is 74.7% for
horses and the highest is 92.6% for donkeys. Similarly to the metacarpals, the ratio of
Przewalski’s horses being misclassified as mules is significantly high. This may be taken
as evidence that using DFA slenderness may play an essential role in species determination
in both metacarpals and metatarsals. Nevertheless, there is still an overlap between horses
and mules, meaning that more than slenderness is required to make accurate distinction
between the two. Compared to metacarpals, with a classification rate of over 80% for all

species, the potential risk of identifying more horses than mules is higher in metatarsals.
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Classification Results*®

Predicted Group Membership
D Horse Donkey Mule Total
Horse 65 1 21 87
(74.7%) (1.1%) (24.1%) (100%)
. 2 50 2 54
Original Donkey | 3706y | (026%) | (3.7%) | (100%)
Mule 2 2 17 21
(9.5%) (9.5%) (81.0%) (100%0)
Horse 64 1 22 87
(73.6%) (1.1%) (25.3%) (100%)
. b 2 50 2 54
Cross-validated Donkey (3.7%) (92.6%) (3.7%) (100%)
Mule 3 2 16 21
(14.3%) (9.5%) (76.2%) (100%)

Table 3.8 — Classification rate of metatarsals.
a. 81.5% of original grouped cases correctly classified.

b. Cross validation is done only for those cases in the analysis. In cross validation, each case is

classified by the functions derived from all cases other than that case.

c. 80.2% of cross-validated grouped cases correctly classified.
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Figure 3.9 — DFA scatter diagram for metatarsals
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3.2.3.7 First Phalanges

The approach for dealing with the first phalanges will require closer consideration. This is
because, while it has been suggested that anterior and posterior elements first can be
distinguished based on their morphological features (Dive and Eisenmann, 1991), this is
not routinely carried out by faunal specialists. It would be ideal if first phalanges could be
used in DFA regardless of their anatomical position (anterior or posterior); however, the
evident size differences between the two — anterior being longer than the posterior ones —
may affect the accuracy of species classification. Thus, separate DFA were initially carried
out for anterior and posterior first phalanges before attempting a subsequent joint analysis

(i.e. anterior and posterior combined).

3.2.3.7a - Anterior First Phalanx (PH1A)

A total of 125 specimens were used in the analysis. The overall successful classification
rate is 85.6%, but there is a large gap between the lowest classification rate (66.7% of
mules) and the highest (97.1% of donkeys). In addition, a significant drop is noticed in the
cross-validation rate for all species, thus indicating that the classifications are not stable.
Although the fact that there is no misclassification between horses and donkeys suggests
that the determination did not rely heavily on size, there is no clear relationship between
the measurements for the classification to be consistent. No meaningful patterns were

detected from the misclassified cases.
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Classification Results*®

Predicted Group Membership

D Horse Donkey Mule Total
Horse 63 0 12 75
(84.0%) (0%) (16.0%) (100%0)
Original Donkey 0 34 L 35
(0%) (97.1%) (2.9%) (100%)
Mule 3 2 10 15
(20.0%) (13.3%) (66.7%) (100%0)
Horse 58 0 17 75
(77.3%) (0%) (22.7%) (100%)
. b 2 31 2 35
Cross-validated Donkey (5.7%) (88.6%) (5.7%) (100%)
Mule 4 2 9 15
(26.7%) (13.3%) (60.0%) (100%)

Table 3.9 — Classification rate of anterior first phalanges
a. 85.6% of original grouped cases correctly classified.

b. Cross validation is done only for those cases in the analysis. In cross validation, each case is

classified by the functions derived from all cases other than that case.

. 78.4% of cross-validated grouped cases correctly classified.
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Figure 3.10 — DFA scatter diagram for anterior first phalanges
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3.2.3.7b -Posterior First Phalanx (PH1P)

A total of 127 specimens were used in the analysis. The overall successful classification
rate is 83.5%, somewhat lower than for the anterior counterparts. The lowest rate of
successful classification is in horses (77.6%), whereas donkeys show the highest rate
(94.4%). The differences between the original classification and the cross-validation are
similar to that in PH1A analysis, which again shows the species classification does not

have a very stable matrix. All except one Arab horse are misclassified as mules, but other

cases of misclassification appear to be random.

Classification Results*©

Predicted Group Membership
D Horse Donkey Mule Total
Horse 59 0 17 76
(77.6%) (0%) (22.4%) (100%)
Original Donkey 0 34 2 36
(0%) (94.4%) (5.6%) (100%)
Mule 1 1 13 15
(6.7%) (6.7%) (86.7%) (100%)
Horse 56 0 20 76
(73.7%) (0%) (26.3%) (100%)
. b 1 33 2 36
Cross-validated Donkey (2.8%) (91.7%) (5.6%) (100%)
Mule 5 1 9 15
(33.3%) (6.7%) (60.0%) (100%)

Table 3.10 — Classification rate of posterior first phalanges
a. 83.5% of original grouped cases correctly classified.

b. Cross validation is done only for those cases in the analysis. In cross validation, each case is

classified by the functions derived from all cases other than that case.

c. 77.2% of cross-validated grouped cases correctly classified.
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Figure 3.11 — DFA scatter diagram for posterior PH1

3.2.3.7c - First Phalanx Data Combined

Combining the data of both first phalanges results in nearly the doubling of the available
specimens (n=252); it should be borne in mind, however, that the specimens derive from
134 individuals. The aim of combining the datasets for both first phalanges is to test
whether this element can be used regardless of its anatomical position (anterior vs.
posterior) without affecting species determination. This is carried out here by comparing

the classification of the same individual in both the independent and the joint analyses.
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The overall successful classification rate is 82.9%, i.e. lower than in both analyses
conducted with separated datasets. The highest accurate classification rate still belongs to
donkeys (95.8%), whereas the successful classification rates for both mules and horses are
relatively low and have a smaller difference than in the previous two analyses (76.7% and
78.1% respectively). However, the cross-validation rate for the combined first phalanges
dataset actually increases to 80.6%, the highest of all three analyses, and that largely
reduces the difference between the rate of the original classification and that of the cross-
validation. In other words, although the combined dataset is less accurate, it provides a
more stable matrix for prediction. Nevertheless, it is not clear whether such an outcome is
the result of the significant increase in the number of specimens, or whether one specific
element (either anterior or posterior first phalanx) suffers more from loss of accuracy than

the other. To clarify this, it is necessary to compare the outcomes of the different analyses.

The total number of misclassified cases in the combined dataset is 43, and the sum of
misclassified cases in PH1A and PH1P analyses is 39. Thus, there are three more cases of
misclassifications in PH1A and only one more in PH1P. The difference of four more
misclassified cases does not provide much information regarding the impact of combining
datasets on the same element from different anatomical positions. We need to examine the
consistency of misclassification and its occurrence in different anatomical positions.
Among the 134 individuals used in the combined analysis, there are 15 cases of
inconsistency between the independent and the combined analyses from different
individuals. Eight of these cases occurred in PH1A, six cases in PH1P, and one in both.
This suggests that analysing this element without reference to its anatomical position
affects PH1A more than PH1P. This supports the increase in the number of
misclassification. Moreover, when the cases of inconsistent classification are examined, it
appears that in PH1A, more horses are misclassified (n=6) while the inconsistencies in the
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other two species are the result of misclassified cases being correctly classified in the joint
analysis. In PH1P, the opposite is true: all except one inconsistency are misclassified
horses being correctly classified in the joint analysis. In short, the impact of combining
datasets is more evident in PH1A and it has a positive impact for non-caballine species in
PH1A, but a negative impact on non-caballine species in PH1P. On the whole, however,
the inclusion of both anterior and posterior first phalanges in a single DFA analysis does

not seem to alter to any significant extent the accuracy of the results.

Classification Results®*

Predicted Group Membership
D Horse Donkey Mule Total
Horse 118 0 33 151
(78.1%) (0%) (21.9%) (100%)
Original Donkey 1 68 2 1
(1.4%) (95.8%) (2.8%) (100%)
Mule 5 2 23 30
(16.7%) (6.7%) (76.7%) (100%)
Horse 114 0 37 151
(75.5%) (0%) (24.5%) (100%)
. b 1 68 2 71
Cross-validated Donkey (1.4%) (95.8%) (2.8%) (100%)
Mule 6 3 21 30
(20.0%) (10.0%) (70.0%) (100%)

Table 3.11 — Classification rate of first phalanges
a. 82.9% of original grouped cases correctly classified.

b. Cross validation is done only for those cases in the analysis. In cross validation, each case is

classified by the functions derived from all cases other than that case.

c. 80.6% of cross-validated grouped cases correctly classified.
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Figure 3.12 — DFA scatter diagram for first phalanges

3.2.3.8 Discussion

The analysis of eight skeletal elements using the modified DFA technique suggests that,
while DFA may be a useful method for separating donkeys from the other two equid
species, it may not be sufficiently conclusive to accurately distinguish between mules and
horses (Table 3.12). The modified DFA suggests a different reliability ranking of element
from Johnstone’s (2004). Contrary to Johnstone’s decision of excluding metacarpals due to
their poor identification rate, the present study indicates that metacarpals provide the best
overall accurate classification (above 80% in all three species) despite the fact that tibia has
the highest successful classification rate on average. However, the latter are due to the high
rates in the accurate discrimination of donkeys (100%), but it performed much less

satisfactory in the discrimination of mules (73.7%). By contrast, metacarpals performed
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rather well with classification rate above 80% for all three species. While metatarsals did
not produce a very high classification rate for horses, the rate for correct classifications of
mules is still higher than for other elements (e.g. radius, anterior first phalanx, femur). The

use of femur in species determination should be avoided; this element failed to correctly

identify more than half of the horses and only performed slightly better for mules.

Element Johnstone
H Donkey Mule | M II*
(n, H:D:M) orse Donkey  Mule | Mean Overall® ), 1194 Table 4.9)
Humerus 73.3% | 86.7% | 88.9% |82.97%| 78.7% 85.7%
(n=61, 37:15:9)
Radius 62.7% | 93.9% | 75.0% |77.20%| 73.3% 86.0%
(n=116, 67:33:16)
MC
(n=175, 0a-60:20) | B09% | 96.79% | 90.5% |89.37% 87.4% 81.4%
(n—1zzer;1u-;3-19) 46.5% | 97.0% | 63.2% |68.90% | 62.6% 82.8%
Tibia
. 0 . 0 . 0 . 0 . 0 . 0
(n=123,65-36:10) | 98:2% | 100.0% | 73.7% 87.30% | 89.4% 91.9%
MT
. 0 . 0 . 0 . 0 . 0 . 0
(n=162, 87:54:21) | 747% | 926% | BLO% |82.77%| 815% 86.5%
(n—12:I_|7%3"A35'15) 84.0% | 97.1% | 66.7% |82.60%| 85.6% N.A.
(N_125H716F_)36_15) 77.6% | 94.4% | 86.7% |86.23%| 83.5% NA.
PH1 Combined | o 1o/ | o2 000 | 76706 |83.53%| 82.9% 83.0%
(n=252, 151:71:30)
Mean 74.00% | 94.91% | 78.04% | 82.32% | 80.54% 85.33%
Highest Overall | 88.2% | 100.0% | 90.5% |89.37%| 89.4% 91.9%

Table 3.12 — Summary of highest classification rate by element
* - The overall classification rate is calculated using the total of correctly classified specimens over
the total of available specimens, and not as the mean of the classification rates of different species.
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The second important observation derived from the modified DFA is that several
individuals are repeatedly misclassified as other species. The dataset contains 190
individuals, from which 41 are represented by all 8 elements. 7 out of these 41 individuals
have more than half of the 8 elements misclassified. 6 out of these 7 cases are horses
misclassified as mules. Other than these seven individuals, several others (n=11) that have
fewer available elements have more than half of the available elements misclassified.
Some trends are apparent. Firstly, there is a high tendency for Arabian horses to be
misclassified as mules. Four out of seven Arab horses have more than half of their
elements misclassified as mules. It is worth mentioning that two of these individuals — with
all skeletal elements available for study — have only two elements correctly classified
(radius and metacarpal, radius and PH1A). Two of the mules are constantly misclassified
as horses (M005 and M013). One individual is from a mounted skeleton (M005, “Eml mlt
1 in Johnstone, 2004) with wither’s height of 123 cm, is perhaps the smallest mule in the
dataset. It is not certain whether the misclassification is because of the size of these

individuals or due to other factors.

As for the differences in robustness and slenderness of limb bone, based on the calculation
of SD-GL shape index (i.e. SD / GL x 100) in the current dataset (Appendix V), it is
found that the degree of overlap indicates the use of slenderness is not a reliable trait for
distinguish different equid species. This is because the intra-specific variation in horses
appears to be greater than the interspecific differences with donkeys and mules. Moreover,
when comparing the DFA classifications with the actual species, it is found that the current

DFA does not rely on SD-GL shape index for the species classification.
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3.24 — DFA Method Summary

This chapter evaluates the results of the modified DFA analysis in terms of the consistency
of its predictions based on different elements of the same known individuals. From a
critical perspective, DFA appears not be ideal as an accurate biometric method for
domestic equid identification. The main reason is that the parameters being used are not
adequate enough to discriminate the subtle differences that exist between these species.
Thus rather than rejecting DFA outright as a valid method, an attempt could be made to
design different parameters that can better capture the minor differences between the
skeletal elements of these taxa. Alternatively, one can use these measurements differently
to avoid the analysis being dominated by only a few variables — for example by using
logarithms to reduce the differences between measurements, or replacing direct
measurements by calculating various shape indices (e.g. SD/GL) as variables.
Alternatively, since including z-scores as variables can improve the accuracy for
classifying modern specimens, it could be further developed to apply onto the

archaeological specimens.

An important issue in the DFA analysis of domestic equids remains the central influence
that length measurements play. This in turn and in all probability, is caused by the
inadequate availability of reference specimens. As discussed previously, donkeys show the
highest correct classification rate of the three species, and the chances of horses and mules
being misclassified as donkeys are low. Thus, it seems that DFA may be able to provide
strong support for the identification of archaeological faunal specimens to this taxon.
However, it should be borne in mind that the reason why donkeys can be so successfully
identified is that there is a significant size difference between horses/mules and donkeys in

modern comparative specimens of known taxonomic status. Donkeys can be sufficiently
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separated from the other two species because the size of horses has increased notably since
the medieval period (Rackham, 1995). This rapid modification in non-asinine equids (or
the lack of modification in donkeys) is mainly determined by the functions that these
animals were designated to provide, which resulted from the complicated human ideology
and cultural prejudices towards the species. Therefore, even though some donkey breeds,
such as Baudet du Poitou or the American Mammoth donkey, can be as large as the largest
horses, they will never replace the latter because they were created for a specific purpose:
mule breeding. Since current zooarchaeological evidence suggests that most Roman horses
were much smaller than modern ones on average (Rackham, 1995), when carrying out
biometric analyses the question arises: if modern samples can truly represent the species of
the past disregarding the size differences? Despite the efforts made by eliminating
inadequate specimens from the dataset — e.g. the Poitou donkeys or very small ponies — to
minimize the impact of modern selective breeding practices, there is still very scant
background information about the changes in hybrid species. With the recent “creation” of
giant donkey breeds, such as Poitou and American Mammoth donkeys specifically for
mule-breeding, it is clear modern mule specimens may create a size-bias, rendering
modern mule specimens less than ideal as a starting point in the identification of

archaeological specimens of this species.

As for the classification rate by skeletal element, it is difficult to establish which element
gives the best results, as this varies according to species. The metacarpal seems to be more
accurate than other elements, with the highest average classification rate (and no lowest
classification rate for all three species) (Table 3.12). In contrast, the femur is probably the
least accurate element for species identification — more than half of the horses were
misclassified when using this element — as well as there being a low classification rate for
mules (68.4%, Table 3.12). Due to the restriction of the “simultaneous estimation”
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approach, which requires all measurements to be used, this analysis may not be very
practical in zooarchaeological applications. The reason is that several measurements are
not described by von den Driesch and, therefore, are usually not taken by faunal specialists
— including the height of the trochlea constriction (HTc) in humerii, the greatest depth of
distal articular facet (DFd) in radii, and the greatest distal depth (Dd) in the first phalanx.
Furthermore, some measurements are defined differently in other measurement schemes,
such as the greatest distal width (Bd) and the greatest trochlea width (BT) of humerii in
Eisenmann’s measuring scheme mentioned earlier. Values for archaeological specimens

that lack these measurements cannot be determined using modified DFA.

A critical evaluation of a previous study using the DFA method and an attempt to refine it
have been carried out in this section. It aims also to remind the reader to consider the
impact of intensive selective breeding in domestic species when comparing modern
samples with archaeological ones. It should be reiterated that this section does not attempt
to devalue the previous attempts at using the DFA technigque by pointing out errors in the
original dataset. In fact, it is uncertain whether these errors were typographic errors or were
also used in the analysis, and the inconsistency of outcomes may simply be caused largely
by different settings in different versions of the same software (SPSS). Furthermore, it is
important to stress that some reductions in accuracy are to be expected when additional
specimens are added to the dataset: a larger number of samples will include a larger variety
of breeds, and this, in turn, will result in an increase in the inter-specific variability, which
may blur intra-specific differences. At present, it is difficult to comprehensively evaluate
DFA as a biometric method for distinguishing between the three domestic equid taxa,
given that the current dataset of modern material may not be ideal as a starting point for

archaeological applications. Having said this, and with the reservations expressed above,
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DFA is still used as a biometric method for distinguishing between different domestic

equids in the present thesis.

3.3 — The Davis Method: First Phalanges (PH1) Slenderness Index

Indices calculated using a number of measurements to roughly represent the general shape
of an element are often used in zooarchaeological investigations. Davis et al. (2008),
aiming to identify Medieval equid specimens from a site in Portugal, used this approach to
distinguish horses, donkeys, and wild equids (namely Equus hydruntinus and Equus
hemionus). His results show two distinct clusters, one including modern horses and the
second including modern donkeys, E. hemionus, and Pleistoncene E. hydrontinus (with
some overlap between the three species in the latter cluster). One advantage of this
approach is that it does not show notable impact even when the differences between the
anterior and the posterior first phalanges are ignored. As mentioned earlier, in most reports,
these two elements are rarely distinguished because of their small differences (Dive and
Eisenmann, 1991) and, therefore, this has often resulted in researchers having to exclude

proximal phalanges from further biometric analysis.

3.3.1 — Method: Scatter Plot and Mahalanobis Distance

Three measurements chosen to describe the general profile of PH1 in equines are: the
greatest length (GL), the smallest shaft width (SD), and the greatest width of the distal
articulating surface (BFd) (Figure. 3.13). An index is then calculated as BFd/GLx100 to
represent the general slenderness of the element. The calculated index is then used as the x-
axis in a scatter diagram, with the SD measurement used as the Y-axis. The more slender

PH21 will cluster towards the lower left side of the diagram, whilst the more robust PH1
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will cluster towards the upper right. It should be noted that in this approach, the SD
measurement is used “raw”, i.e. without forming part of an index. While, as explained in
the previous chapter, this will strongly affect DFA results, it is less critical here, and in fact
can serve as a guideline for species separation. Since mules are argued to have more
slender PH1s, the assumption is that they should cluster away from those of horses towards
the left and assuming they are, in general, larger than donkeys, should cluster above them.
Furthermore, the small-sized horses, i.e. ponies, will cluster underneath the typical horses,

as hypothesised in Figure 3.14.
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Figure 3.13 — PH1 measurements taken for the Davis method.
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Figure 3.14 — Hypothesised clustering region for different species/breed
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To demonstrate the results quantitatively, in addition to visuals provided by diagrams, the
centroid of each group is calculated, as are the Mahalanobis distances between each sample
and group centroid. The Mahalanobis distance (M-dist) is used in various statistical
methods such as DFA and PCA, to calculate the distance between a data point and the
group centroid. In contrast to the Euclidean distance, which is a measurement of the
straight distance between two points, the M-dist is used only to calculate the level of
distribution between data points and the centroid and, therefore, is a rather useful tool to
detect outliers in a dataset (De Maesschalck et al., 2000; Franklin et al., 2000). The M-dist
also has the advantage of removing the possible interference from linear correlation. It can
be seen as a measure that expresses the relationship between two points. Various statistical
software packages, such as R, SPSS, MATLAB, etc., provide their own approach for the
calculation of the M-dist. It is also possible to calculate the M-dist using MS Excel. In the
present study, the M-dist are calculated using R package (version 3.2.1). The M-dist
between each data point and the group centroid is calculated using the following script

(words in red indicating a “name” defined by the user):

# reading original data saved in .txt format

species/breed_a <- read.table(“name_of data_file_a.txt”, header=TRUE)
# calculate the mean coordinates

ave_a <- colMeans(species/breed_a)

# generate the covariance

cov_a <- cov(species/breed a)

# calculate the M-dist between each point and group centroid

Mdist_a <- mahalanobis(species/breed_a, ave_a, cov_a)

# export the outcome into .txt file

write.table(M-dist_a, file = ”output_file_name.txt”, sep="\t")
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The M-dist between different species/breeds is calculated using the following script:

# reading original data, separated by species/breeds

(species/breed_a) <- read.table(“name_of_data_file_a.txt”, header=TRUE)
(species/breed_b) <- read.table(“name_of data_file_b.txt”, header=TRUE)
# calculate the mean coordinates

ave_a <- colMeans(species/breed_a)

ave_b <- colMeans(species/breed_b)

# generate the covariance

cov_a <- cov(species/breed_a)

cov_b <- cov(species/breed_b)

# generate the inverse pooled covariance, a and b represent the total number of
# individuals of respective species/breed.

ipc_a_b <- solve(((a/(a+b-1))*cov_a)+((b/(a+b-1))*cov_b))

# calculate the differences between two sets of mean coordinates

dif a b<-ave a—ave b

# calculate the Mahalanobis distance between two species

MDist_a_b <- sqrt(tcrossprod(crossprod(dif_a b, ipc_a b), dif_a b))
MDist_a b

# Returns with the Mahalanobis distance between two species/breeds

3.3.2 — Material: Additional Data and Grouping

In addition to the standard dataset used for the DFA, donkeys and horses from the dataset
published by Davis et al. (2008) are also included for this analysis in order to increase

sample size. Other than attempting to distinguish the three domestic equids — horse,
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donkey, and mule — attention is also paid to the variations between different breeds/types
of horses, i.e. ponies and Arabs. As mentioned in a previous section, the concept of
separating ponies from horses has no basis in real biological divergence, but rather reflects
an artificial separation according to a modern cultural perspective. Ponies are grouped to
see if they are distinctly different from other horses in conformation. Modern Arab horses
are also grouped to observe if their similarity with mules, as suggested by DFA, can also
be detected using this technique. The second part of the discussion considers all horses as a
single group, regardless of breeds/types, and examines the overall diversity between these

domestic equids.

3.3.3 — Results and Discussion

3.3.3.1 Scatter Plot

From the scatter plot (Fig 3.15), it is evident that donkeys cluster at the bottom left corner
as hypothesised, confirming that their PH1 is much more slender than those of horses.
Ponies, on the other hand, are considerably more robust than most horses but have a
smaller absolute SD value due to their small size. However, there is still a large overlap
between ponies and other horses. Nevertheless, it is still quite noticeable that numerous
ponies fall in the hypothesised region. Similar to the results obtained through DFA, the
Davis method also indicates that Arab horses and mules share a similar proportion as
regards to their first phalanges. As shown in Figure 3.15, Arab horses are more slender
than other horse breeds and overlap considerably with mules. The close clustering of the
horses after the exclusion of Arab horses and ponies is worth noting. Unfortunately, the
exclusion of Arab horses and ponies does not result in an improved separation between
horses and mules; a large degree of overlap still remains. It seems that even though mules

overall tend to have a more slender PH1 than horses, a high level of overlapping between
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the horse and mule convex hulls makes distinguishing between the two species

challenging..

o Horse (Grey: Arab,
Black:Pony)

A Donkey

e Mule

--- Hypothesised cut-point

I |l 1

21, 54 57 60 63
BFd/GLx100

Figure 3.15 — BFd/GL index and SD scatter-gram.
The convex hull is enclosed by the outmost cases of each breed/species.

3.3.3.2 Mahalanobis Distance

Observations made in the previous section can be further supported with evidence from the
Mahalanobis distances (M-dist). Table 3.13 summarises the M-dist between different
breeds/species. Note that in this table, horses are subdivided into three groups to explore
the differences within E. caballus and, therefore, the differences between species (i.e.

horse vs donkey and mule) are not conclusive here. As observed in the previous section,
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while numerous ponies fall into the hypothesised region, the level of overlap between
ponies and other horses (excluding Arabs) is still conspicuous. The M-dist between these
two groups is 1.81, which is significantly smaller than the distance between only ponies
and donkeys and mules. Furthermore, the much shorter distance between Arab horses and
mules (M-dist = 0.55) can explain the large overlap of these two groups in the scatter plot.
In contrast, the M-dist between Arabs and other horses (excluding ponies) is much larger
(M-distHA = 1.49), although a large degree of overlap between these two groups still
exists. This result seems to suggest that there would be a high risk of misidentifying

Arabian horses — or horses with the similar body conformation to Arabs — as mules.

Horse Arab Pony Donkey Mule
Horse 1.486047 | 1.809607 | 3.496504 | 1.633418
Arab | 1.486047 1.91938 | 4.109556 | 0.545385
Pony | 1.809607 | 1.91938 3.743742 | 2.18474
Donkey | 3.496504 | 4.109556 | 3.743742 3.136808
Mule | 1.633418 | 0.545385 | 2.18474 | 3.136808

Table 3.13 — The Mahalanobis distances between different breeds/species.

All horses are combined for further inter-species comparison, and the outcomes are
summarised in Table 3.14. The outcomes confirm the observation based on the scatter plot.
Donkeys can clearly be distinguished from the other two domestic equids, while the

separation of horses and mules remains ambiguous.

The degree of potential misidentification of specimens can be tested by comparing the M-

dist between the coordinates of the data points and the group centroids of other species. If
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the M-dist between a datum and its group centroid is larger than the M-dist to the centroid
of other species, then it can be considered to have a higher likelihood of being
misidentified. Judging from the results, 15.58% of mules have a shorter M-dist to the horse
centroid than to the mule centroid. On the other hand, 21.47% of horses are likely to be
misidentified as mules as a result of they are having shorter M-dist to the mule centroid
than to their own centroid. Furthermore, the majority of Arabian horses (8 out of 13) would
be likely to be misidentified as mules; a sharp contrast to ponies, where merely five
specimens would be likely to be misidentified as mules. Table 3.15 summarises the
potential misidentification among the three species. It is also interesting that whilst donkey
has the highest rate of correct classification using M-dist, it is also the only species that has
a possible misidentification in both other two species. From a different perspective, with
no case of misidentification as donkeys in the other species, it means that when the method
suggests that a PH1 of an unknown species belongs to a donkey, it is much less likely that
it will belong to a horse or a mule. Mules, however, have an overall reclassification rate of

only 75.72%, which is similar to the outcomes suggested by DFA as shown in a previous

section.
Horse Donkey Mule
Horse 3.68488 | 1.411282
Donkey | 3.68488 3.136808
Mule | 1.411282 | 3.136808

Table 3.14 — The Mahalanobis distances between three domestic equids species.
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Horse Donkey Mule Total
Centroid Centroid Centroid

150 0 41 191
(78.53%) (0.00%0) (21.47%) (100.00%0)
3 97 6 106
(2.83%) (91.51%) (5.66%0) (100.00%0)
6 0 33 69
(15.38%) (0.00%0) (84.62%) (100.00%0)
Reclassification Rate 81.17% 100.00% 75.72%

Table 3.15 — Number of species determined.
Determination made by using the shortest distance to each group centroid.

3.34 — The Davis Method Summary

Both the scatter plot and the M-dist have demonstrated that donkeys can be quite clearly
distinguished from horses and particularly from ponies. In contrast, the differences
between donkeys and mules are somewhat less evident, albeit the comparison between M-
dist suggests that it is more likely for mules to be misidentified as donkeys, rather than the
other way round. Unfortunately, it seems that using only the scatter plot may not be
sufficient to separate mules and horses from each other partially because of the high degree
of overlap between mules and Arab horses. Nevertheless, the use of the M-dist comparison
can provide further support for the determination of unknown species using the current

method.

The Davis method was designed to separate species through a visual representation of
guantitative data. The advantage of such a representation is that it is self-evident and
requires no further explanation. However, it cannot be used to resolve the taxonomic
membership of data points that fall into the overlap zone between two species. The use of
M-dist can benefit the original method in two ways: by increasing the resolution that can
help distinguish inter-group differences and by providing quantitative values for the

determination of an unknown archaeological specimen which may fall into an overlap zone.
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3.4 — Chapter Summary

In this chapter, two different biometric approaches have been reviewed and their limitation
and potential risks were evaluated. Both methods have been utilised, directly or indirectly,
in a number of studies of equid remains (Johnstone, 2004, 2005, 2008, and 2010; Davis et
al., 2008; Ayton, 2011 and 2012, Worley; 2013). Shortcomings in the application of DFA
in a previous study (Johnstone, 2004) are discussed, and modifications in the application of
the technique and supplementary steps recommended for future studies of equid remains
were suggested. More importantly, this chapter has also pointed out the ambiguities and
uncertainty in both methods that are at least in part a production of the difficulty in finding
suitable and representative samples (see below). In short, neither method is able to resolve
species determination with absolute confidence. They are only tools that provide an
objective and quantifiable likelihood regarding the taxonomy of archaeological equids;
they provide a guide to the degree of plausibility of a taxonomic determination. Having
said that, this is still an improvement on and addition to the sole reliance on purely
qualitative traits, the application of which may depend in part on the experience and
subjective evaluation of each researcher. It must be stressed that this should not be seen as
an absolute rejection of the role of qualitative morphological features. On the contrary, it
should add reliability to the qualitative morphological traits based on more objective
criteria. The benefit of having biometric methods is that it allows all specimens to be
determined using the same standard, so that further support is available for ambiguous

morphological features.

Despite the objectivity offered by biometric analyses, their limitation must be clearly
established and understood. The most important factor regarding the accuracy and

reliability of biometric techniques discussed here is the suitability of modern equid
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specimens as representative samples for archaeological domestic equids, especially for
horses. It is argued here that the morphological variability of horses has been drastically
increased through modern, intensive selective breeding practices. The result of such
phenomenon is that a careful “selection” of equine breeds must take place before any
biometric analysis can proceed. In addition to horses, it is necessary to reiterate here the
problems of using modern mule specimens. As mentioned previously, as an “artificial”
species, modern mules represent only their immediate ancestor (i.e. parents). Every
generation of mules represents the creation of a new ‘species’. Thus, the relationship
between different generations of mules is no closer than the relationship between them and
the relatives of their immediate parents. The question that we need to ask here is whether a
Roman mule was, morphologically, rather more similar to its parents (i.e. Roman horse
and donkey), or whether it resembled (morphologically) different generation of mules, e.g.
those procreated by chronologically distant (e.g. modern) horses and donkeys? It is true
that the mules never seem to fail to deliver animals with hybrid vigour, and in this sense
every generation of mules are alike. However, whether this translates into a high degree of

phenotypic similarity in the skeleton still needs to be determined.

The other concern for biometric approaches is that of the consistency between methods and
skeletal elements. The results suggest that both methods — DFA and Davis method — are
relatively consistent regarding the accuracy of classification; and both indicate that Arab
horses are constantly misclassified as mules. Nevertheless, the consistency between
different elements in DFA still requires further assessment, since it is related to the
classification rate of different elements. While identification seem more reliable when
based on elements such as metacarpals, first phalanges, and metatarsals, identifications
based on femora are unreliable and should be avoided. At present, the major concern for
current biometric analyses of domestic equids is not the methods themselves, but rather the
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(un)availability of samples that can be used as appropriate proxies for archaeological

equids. In this thesis, the methods are applied with these limitations in mind.
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4.1 — Introduction

Geometric morphometrics (GMM) is an analytical method commonly used in zoological
and botanical research for comparing the shape differences between groups (Slice, 2007).
In recent years, this method has been adopted in a number of archaeological studies (e.g.
Bignon et al., 2005; Owen et al.; 2014; Ros et al., 2014; Seetah et al., 2014; Gunz and
Bulygina, 2012, etc.). The concept of this method is to compare the shape (both 2D and 3D)
defined by landmark co-ordinates which have one-to-one corresponding points in all
specimens or by outlines or curves that describe the profile of a specific area in an object,
or the entire object. By positioning and scaling these defined shapes with the same
coordinate origin, comparisons can be made by applying various statistical methods such
as Principle Component Analysis (PCA), Canonical Variate Analysis (CVA), and even
Discriminant Function Analysis (DFA). The advantage of this method is that it can
quantify some morphological traits that do not lend themselves to be studied by other
biometric techniques. As explained in the previous chapter, one of the problems with the
available data in DFA is that the slenderness in mule long bones, which is often regarded
as an important characteristic of this taxon, was not clearly indicated by the measurements
used. Theoretically, an infinite number of points can be set on an image of a long bone
along its shaft (Fig 4.1); this will allow an unlimited number of measurements to be taken
for analysis. In addition to the distance measurements, the changes in the angles between
points can also be used as variables for GMM. Thus, to some extent, GMM should be the
ultimate solution for quantifying morphological features that could previously only be

described by “subjective” qualitative criteria.
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Figure 4.1 — Example of geometric morphometric method

— Using 300 points along the profile of MC (dorsal view) in MorphoJ (left image) or using Momocs
package in R to automatically capture outlines of MC from the same pictures (middle image) can
better describe the shape of MC than using conventional standard measurements (right image).

This chapter will explore the potential use of GMM in the identification of the three
domestic equids in question, horse, donkey and mule using dental morphology in the lower
molars. This will involve four different approaches representing different levels of GMM

applications:

l. using direct measurements from predefined landmarks,

. using geomorph package in R (Adams and Otérola-Castillo, 2013) to perform
landmark-based GMM

I1l.  using geomorph package in R (Adams and Otarola-Castillo, 2013) to perform

outline-based GMM
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IV.  using Momocs package in R (Bonhomme et al., 2014) to analyse the shape

describing the region of interest.

This chapter will provide full illustrations of how to use these methods in the attempt to
separate different domestic equid species using the morphological features of the lower

molar occlusal surface from known species.

4.2 — Material

Although, in theory, every skeletal element that bears morphological features could be
studied for its suitability for species identification, restrictions on equipment, technique, or
available samples have limited the opportunity to fully explore the possibilities of GMM in
most elements. As a result, this part of the thesis should be regarded as a pilot study, a first
attempt to use GMM for the identification of domestic equids using the morphological
characteristics of equid lower molars. While some qualitative morphological criteria in
post-cranial elements have been suggested as being useful in the determination of domestic
equid species (Peters, 1998), most species determinations of equids still rely on the dental
morphology of lower molars (e.g. Armitage and Chapman, 1979; Uerpmann and
Uerpmann, 1994; Levine, 2004). In addition, dental morphological differences between E.
caballus and E. asinus have been validated, to some extent, by aDNA analysis (Hite, 2008,
see Chapter 6). One evident advantage of choosing the lower molar morphology is that the
morphological features are all arranged on a flat, two-dimensional surface, as opposed to
the situation in the post-cranial elements. The benefit of dealing with a flat surface is that
the shape information containing the morphological features can be sufficiently captured in
a 2D image, whereas capturing the shape of post-cranial elements would be more

complicated.
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As reviewed in Chapter 2, the morphology of the lower molars in domestic equids has been
argued to possess reliable traits to distinguish horses, donkeys, and mules — more
specifically the shape of the enamel pattern formed by the metastylid and the metaconid
(also known as the lingual-fold) (Figure 2.1). Previous researchers (Armitage and
Chapman, 1979; Davis, 1980; Eisenmann, 1986; Uerpmann and Uerpmann, 1994)
maintain that a typical caballine trait is a U-shaped lingual fold, whereas a VV-shaped
pattern represents an asinine trait that is also characteristic of mules. In practice, however,
the determination of this trait can be quite subjective, since the shape is commonly
observed as somewhere between the two extremes or has a zigzag profile (See Figure 4.2).
It is, therefore, essential to have a method that allows such types of criteria to be

determined more objectively.

Figure 4.2 — Example of Non-metric variation in equid molars.
This trait is observed in known donkey mandibular teeth as well as several archaeological equids.
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The topic of quantitative analysis of dental morphology has not been completely
overlooked by previous researchers. Both Eisenmann (1986) and Payne (1991) attempted
to use measurements taken from equids’ lower teeth for a similar purpose. The outcomes
of both attempts remain inconclusive regarding equid species determination. In addition,
these quantitative methods are not widely practised for the determination of domestic
equids. One principal reason for the inconclusive outcome may be that the measurements
taken for quantitative analysis were not sufficient to capture the specific shape differences
between the morphological characteristics of different taxa. For instance, in Payne’s (1991)
dental scheme, there is no measurement that can be used to distinguish the shape of the
lingual valley or to determine the symmetry of the metaconid and the metastylid. The only

measurement that is related to these morphological differences is the bucco-lingual length.

Images of the comparative collection available at University of Southampton are taken by
the current author using the same camera setting (Nikon D80 with Sigma 17-70mm, at
17mm/F2.8). All molars are positioned with the occlusal surface levelled horizontally
(perpendicular to the lens). It should be noted that such position does not always resemble
the position of the molar as in the animal’s mouth. This is because, based on personal
observations, in most cases, the occlusal surface will be tilted towards either buccal or
lingual side instead of having a perfectly levelled occlusal surface. Nevertheless, this
should only have limited impact on species determination since there is no fixed viewing
angle suggested for visually inspecting these qualitative morphological traits. The reason to
set a fixed angle is to minimize possible distortion resulted from tilted occlusal surface as

the tooth positioned in mandible.
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Unfortunately, this will only yield to an extremely small number of samples (3 horses and
1 donkey). An attempt was made to increase sample size by asking colleagues for images
of equids’ lower molars; however, very few responded. As a result, only 36 specimens
were available for the study (Table 4.1). These included 13 donkey and 23 horse molars
from the following sources: illustrations published by Davis (1980), the collection from
Historic England, Fort Cumberland (image taken by Dr. Fay Worley), in addition to the
faunal collection in the Archaeology Department, University of Southampton. Images of
equids’ mandibular teeth were also available from Eisenmann (http://www.vera-
eisenmann.com) and Baxter (1998), but regrettably, the resolution was too low to be used
here. The risks of inter-observer error (Arnqvist and Martensson, 1998) as well as possible
distortions occur in images taken from different camera settings (Mullin and Taylor, 2002)
are considered. However, under limited budget and resource, it is decided to include these
images in this pilot anlaysis to increase the sample size. Another obvious problem in this
standard dataset is the complete lack of mule molars. The issue with the extreme scarcity
of mule samples has been repeatedly raised here and by Johnstone (2004), and it is a

serious challenge for all related studies.
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No. | Species | Element | Source

D01 |Donkey | Molar |Davis, 1980

D02 | Donkey | Molar |Davis, 1980

D03 |Donkey | Molar |Davis, 1980

D04 |Donkey | Molar |Davis, 1980

D05 | Donkey | Molar |Davis, 1980

D06 | Donkey | Molar |Davis, 1980

D07 |Donkey | Molar |Davis, 1980

D08 | Donkey | Molar |Davis, 1980

D09 |Donkey | Molar |Davis, 1980

D10 |Donkey| M1 |Southampton, 132

D11 |Donkey| M2 |Southampton, 132

D12 |Donkey| M1 |HE, Fort Cumberland, 546

D13|Donkey| M2 |HE, Fort Cumberland, 546

HO1| Horse | Molar |Davis, 1980

HO02| Horse | Molar |Davis, 1980

HO3| Horse | Molar |Davis, 1980

HO04| Horse | Molar |Davis, 1980

HO5| Horse | Molar |Davis, 1980

HO06| Horse M1 |Southampton, 209

HO7| Horse M1 |Southampton, 209

HO08| Horse M2 | Southampton, 209

HO09| Horse M2 | Southampton, 209

H10| Horse M1 |Southampton, 137

H11| Horse M1 |Southampton, 137

H12| Horse M2 |Southampton, 137

H13| Horse M2 | Southampton, 137

H14| Horse M1 |Southampton, 604

H15| Horse M1 |Southampton, 604

H16| Horse M2 | Southampton, 604

H17| Horse M2 | Southampton, 604

H18| Horse M1 |HE, Fort Cumberland, 760

H19| Horse M2 |HE, Fort Cumberland, 760

H20| Horse M1 |HE, Fort Cumberland, 3329

H21| Horse M2 |HE, Fort Cumberland, 3329

H22| Horse M1 |HE, Fort Cumberland, 3868

H23| Horse M2 |HE, Fort Cumberland, 3868

Table 4.1 — Modern specimens used in GMM.
- HE stands for Historic England
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4.3 — Approach I: Angle analysis

This method aims to quantify the relationship between the differences in the shape of the
lingual valley and the degree of penetration of the buccal valley. The basic assumption is
that since the lingual valleys of the three domestic equids can be divided into two types,
the V-shaped and the U-shaped, then by comparing the geometric differences between the
U and the V shapes, it should be possible to separate the domestic equids into two groups.
The discrimination between donkeys and mules, which are both said to have a V-shaped
lingual valley, can be attempted by measuring the physical distance between the bottom of
lingual valley and the apex of the buccal valley; this will describe the penetration level of
the buccal valley. Before making the comparison, the geometric difference between the U
and the V should first be established. It is apparent (Fig 4.3) that three fundamental points
share the same position in both shapes, with the difference being mainly determined by the
degree of curvature of the line connecting the points. Thus, the comparison between these

two shapes is possible by quantifying the degree of curvature.

e
Figure 4.3 — Shape difference between U and V.

There are several possible ways to quantify the degree of curvature. One way is to measure
the greatest distance of the two valley apexes (ab and a’b’) and compare it to the distance
taken from any other predefined line connected by two points along the valley slope, but
that remain parallel to the first line. For example, in Figure 4.3, the distance cd is different
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from the distance c’d’ whilst the distance ab and the distance a’b’ is the same. Then the

differences between shapes can be determined by the decreasing rate between two

distances (i.e. cd/ab v.s. c’d’ / a'b’). If the decreasing rate increases gradually at a
constant rate, then the shape resembles a V-shape. On the other hand, if the rate does not

change much throughout the valley, then this implies a U-shape.

An alternative approach is to measure the angle of a set of predefined point (e.g. < ced). A
narrow valley is indicated by a smaller angle. For example, in Figure 4.3, < ced is larger
than £c’e’d’, and thus V-shape has a narrow valley than U-shape. It is crucial for either

approach, however, to define a set of arbitrary points, so that the measurement can be
repeated in different specimens. Since the changes are more apparent towards the bottom
of the lingual valley, two additional points are set three quarters of the way down from the
apex (Figure 4.4). This is done by first aligning both apices (point a and b) to a horizontal
line, and then measuring the vertical distance between the line and the bottom point (e).
Another horizontal line is set which divides the lingual valley in an equal half (line 1), and
repeat the process for the lower half of lingual valley (line 2). The intersection of the lines
that divide the lower lingual valley in half and the slope line on both sides of valley are the
points that will be used as artificial measuring points (point f and g). Theoretically, the
changes between U and V curves can be detected in the middle of the slope as explained
above using < ced and ~c’e’d’. However, a non-metrical dental variation, which causes
either the metastylid or the metaconid to form a “zigzag” slope line often occurs at the
middle of slope and affects both the distance and the angle of the slope (See Figure 4.2).
This non-metric dental variation is found in both modern specimens of horses and donkeys,

and they are also present is some of the archaeological specimens used in this study. As a
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result, points (f and g) further down the slope are used to avoid the impact caused by this

non-metric variation.

Figure 4.4 — Measurements taken for Angle Analysis.
The differences between angle a and angle 8 are used to determine the lingual valley shapes.

4.3.1 — Method: Angle acquisition using ImageJ

Imagel is a free image analysis program that allows users to measure various data from
images (Schneider et al., 2012; Abramofff et al., 2005). It allows the measurements of an
angle and a distance to be taken and is, therefore, ideal for the present study. After the
measurements are taken, the data are then imported into PAST software (Hammer et al.,
2001) to create a scatter plot of the distribution of the different species. These can be done

using any other software package available.

According to the alleged differences in the morphological features of domestic equids
(Armitage and Chapman, 1979; Davis, 1980; Eisenmann, 1986; Uerpmann and Uerpmann,
1994), the location where each species is more likely to fall in a bivariate plot can be
hypothesised. Angle B in U-shaped lingual fold is usually larger than angle o, and vice
versa in a tooth with a V-shaped lingual fold (Figure 4.4). The U-shaped tooth is more

likely to have a negative value when angle  is subtracted from angle a. Thus, horses with
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a U-shaped lingual valley should cluster towards the left side of the scatter plot (Figure
4.5). In contrast, donkeys and mules are hypothesised to fall towards the right side of the
plot, given that they would have a positive angle difference. According to suggested
qualitative criteria (Armitage and Chapmann, 1979; Uerpmann and Uerpmann, 1994;
Johnstone, 2004), the bucco-lingual distance can further distinguish the three species (see
Figure 2.1 previously). With the smallest penetration level of the buccal valley indicated
by a larger bucco-lingual distance, the donkeys will cluster near the top of the scatter plot
while mules should fall near to the x-axis, the lower end of the graph. Horses should
occupy an intermediate position between donkeys and mules. The Mahalanobis distance
was also calculated in order to quantitatively describe the interval between species and to

assess the method regarding its accuracy in classification.

0.5 -

04 - i

Donkey

Buccal-Lingual Distance

0.3 -

-40 -30 -20 -10 0 10 20 30
Angle Difference

Figure 4.5 — Hypothesised regions for each equids species
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432 —Results

Modern specimens of horses and donkeys are distinctly clustered as hypothesised (Figure
4.6). However, there is one donkey with an atypical lingual valley angle, which seems to
resemble teeth with a U-shape lingual fold. In addition, the bucco-lingual distance of some
horses in the modern sample is exceptionally short, which conflicts with the claim that
horses showing only a partial penetration of the buccal valley. This has a serious
implication on whether this trait is considered valid to separate mules from horses. The
buccal and lingual valleys will nearly be in contact when the distance between them is less
than 0.05 cm. Five horse molars from three different individuals in the standard dataset
(H18, H20, H21, H22, and H23, all from images of modern specimens in Historic England
collections, Fort Cumberland) have a bucco-lingual distance less than 0.05 cm. It is unclear
whether the very short bucco-lingual distances in these individuals are related to breed
variation or age (i.e. tooth wear stage). Exceptionally short bucco-lingual distances were
observed in some deciduous teeth in comparative collections, but these were excluded
from this analysis. Some molars with an exceptionally large bucco-lingual distance were
observed in younger horses, but again, these were excluded from the analysis. As a result,
the five molars mentioned above can at present only be considered as one end of horse
variability. For the purpose of the present study, 0.05 cm was set as the putative cut-off
point between horses and possible mules in later determination of archaeological
specimens based on above observations. This still makes it possible to set a narrow range
for mules since the shortest bucco-lingual distance in the modern donkey sample is 0.065
cm, much shorter than expected from previous claims. As a result, a certain level of

overlap is expected for all three species.
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Figure 4.6 — Scatter plot using the difference between angles and bucco-lingual distance.
Note the possible overlap in angle difference of one donkey and several horses with unexpected

short bucco-lingual distances.

The Mahalanobis distance between horses and donkeys is 3.50 and is significantly greater
than the group mean M-dist (donkey mean M-dist = 1.85, horse mean M-dist = 1.91).
Comparison of the M-dist of each specimen and the group centroid of the two species
shows that only one horse specimen has a higher likelihood of being misidentified as a
donkey. This result runs contrary to what could be inferred from viewingt Figure 4.6,
namely that the donkey specimen (D01) with a negative angle difference is closer to the
horse centroid. Results also indicate that archaeological specimens are highly unlikely to
be donkeys misidentified as horses (Table 4.2). In contrast, if a specimen of unknown
taxonomic membership is identified as a donkey using this method, then there is a slight

possibility that the specimen is, in fact, a horse. Unfortunately, due to the lack of mule
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samples, the relationship between mules and the other two domestic equids remains

undetermined.

Horse Donkey
Centroid Centroid Total
Horse 22 1 23
(95.65%) (4.35%) (100.00%)

Donke 0 13 13
y (0.00%) (100.00%) (100.00%)
Overall Reclassification 100.00% 95.83%

rate
Table 4.2 — Reclassification rate using M-dist

4.3.3 — Angle Analysis Summary

Strictly speaking, the Angle Analysis method is not a typical GMM method as general
considered, because it still requires measurements to be taken “manually” albeit with the
aid of image analysis software, rather than conventional tools, such as callipers or a
measuring board. Most GMM no longer involves the direct measurement of any kind and
analyses stem directly from the coordinates of points describing the subjects. Nevertheless,
the method described in this section will still be considered as GMM in the broader sense
since conventional biometric analyses, at least in zooarchaeological studies, does not
involve Angle Analysis. Results indicate that Angle Analysis can separate donkeys and
horses with some realistic degree of accuracy. However, since no mules were used in this
method, the determination of specimens with unknown taxonomic position as mules can be
made only on the postulated differences in lingual valley shape and bucco-lingual distance.
In addition, it should be remembered that this approach examined only two of the three
qualitative morphological criteria postulated by a number of authors. The symmetry of the
metaconid and the metastylid is not considered in this approach. Thus, it is still not certain

if an identification based on only two traits is consistent with the third trait.
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4.4 — Approach I1: Landmark-based GMM

Recent developments in GMM allow more aspects of the morphological criteria to be
considered by evaluating the correlation between multiple points in the targeted subject.
This makes it possible to examine the symmetry of the metaconid and the metastylid,
something that is overlooked in the previous method. Similar to the shape of the lingual
valley, this is a morphological trait that has been used specifically to separate horses from
donkeys and mules. Thus, in principle, adding this criterion should increase the reliability
of the species determination. A Landmark-based GMM is able to directly compare the
coordinates of predefined landmark points by overlaying all the samples on to the same
coordinate system based on the concept that a “shape” will remain the same regardless of

the scale, orientation, and position (Bookstein, 1991).

To perform a landmark-based GMM analysis, several requirements need to be fulfilled.
First, since the analysis is based on shape, the predefined landmarks need to be able to
represent a shape (Bookstein, 1991). Although GMM can also deal with curves or open
outlines, it requires a different approach based on sliding- or semi-landmarks, which will
be discussed in the next section. The second criterion is that all landmarks need to have a
“one-to-one” correspondence in all samples. Missing landmarks can be replaced by the
group averages at the expense of accuracy and representativeness, but this is not followed
in this analysis. The final requirement for landmark-based GMM is that the scale of the
original image is required for calibrating the uniform scale, which is necessary to overlay
all specimens. The process of overlaying landmark points using the same coordinate
system is crucial for all shape analyses. Such a process is termed the “Procrustes fit”
(Bookstein, 1991). The Procrustes fit takes the group centroid of a set of landmarks and

calculates the correlation of each landmark and the centroid. All group centroids are then
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used as the origin of the new coordinate system, and all landmark points are reconstructed
from the previously calculated correlation and plotted into the new coordinate system. A
new covariance matrix for these reconstructed landmark points can then be generated for
further analysis. For landmark-based GMM, the most commonly used analysis is PCA,

although other types of analysis, such as DFA, can be performed.

To compare the three morphological features on the lower molar occlusal surface, eight
landmark points (LM) were defined from the area of interest (Figure. 4.7). The most
posterior point in metastylid is defined as LM1, while the most anterior point in metaconid
is LM7. The most lingual point in metastylid and metaconid is defined as LM2 and LM6
respectfully. LM5 is defined by the bottom tip of the lingual fold and LM 8 is the apex of
the buccal fold. The remaining two of these eight landmarks (LM3 and LM5 in Figure 4.7)
are not “actual” landmarks with corresponding features that allow them to be identified
visually from the image; instead, they are “artificial” landmarks designated by calculating
the equal distance between two other points. Even though these two points are not used
directly, their acquisition has been discussed with regard to the previous method. LM1 to
LM3 are used to describe the general shape of the metastylid. If the metastylid is relatively
round, then the distance between these three points would be roughly equal. In contrast, if
the metastylid is elongated, then the distance between LM1 and LM2 will decrease
significantly while their distance to LM3 will not differ much. LM5 to LM7 serve the same
function in the metaconid. The shape of the lingual valley is described by LM2 to LM6;
the potential bias of LM3 and LM5 due to the occasional presence of a non-metric trait was
discussed above (section 4.2, Figure 4.2). However, the use of midpoints is more beneficial
for determining the shape of both the metastylid and the metaconid and only causes

potential bias on the determination of the lingual valley shape.
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Figure 4.7 — Eight landmarks used for landmark-based GMM

44.1 — Method: Landmark-based analysis using the geomorph package in R

Since GMM has recently been gaining a significant amount of academic attention in a
number of different disciplines, a large variety of software packages have become
available for conducting landmark-based analyses. One of the very basic tools for GMM is
the “tps package” developed by Rohlf (2004) for data acquisition. Other software packages,
such as MorphoJ (Klingenberg, 2011) and PAST (Hammer et al., 2001), can all perform
landmark-based geometric morphometric analyses. However, these software packages are
designed to deal with purely “landmark-based” analyses and are thus are not ideal for the
outline-based GMM, as will be described in the next section. The geomorph package
(Adams and Otarola-Castillo, 2013) is able to perform a wide range of geometric
morphometric analyses and allows data obtained from other software packages, such as
tpsDig2 (in the tps package developed by Rohif (2004)) to be imported and analysed. For
the present analysis, landmark coordinates were acquired using tpsDig2. This was done by

first creating a .tps file including all the images that were be used as standard using
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“tpsUtil”; then, all the images were scaled and all eight landmarks for each tooth were

designated using tpsDig2 (Figure 4.7).

The .tps file was then imported into geomorph using the following script:

# set the working directory to the location where all data files are saved
# load geomorph package

> library(geomorph)

# import landmark coordinates saved in .tps file

> Imk <- readland.tps("landmarks. TPS", specID="I1D")

[1] "Specimen names extracted from line ID="

Subsequently, species were assigned to each set of landmark coordinates. The known

species of corresponding specimens were first saved in a .csv file with the following

format:
ID species
DONO1 D
DONO2 D
DONO3 D
DONO4 D

This .csv file can then be imported and used to assign species to each set of coordinates.

# import .csv file and assign the species to dataset

> classifier <- read.csv("classifier.csv", header=TRUE, row.names=1)
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> sp <- factor(classifier$species)
# note the term “species” following the $ sign correspond to the header in .csv

# file for species.

As mentioned in the introduction to this section, Procrustes fitting is the most essential
process in all GMM analyses. Only when all the coordinates are from the same datum
point at the same scale, and have the same orientation and position, can they be compared
and analysed. Procrustes alignment can be performed in geomorph with the following

script:

# perform general Procrustes alignment

> gpa <- gpagen(Imk)

A graph can be then produced showing the mean coordinates and the location of all the
landmarks in every specimen (e.g. Figure 4.8). A rapid impression of how each landmark
varies in comparison to the others can be gathered from this graph. However, the
differences between groups can also be tested statistically in geomorph using ANOVA
(analysis of variance) or MANOVA (multivariate analysis of variance). ANOVA is a
statisitical approach used to test the difference in group means between two or more groups
while MANOVA can be seen as an ANOVA with multiple dependent variables (Hair et al.,
2010). Therefore, the next step is to test whether the designated landmarks can attest that
these two species — horses and donkeys — are different by performing ANOVA. This task

can be carried out in geomorph using the following script:

# perform ANOVA using GPA coordinates

> procD.Im(two.d.array(gpa$coords)~gpa$Csize, iter=99)
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The outcome provides associated values including a P-value that can be used to determine
the significance level of shape variations between horses and donkeys (e.g. Table 4.3). For
statistical reasons, it is recommended to perform PCA even if the P-value indicates that the
differences are not significant (i.e. P < 0.05). PCA is a standard analytical approach for
most GMM analyses, because it can show the degree of separation visually through scatter
plots. In addition to PCA, the geomorph package makes it possible to use other advanced
analysis techniques to explore other associations between datasets. Nevertheless, PCA was
deemed sufficient for the aims of the study. PCA in geomorph is combined with a graphic

function that automatically plots the dataset onto a scatter plot by using the following script:

# perform PCA using GPA coordinates

> plotTangentSpace(gpa$coords, groups=sp)

The geomorph package is a powerful analytical tool for GMM analysis with numerous
functions allowing various specific questions to be investigated. However, in this thesis, it
is used only as one of several tools to examine the differences between domestic equid

species and, therefore, only PCA is used for species determination.

442 —Results

Based on the landmark distribution after GPA, it is clear that the coordinates of LM1 and
LM2 as well as LM4 and LM8 vary to a greater extent than LM6 and LM7. In addition, the
degree of variation in both LM3 and LMD5 is also noticeable (Figure 4.8). This observation
confirms the claim that the bucco-lingual distance (LM4-LM8 distance) and the shape of
the lingual valley (LM3-LM5 distance) both play important roles in distinguishing between
donkeys and horses, as established in the previous section. In addition, the graph suggests
that the roundness of the metastylid indicated by LM1, LM2, and LM3 can also be used to
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separate these two species. The outcomes from ANOVA suggest that there is a significant

difference between the dental morphology of donkey and horse molars (P = 0.05, Table

4.3).

df | SS MS Rsq F Z P.value
gpaST$Csize | 1 | 0.05162 | 0.051619 | 0.065057 | 2.3658 | 1.9035 | 0.05
Residuals 341 0.74183 | 0.021818
Total 35| 0.79344

Table 4.3 — Outcomes of ANOVA for landmark-based GMM analysis.
Df — degree of freedom, SS — sums of squares, MS — mean squares, Rsq — R square
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Figure 4.8 — Distribution of all landmarks from every sample after GPA.

Black dots indicate the average coordinates of the landmarks and the grey dots are the locations of
the original landmarks after GPA.

As for PCA, the proportion of variance for each PC is listed in Table 4.4. Over half of the

variance can be explained either by PC1 and PC2 (64.067%), PC1 and PC3 (57.254%), or

PC1 and PC4 (52.39%). Therefore any three of these combinations can be used to observe

the degree of separation between two species. The two species seem to cluster separately

on the PCA scatter plot (Figure. 4.9). PC1 (x-axis) indicates the bucco-lingual distance as

well as the shape of the lingual valley while PC2 (y-axis) describes the different shape of
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the metastylid (difference between LM1 and LM2). Based on Figure 4.9, it suggested that
PC1 can better separate the two species than can PC2 since both species have data located

evenly throughout the y-axis.

_ PCl__ PC2 | PC3 | PC4 | PC5 PC6
Standard 0.1001 | 0.06545 | 0.05446 | 0.04317 | 0.03392 | 0.02828
deviation
Proportion of | 5 4417 | 0.18898 | 0.13084 | 00822 | 0.05076 | 0.03527
Variance
Cumulative 1 4 1417 | 063067 | 0.76151 | 0.84371 | 089446 | 092974
Proportion

Table 4.4 — Proportion of each PA in PCA.
PC1 and PC2 can explain 63.07% of the variance.
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Figure 4.9 — Species separation using PC1 and PC2.

Black dots represent donkeys and red dots represent horses. The four grids at the two ends of both
PC1 and PC2 represent the deformed shape of specimens (thin-plate splines) at the ends of the
range of variability.
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44.3 — Landmark-based GMM Summary

The PCA scatter plot (Figure 4.9) shows that both horse and donkey can be distinguished
by this approach. However, one disadvantage of this approach is that it considers all three
morphometric traits simultaneously, and attempts to maximize the differences by
describing these traits at the same time. That is, each end of the axis is represented by the
extreme or most typical case of donkey or horse, but it is not clear where mules — a species
that is suggested to be characterised by an admixture of morphological traits of horses and
donkeys — would be located in this scatter plot. The lack of available mule samples places
a limit to the practical use of this method for distinguishing archaeological specimens of
unknown taxonomic membership. In addition, although the roundness of the metastylid is
indicated through three landmarks in this method, the outcomes seem to fail when they
relate to this morphological trait along with the symmetry between the metaconid and the
metastylid. Fortunately, the second disadvantage can be compensated for by using a

different approach of GMM, which will be described in the next section.

4.5 — Approach I11: Outline-based GMM

As explained above, a landmark-based approach relies on landmark points that have a one-
to-one correspondence on all specimens to define the coordinates of the shape in any
comparison. However, for shapes that lack corresponding features, it is difficult to
designate landmark points that can be used in every sample. This is the case when
attempting to determine most of the morphological features in equids’ lower molars. With
the exception of the bucco-lingual distance, the remaining morphological traits are based
on “shapes”, namely, the shape of the lingual valley, the shape of the metastylid, and the
symmetry of the metaconid and the metastylid, all of which are relatively smooth and lack
any physical features that can offer a correspondence in every specimen. As a result,
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artificial landmarks will need to be assigned, as demonstrated in the previous methods.
Therefore, it would be a significant advantage to have a method that allows an analysis to
be made based on outlines or curves and that does not to have the requirement of every
point having a one-to-one correspondence in all specimens. While outline-based GMM is
built on the foundation of the landmark-based approach, it allows the use of “semi-
landmarks” instead of fixed landmark points. A semi-landmark is a point that can “slide”
between two landmarks and, therefore, does not need to correspond to any particular
features in an object (Bookstein, 1997). The use of a series of semi-landmarks, then, can
better describe an outline or a curve than setting artificial landmarks in shapes that lack
corresponding features. Therefore, outline-based GMM may provide a more precise
method for distinguishing the lower molars of different domestic equids than may the

landmark-based approaches.

45.1 — Method: Outline-Based analysis using geomorph package in R

One advantage of using the geomorph package in R is that it can perform both landmark-
based and outline-based GMM analyses. The procedure of an outline-based analysis is
quite similar to that of a landmark-based analysis except that a set of curve (or outline)
coordinates is added to each sample. It is necessary to clarify that the term “curve” refers
to a line defining the edge of a shape between two specific points, while the term “outline”
normally refers to a line defining the edge of a closed shape. In other words, the starting
point for an “outline” is also the end point, but these two points are independent in a curve.
As a result, although this approach is called “outline-based”, it is the “curve” that is being

analysed in the current method.
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This method relies on the use of curves to analyse the morphological differences between
donkeys and horses. Nevertheless, since the bucco-lingual distance cannot be described by
a curve, the two landmarks used to define this distance (LM1 and LM2, Figure 4.10) were
kept in the analysis, but no additional “artificial” landmarks were set. (Figure 4.10). A
curve along the inner edge of both the metastylid and the metaconid was thought suitable
to describe the remaining morphological traits (i.e. roundness, symmetry, and lingual
valley shape). The most mesial point of the endoflexid was used to define the starting point
of the curve whilst the most posterior point of the metaflexid was regarded as the end point
of the curve. The coordinates of both the landmarks and the curve were obtained through
tpsDig2 (Rohlf, 2004). The curve coordinates can be obtained by using the “Draw
background curves” function in tpsDig2 and can be saved into the same .tps file. The
number of points along the curves can be set according to the requirements of the user.
These points were then used as “semi-landmarks” in this analysis; this means that, as
mentioned above, they can slide along the curve and do not have one-to-one
correspondence to physical features. Considering the smooth profile of the region of

interest, 100 equidistant points were set along the curve.
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Posterior

Figure 4.10 — Landmarks and curve used in outline-based GMM

After the coordinates of all four landmark points and curves were obtained, they were

imported into geomorph for further analysis.

# set the working directory to the location where all data files are saved
# load geomorph package

> library(geomorph)

# import the coordinates saved in .tps file

> cur <- readland.tps(*"curve. TPS", specID="ID", readcurves=TRUE)
[1] "Landmarks 1:2 are fixed landmarks."
[1] "Landmarks 3:102 are semilandmarks."

[1] "Specimen names extracted from line ID="

The same procedure as in the previous method was used to assigning specimens to species

using the same .csv file.
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# import .csv file and assign the species to dataset
> classifier <- read.csv("classifier.csv", header=TRUE, row.names=1)

> sp <- factor(classifier$species)

Although the software recognizes the presence of the 100 “semi-landmarks”, it is still
necessary to define the starting point and end points of the line along which these semi-
landmarks can slide. This can be implemented by using the “define.sliders()”” function in
geomorph. Alternatively, a .csv file that explains the relationship between each semi-
landmark can be imported for the same purpose. For dealing with a bulk number of semi-

landmarks, it is recommended to use .csv file, which should be saved in the following

format:
before slide after
3 3 102
3 4 102
3 5 102
3 6 102

The first and third columns represent the first and last points respectively between which a
semi-landmark can slide, whereas the second column indicates which point can slide
between the first and the last points. Using the second row as an example, point 4 can slide
between point 3 (the first point of the curve) and point 102 (the last point of the curve).
More than one set of sliders can be assigned depending on the aim of the analysis. For the

present analysis, all points on the curve were treated as semi-landmarks so that the analysis
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can better describe the morphological traits. The .csv file was imported using the following

script:

# import .csv file to explain the relationship of semi-landmarks

> semilmk <- as.matrix(read.csv("sliders.csv", header=T))

After defining how all the semi-landmarks can be slide along the curve, the data can then

be Procrustes fitted and the significance level tested using ANOVA.

# perform general Procrustes alignment including curve coordinates
> gpaC <- gpagen(cur, curves=semilmk)

# perform ANOVA using GPA coordinates of landmarks and curves
> procD.Im(two.d.array(gpaC$coords)~gpaC$Csize,iter=99)

Again, the result of ANOVA is used only to determine the significance level of the
differences between the two groups. It does not affect PCA directly, but will be important
for the interpretation of PCA results. The final step for the outline-based approach is the

same as in the landmark-based one: to produce a PCA scatter plot.

# perform PCA using GPA coordinates

> plotTangentSpace(gpaC$coords, groups=sp)

452 —Results

The distribution of semi-landmark points after GPA suggests that the general shape of the
metaconid is more stable than that of the metastylid, and that the penetration level of the
buccal valley (indicated by LM2) seems to vary to a larger degree than the location of LM1
(Figure. 4.11). The first observation supports the argument that horses and donkeys differ
in the shape of their metastylid. The second observation lends further support to the finding
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of the analyses performed with other techniques — as well as claims by a number of authors
(Armitage and Chapman, 1979; Davis, 1980; Eisenmann, 1986; Uerpmann and Uerpmann,
1994) — that horses and donkeys differ in the extent of the penetration of the buccal valley.
Results from ANOVA analyses show that these differences are significant (p=0.04, Table
4.5). The mean shape of horses and donkeys also suggests that the two species are

noticeably different (Figure. 4.12).
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Figure 4.11 — Distribution of all points from every specimen after GPA. The black dots represent
the average coordinates of all specimens and the grey points represent both landmarks and
curves/semi-landmarks of all specimens.

df | SS MS R® F Z P.value
gpaST$Csize 1 [0.04531 |0.045313 |0.06696 |2.44 |1.944 |0.04
Residuals 34 | 0.63141 0.018571
Total 35 | 0.67672

Table 4.5 — Outcomes of ANOVA for outline-based GMM analysis
Df — degree of freedom, SS — sum of squares, MS — mean squares, F — F ratio
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Figure 4.12 — Mean shape of the curves from two species.

The pair solid squares/triangles represent the two landmarks defined: LM1 and LM2 (see Figure
4.10).

Only 39% of the variance can be explained by PC1, but more than 60% of the variation can
be explained by the first two PCs, (PC1 and PC2) (Table 4.6). PC1 and PC2 were used to
examine the possible ‘clustering’ of horses and donkeys in Figure 4.13. Although donkeys
seem to form a relatively tight group, two horse specimens fall in the midst of this cluster.
Horses appear to have a larger variation in terms of PC1 (x-axis). Based on Figure 4.13, it
is suggested that the main differentiation of these two species is largely on the bucco-

lingual distance, which is associated with PC2.

- PCL | PC2  PC3  PC4 | PC5  PC6
Standard Deviation | 0.08687 | 0.06498| 0.04344 | 0.0406 | 0.0321 | 0.0272
Proportion of Variance | 0.39034| 0.21839| 0.09758| 0.08525| 0.05329 | 0.03828
Cumulative Proportion | 0.39034 | 0.60873| 0.70631| 0.79156| 0.84485| 0.88313
- PCT | PC8 PC9  PCl0 = PC1l  PCL2
Standard Deviation | 0.02339| 0.02158| 0.01625| 0.01443| 0.01334| 0.01045
Proportion of Variance | 0.0283 | 0.02409 | 0.01366| 0.01077| 0.0092 | 5.65E-03
Cumulative Proportion | 0.91143 | 0.93552 | 0.94918 | 0.95995| 0.96915| 0.9748

Table 4.6 — Proportion of each PA in PCA.
A total of 36 PCs calculated, showing only the first 12 here.
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Figure 4.13 — PCA scatter plot for outline-based GMM. The four grids at the two ends of both PC1
and PC2 represent the deformed shape of specimens (thin-plate splines) at the ends of the range
of variability

45.3 — Outline-based GMM Summary

The outcome of this method is somewhat surprising since it was argued that the use of
curves would help to increase the resolution regarding some morphological traits. Instead,
although ANOVA suggests significant differences between horses and donkeys exist, these
cannot be clearly observed in the PCA plot (Figure 4.13). A possible cause of the overlap
between the clusters may be due to the wide variation in the morphology of horses, which
is accentuated by the high resolution of the curve lines. Nevertheless, one positive aspect
of the outline-based approach is that morphological traits are better separated from each
other than when using the landmark-based approach. Two PCs can explain most of the
variation; PC1 has a stronger affiliation with the shape of the metastylid and the metaconid
as well as the lingual valley, whereas PC2 is more related to the bucco-lingual distance. As
aresult, it is possible to predict that the mules will more probably be located on the upper-

right side of the plot. While this method does not provide an absolute accuracy for the
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species determination of horses and donkeys, it does highlight the wide variation in horses

as one of the main issue that we need to be considered.

4.6 — Approach 1V: Shape Analysis

An alternative approach to the outline-based GMM discussed above is shape analysis.
While the aim of the outline-based GMM is to analyse curves or outlines, an equal number
of points are required to be defined for the curve in all specimens. As a result, the emphasis
is still on points, and not on the curve. Shape analysis, on the other hand, takes the data
directly from the shape, and the number of coordinates required to describe each shape
depends on the complexity of the shape instead of an equal number of points for all the
specimens. Thus, the analysis focuses on comparing shapes instead of aligning points; this
may provide an opportunity to investigate some morphological traits that had to be
excluded from both angle-analysis and landmark-based GMM. This section will discuss
the use of shape analysis as an alternative method for species determination based on the

morphology of lower molars in domestic equids.

4.6.1 — Method: Shape analysis using Momocs in R

To begin with, it is necessary to decide what “shape” should be used for the analysis. The
enamel in equid molars conveniently forms a closed outline that is ideal for shape analysis,
although the enamel in contact with other teeth tends to wear out with age. However, in the
present study, only the shape of the lingual valley, the penetration level of the buccal
valley, and the symmetry of the metaconid and the metastylid are considered relevant to
species identification. In order to ensure that the shape analysis focuses mostly on the
morphological differences that have been suggested to be indicative of taxonomic
membership, it is advised not to include features that have not been put forward in previous

studies as being characteristic of particular species (e.g. the shape of the endoflexid and the
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metaflexid). The outlined area for this analysis is defined by Figure 4.14. It is to be
expected that a typical shape representing horses will be “butterfly-like”, while a typical

shape for donkeys will resemble to some extent a ‘heart shape’.

»

. Typical Donkey

Figure 4.14 — Shape extracted for shape analysis. The selected area including both the metastylid
and the metaconid (indicated by the solid black line [upper right]) is extracted as a shape (upper left)
for the present study.

The Momocs package (version 0.2) in R (Bonhomme, 2012) was selected to perform the
analysis of the lingual valley shape of specimens of known taxonomic affiliation (e.g.
horses and donkeys). Momaocs is not the only shape analysis software package available;
there are other packages, such as “Efourier” (McLellan and Endler, 1998) and “Shape”
(Iwata and Ukai, 2006), both of which are free software packages that are designed to
perform shape analysis. However, the ability to produce graphic outputs directly from
Momocs makes it an ideal analytical tool for comparing shape being both powerful yet
easy to access. This package allows data to be input either directly as an image or using
data coordinates obtained from other software packages, and to analyse it using methods
such as general Procrustes analysis and PCA. A comprehensive graphical introduction to

Momocs is available (Bonhomme et al., 2014); as a result, this section will describe mainly
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the steps taken in the current analysis. It should be borne in mind that the Momocs package
is still being frequently updated; the version used for the present thesis is version 0.2 under
R 3.2.1. Some changes have been made in more recent updates and thus the functions used

here may differ from those in later versions (Bonhomme, per. comm.)

The coordinates for a shape are generated directly from images that have been converted
into an 8-bit grey scale .jpeg format using free graphic software (i.e. GIMP 2). After
setting the work directory to associate with the file folder, the following scripts were used

to generate the coordinates.

# load Momaocs package (package loading can also be done using the file menu
# on top)

> library(Momocs)

# import .jpg files (in 8-bit, grey scale), note names in red, such “sa” and “coo” #

can be replaced with any other names desired, but need to be consistently

# used to refer to the same subject.

> sa <- list.files()

> 00 <- import.jpg(sa)

Extracting 36 .jpg outlines...

It is crucial that image files are named in an orderly fashion, so that the species the files

represent can be recognised by the software and can be identified with a corresponding ID.

152



Chapter 4 - Geometric Morphometric Methods
For the present method, all .jpg files were saved in the format “species” ”ID”, e.g.

“H_01.jpg” refers to the first horse in the horse dataset.

# Define the first character of file names as group name
> Species <- substr(names(coo), 1, 1)

> Species <- data.frame(Species)

In order for Momaocs to proceed to a further analysis, it needs to create a new class, ‘Coo
object’, to handle the coordinates of the extracted outlines. A Coo object can be created by

using the following:

# create a Coo object.
> EQ <- Coo(co0)
# requesting a summary of Coo object, EQ.

> EQ

After the Coo object has been created, it is necessary to add taxonomic information to the

Coo object, so different species can be treated as different groups.

# add group attribute to dataset

> EQ@fac <- Species

Since the coordinates are generated directly from images, they are not properly aligned to
any guidelines. As a result, landmarks are needed as reference points to allow all shapes to
be properly aligned, so that Procrustes fitting can be performed. Unfortunately, Momocs

does not support the .tps file at this point and, therefore, landmarks cannot be obtained
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using tpsDig2. However, Momacs allows landmarks to be added within R by clicking on
the outline recreated using the generated coordinates. A clear disadvantage of this is that
these landmarks need to have clear physical features that can be identified from recreated
shapes. Four landmarks were added to each outline: two coordinates defining the most
lingual points of the metastylid (LM1) and the metaconid (LM3); one defining the lowest
point of the lingual valley (LM2); and one defining the apex of the buccal valley(LM4)
(Figure 4.15). The decision regarding the number of landmarks or which landmarks are
used does not affect the analysis significantly since the analysis is based on the
reconstructed shape. However, the inclusion of landmarks allows these reconstructed

shapes to be better oriented, as Procrustes fitting are performed based on these landmarks.

# define landmarks to perform Procrustes alignment. Six landmarks are used.

> EQIdk <- defLandmarks(EQ, 4)

Metastylid

v

Metaconid

Lingual

=

__|Posterior Mesial

Buccal

Figure 4.15 — Landmarks used in Momocs.
The number indicates the order in which these four points are taken; the order needs to remain
consistent for all outlines.

# perform Procrustes alignment based on the landmarks

> EQgpa <- procGPAlign(EQIdk)
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A further advantage of setting up landmarks is that a pair of them can then be used as a
new baseline to align all shapes (using baseline() function). This function was not used in
the current analysis because LM1 and LM3 are already aligned during the preparation

process.

The following step is to decide on the appropriate number of harmonics being used for
shape analysis. The term “harmonic” refers to a function in the Fourier series with
frequencies multiplied by an integer (see Bonhomme et al, 2014). To put it in a different
way, a harmonic is associated with the degree of reconstruction of the shape based on the
coordinate data. With one harmonic, the shape will be reconstructed into an oval, but the
more harmonics used, more details will be depicted in the reconstructed shape. However,
this does not mean that an increase in the number of harmonics will necessarily result in a
more accurate reconstruction of the shape. The number of harmonics adequate for an
analysis is determined by the Fourier method chosen and how the reconstructed shape
represents the original shape. Therefore, it is necessary to determine an appropriate number
of harmonics that can sufficiently describe the outline and maintain the shape’s smooth
contours. A number of different statistical approaches can be used to determine the number
of harmonics that should be used. Nevertheless, the current analysis applies only the
elliptic Fourier (eFourier) analysis, due to its clear superiority over other approaches in
outline analysis (Bonhomme et al, 2014). An eFourier analysis establishs the outline as the
sum of the absolute least number of ellipses needed to reconstruct the shape (Schmittbuhl
et al., 2007). One advantage of this Fourier method is that while it seems to suffer only
when insufficient numbers of harmonics are chosen, it is not affected by the use of an
exceedingly large number of harmonics. As a result, it is only necessary to determine the
absolute minimum number of harmonics required. Momocs provides two different
approaches to assess the minimum number of harmonics required: qualitative estimation
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and quantitative estimation. In the qualitative estimation, different outlines are recreated
based on a given set of harmonics, and the decision can be made by visual inspection of
which outline is best represented by a particular number of harmonics (Figure 4.16).
Alternatively, graphs can be produced to determine the number of harmonics by comparing
the deviation in the number of pixels and the number of points sampled along the outline
(Figure 4.17). Nevertheless, the most efficient approach is to calculate the cumulative
harmonic power achieved by a given number of harmonics (Figure 4.18). This can be

calculated using the following function:

# calculating the cumulated harmonic power
> hpow(EQgpa, probs=c(0.25, 0.5, 0.75), drop=FALSE, legend=TRUE,

+ title="eFourier three quartiles™)

@
o

Figure 4.16 — Qualitative estimation of harmonic number.

The number indicates how many harmonics are used to reconstruct the shape. When using one
harmonic, the reconstructed shape is usually represented as an oval. Note that when a high
number of harmonics are used, the contour will include excessive details and create a crinkled
outline.
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Figure 4.17 — Quantitative estimation of harmonic number.
This approach is less intuitive and, therefore, not recommended.
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Figure 4.18 — Graph showing the cumulative percentage of harmonic power.
Harmonic power is nearly reaching 100% by using eight harmonics in the current dataset, and thus
a further increase in the number of harmonics will not improve results significantly.

For the current analysis, it was decided to use 15 harmonics for the reconstruction of the
shape in the present study. Although Figure 4.18 has shown that 8 harmonics is sufficient,
the decision of 15 harmonics is based on the reconstruction of shape in Figure 4.16. After

deciding on the number of harmonics, Momocs requires the user to create a “Coe object”

157



Chapter 4 - Geometric Morphometric Methods

for further multivariate analysis, such as MANOVA and PCA (Bonhomme et al., 2014).
Similar to the function of ANOVA mentioned in previous methods, MANOVA is used to
establish the significance level of the differences between groups. It should be remembered,
however, that even if the p-values suggest that there is no significant difference between
groups, it does not compromise the use of PCA for further observation of the clustering of
taxonomic groups in the scatter plot. The above steps can be performed in Momocs using

the following script:

# creating a “Coe object” based on decided number of harmonics
> EQf <- eFourier(EQgpa, nb.h=16)

# perform MANOVA

> manova.Coe(EQf, "Species")

# perform PCA

> pca(EQf)

Since PCA outcomes are used for creating a scatter plot, it is recommended to assign the
result of PCA with an object name to create the graphic output. An important feature of
Momocs is that it allows various types of graphs to be produced. The details of the graph-
producing scripts are given in Bonhomme et al. (2014) and, therefore, they will not be

detailed here. The script for a basic PCA scatter plot is given here as an example:

# assign PCA outcomes as an object in R

> EQpca <- pca(EQf)
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46.2 —Results

When comparing the mean shapes generated from the images of horses and donkeys
specimens, it is evident that they possess different morphological characteristics (Figure
4.19), and that they resemble the shapes hypothesised for each of these taxa. Nearly all the
morphological differences between the lower molars of horses and donkeys, which have
been suggested in previous studies (e.g. Armitage and Chapman, 1979; Davis, 1980;
Eisenmann, 1986; Uerpmann and Uerpmann, 1994) are captured in the reproduced shapes
(Figure 4.19): the penetration level of the buccal valley, the shape of the lingual valley, and
the roundness of the metastylid. The only exception is that the size symmetry between the
metaconid and the metastylid is less conspicuous than other morphological traits. In
donkeys, while both the metastylid and the metaconid are round in shape, the metaconid is
arguably larger in size. In comparison to donkey, the metaconid and the metastylid in
horses are rather more similar in size, although the latter is more elongated. The
MANOVA test indicates that these differences between horses and donkeys are significant

(P = 0.03342, Table 4.7)

Df | Hotelling-Lawley Trace | Approx.. F value | Df den | Df | Pr(>F)

Fac 1 | 12241 11.476 32 3 |0.03342

Residuals | 34

Table 4.7 — MANOVA outcomes for shape analysis using Momocs.
Df den - the number of degrees of freedom associated with the model errors. Pr(>F) - the p-value
associated with the F statistic of a given source.
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Figure 4.19 — Comparison of the mean shapes generated by image of different species.
The thin-plate spline graph (bottom) clearly demonstrates that changes in the metastylid (left) are
significantly greater than in the metaconid (right).

However, if the approach is to be of use in the species determination of archaeological
specimens (i.e. specimens with unknown taxonomic affiliation), the differences need to be
observable in a scatter plot. To observe the scattering pattern of the data, a PCA scatter plot

can be created using the following script:

# producing a basic PCA plot

> dudi.plot(EQpca, star=FALSE, ellipses=FALSE, eigen=TRUE, "Species")
The dudi.plot function has several options that allow the user to decide how to present the
results. Although in PCA, the variances are usually explained by the first few PCs,
different combinations of PCs in the scatter plot can sometimes better demonstrate the
correct grouping. For example, PC1 may explain more than half of the variances, but the
groups may be better separated in the scatter plot by using PC3 and PC4. This is because

each PC will build the reconstructed shapes based on different variables, and when too
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many variables are changed at the same time, it may ultimately build a reconstructed shape
that is less relevant to the dataset. Momocs allows the examination of shapes reconstructed
using each PC, which are then compared to the mean shape. This allows the user to decide
the PCs combination better suited for grouping the dataset. To compare the contribution of

each PC, the following script is used:

# examining the PC contribution

> PC.contrib(EQpca)

This function produces a graph as shown in Figure 4.20. It is apparent that reconstructed
shapes using only PC1 have the tendency to be “over exaggerated”, resulting in shapes that
cannot physically occur in nature (i.e. overlapping of lines and upside-down images).
Therefore, using PC1 in the PCA scatter plot for grouping may not be an ideal choice
although it explains the majority of the variances in the coordinates. Instead, using the
combination of PC2 and PC4 or PC2 and PC5 can better evaluate the morphological traits
of interest in this study (PC2 for the bucco-lingual distance, PC4 for the roundness of the
metastylid and the lingual valley shape, and PC5 for the lingual valley shape and symmetry

of the metaconid and the metastylid).
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Figure 4.20 — Contribution of PC in shape reconstruction. Note the “exaggeration” in the lingual
valley of the PC1 reconstructed shape.

Given that the combination of PC2 and PC5 makes it possible to examine all the
morphological traits of interest, they were used to plot the data points in the current
analysis. Once the decision has been taken regarding which pair of PCs are to be used in
the scatter plot, the following script is used to produce the PCA scatter plot presenting the

grouping of specimens of known taxonomic affiliation:

# producing a basic PCA plot using PC2 as x-axis and PC5 as y-axis

> dudi.plot(EQpca, xax=2, yax=5, star=FALSE, ellipses=TRUE, "Species")
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The scatter plot (Figure 4.21) shows that donkey and horse ellipses are clearly separated
from each other, but a number of specimens from both species are obviously outliers. It is
evident that PC2 is the dominant factor in the grouping, as horses fall mainly on the right
hand side, whilst there is more of an overlap in the y-axis (PC5). One advantage of
Momocs is that it has a superb capability for producing graphs that can produce various
reconstructed shapes in the PCA plot. It is not difficult to predict where the mules are more

likely to fall, despite that there is no mule specimens included in the analysis.

Based on the reconstructed shapes, mules are more likely to be located in the bottom right
corner where two molars (M) from the same Shetland pony are located. These two lower
second molars do resemble the described characteristics for mules when examined visually
except that the metastylid in both teeth is somewhat more elongated. However, it is no
surprise that there should definitely be an overlap between horse and mules, given that
horses have extremely wide variation — as suggested by all the methods reviewed here.
Without actual mule specimens, however, it is impossible to predict the extent of this

overlap.
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4.6.3 — Shape Analysis Summary

Shape analysis and outline-based analysis are similar in many ways; the main difference is
the use of harmonics in the former to reconstruct the data coordinates. Furthermore the use
of eFourier analysis is markedly different from other GMM. The most outstanding
advantage of using the Momocs package, as opposed to outline-based GMM in the
geomorph package, is the ability to display the reconstructed shapes in a PCA plot. This
allows the researcher to easily relate the location of the data points to the reconstructed
shapes without having to evaluate the degree of changes along the two axes and assuming
the shape of the data located further away from the axes. In other words, it is not necessary
to consider the hypothesised region for each species. The clustering of data points can be
explained by the shapes demonstrated on the PCA plot and interpreted independently from

the standard data set.

4.7 — Chapter Summary

In this chapter, four different GMM-based methods have been proposed to quantitatively
analyse the morphological differences of the lower molars between two domestic equid
species — namely, horses and donkeys. All four methods were reasonably successful in
separating horses from donkeys. Unfortunately, molars from mules were not available for
the present study; it remains to be demonstrated that the latter can be discriminated using
morphological traits in lower check teeth. However, all four methods agree on a number of

aspects:

I. Horses have a very wide variation in their dental morphology.
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ii. Previously postulated morphological differences in the cheek teeth (Armitage
and Chapman, 1979; Davis, 1980; Eisenmann, 1986; Uerpmann and Uerpmann,
1994) of horses and donkeys are mostly valid.

hi. All methods indicate that the bucco-lingual distance is a more reliable trait than
others in the separation of horses and donkeys (and thus possibly of mule). The
lingual valley shape is largely determined by the shape of the metaconid and the
metastylid, but both are vulnerable to non-metric variations (e.g. zigzag slope in
some individuals, e.g. Figure 4.2). On the other hand, the bucco-lingual
distance is extremely sensitive to the tooth wear stage, and there is a marked
difference between premolars and molars in horses. Therefore, it is advisable to
keep these limitations in mind when carrying out a taxonomic determination of

the species based on lower dental morphology.

The application of these four geometric morphometric methods not only further confirms
previous claims of differences in lower dental morphology between horses and donkeys,
but also indicates that further uses of GMM in other skeletal elements can be developed to
compensate for the limitation of conventional biometric approaches, which rely mainly on
a few measurements and, therefore, cannot provide a comprehensive description of the
element’s shape. Nevertheless, this is not to say that GMM will not suffer from some of the
same problem as conventional biometric analysis. In fact, the same issues with inter-
specific variation and representativeness of the modern samples remain. In addition, issues
with image acquisition may also impair the accuracy of GMM. As mentioned in section 4.2,
not all images are taken under the same setting to optimize the sample size under limited
resources. As a result, bias caused by inter-observer errors and lens distortion may exist in
this pilot analysis. In addition, although it was argued that the view angle should not
impact species determination in current application (section 4.2), the occlusal surface of

the lower molar is not completely level; it may be tilted due to the misalignment of the
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teeth, and so it may cause a problem when deciding how the occlusal image should be
viewed. These problems have never been considered before, since the determination has
been based on purely qualitative observations of the morphological traits. However, they
can be a crucial factor when attempting to analyse the traits quantitatively. As observed in
this chapter, several samples are determined as “outliers’ although they can be clearly
determined as horse or donkey through visual determination, but this is still a small price to

pay for developing a quantified analytical method that can provide more objective results.

The initial results suggest that the accuracy of all four methods is similar for the distinction
of horses and donkeys. Some individuals seem to have a higher tendency to be
misidentified as a different species, and this is likely to be associated with the degree of the
tooth wear, as well as with other non-metric variation in the dental enamel fold patterns
that are not species-specific. However, the nature of these different methods makes some
of them more useful than others for the taxonomic determination of specimens of unknown
affiliation (e.g. archaeological specimens). The direct use of the angle and the bucco-
lingual distance measurements makes the Angle Analysis approach seemingly easier to
employ than the others, but the apparent disadvantage is that only two traits are considered.
The landmark-based method is probably the least ideal method for the present aim because
landmarks are difficult to assign on the featureless lower dental pattern. Both outline-based
and shape analysis can be viewed as using different approaches to interpret the same
concept. However, the software package for shape analysis makes it better fitted for the
present aim of determining the species of “unknown” specimens. All four methods have
their own advantages and weaknesses; thus, they are all be used to determine the possible

species of archaeological equid molars in the following chapter.

167
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5.1 — Introduction

This chapter will deploy methods described in previous chapters, to determine the
taxonomic affiliation of archaeological equid specimens in order to establish the ratios of
different domestic equids in a number of different types of Romano-British sites. The
taxonomic determinations will allow the species frequency for different domestic equids in
various site types to be established as well as provide the basis for the isotopic analysis

presented in Chapter 7. As a result, this chapter contains two sets of analytical outcomes:

1. Results of biometric analyses of post-cranial elements, which are used only for
establishing the ratio of different domestic equids species that can be further analysed
to understand the acquisition of domestic equids in different site types.

2. Results from geometric morphometric analyses of dental morphology of lower molars
for species determinations, mainly used for interpreting the results of isotopic analysis

(Chapter 7).

The postcranial elements will be interpreted based on the two biometric techniques
evaluated in Chapter 3 (DFA and the Davis method) and the lower molars will be

classified using the various GMM approaches discussed in Chapter 4.

It is acknowledged that species determinations based on biometric techniques are not as
accurate as one would hope; this is due to a number of factors discussed in the previous
chapters, e.g. issues with the representativeness of the modern domestic equid specimens.
Nevertheless, an attempt to determine the species of archaeological specimens is still
crucial because it not only produces a rough species frequency estimation of different
domestic equids, but also provides additional information to compare with the

identification based on morphological criteria. This chapter will first present the species of
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archaeological specimens predicted by DFA, followed by the examination of
archaeological equids’ first phalanges using the Davis method. After that, the lower molars
will be analysed through the use of GMM. The aim of this chapter is not only to calculate
the ratio of different domestic equids from selected sites and provide species determination
for further interpretation, but also to provide a more comprehensive view of the

consistency of different methods.

5.2 — Archaeological Material

In the selection of archaeological equid specimens, Romano-British sites with relatively
abundant equid remains were targeted. This would increase the likelihood of dental
remains being available for taxonomic determinations through GMM, isotopic, and aDNA
analyses. Furthermore, with a greater abundance of domestic equid remains, the possibility
of having more relatively complete post-cranial elements for morphological assessment
would also be higher. Ideally, sites with a military nature should be preferred over civilian
sites. This is because, according to historical sources, the Roman army used large
quantities of both mules and horses and, therefore, the chance of both species being
represented should be higher than at civilian sites, where mules may have been too costly
for most ‘ordinary’ people (Laurence, 1999). However, it was soon realised that too strong
a focus on military sites would be impractical, since there is a general lack of domestic

equid remains from military sites in Roman Britain.

In contrast to their use of cattle, the only other domestic mammal of a similar size, the
Romans rarely consumed the flesh of domestic equids. This claim is supported by the

general lack of butchery marks on most surviving horse bones and their overall
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completeness in contrast to those of cattle bones, which are highly fragmented (Maltby,
2010). If the Romans did not usually consume the meat of domestic equids, then to dispose
of its carcass would have been extremely troublesome; indeed, even a pony-size equid (12
hands, 122 cm) can easily weigh up to 250 kg. Nowadays, when a veterinarian states that a
horse’s death is inevitable and should occur in the near foreseeable future, it is quite
common for the owner to walk the horse to the designated place (such as a pit or on a truck
depending on the regulations for dead livestock in different countries) and let it die there.
However, weight is not the only obstacle that needs to be overcome when disposing of a
horse carcass. If a quick burial is necessary for sanitation reasons, then, preparing the
burial pit and burying the carcass is also very labour-intensive. If the carcass is buried after
the onset of Rigor mortis, it will be impossible to be bent and fit into a smaller burial pit,
unless the carcass is disassembled. Although rigor mortis will gradually dissipate after a
day, it is still strenuous to manipulate the carcass to fit into the pit. One interesting horse
burial from the early twentieth century was found in Whitby; the carcass was carefully
dismantled and packed in a small grave (circa 180 x 96 cm) (Daulby and Baker 2003). This
shows discreet planning to save labour by not digging an unnecessarily large pit. As a
result, it is quite common to find horse skeletons in abandoned well backfills or in remote
locations of ditches. For owners in urban areas or rural settlements, such a location may
not be difficult to find. It is very likely that Roman veterinarians were capable of offering
suggestions to the owners of dying horses to prepare for their death by sending such horses
to secluded outskirts. Unfortunately, abandoned wells are not commonly found in Roman
forts, and the defensive fort ditches were functional and so were less likely to be used for
disposing of dead animals. Dixon and Southern (1997) suggested that there might have
been a standard procedure in the Roman military to dispose of horses. Whilst unsuitable
horses may have been sold to civilians, the dead horses could be further utilised for the

production of leather and bone objects. Horse remains are also argued to have had a major
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role in funerary rituals in the Germania Inferior province of the Roman Empire (Groot,
2008), but it is not clear whether these horses were specifically killed for the ritual. An
alternative way to dispose quickly of a dead animal would be to cremate it, but very few
cases of domestic equid cremation have been recorded (Cool and Bond, 2004). In any case,

equine remains in Romano-British sites are scattered and limited.

Adding to the difficulty of their scant presence, the frequency of equine remains in
Romano-British military sites is below the average for Romano-British sites overall.
Maltby (2010, p269) pointed out that horse remains are more commonly found in suburban
sites than in any other types (e.g. fort, villa, urban settlement). This has further restricted
the possibility of selecting materials exclusively from Romano-British military sites. This
is a good point to consider when reflecting on the reasons behind the general lack of equine
remains from military sites, even though the Roman army is known to have relied heavily
on domestic equids. Perhaps it can be best thought as an example of the “osteological
paradox” questioning the assumed direct relationship between skeletal materials and
paleodemography (Wood et al., 1992). Put simply, the general lack of equine remains in
military sites can be explained by the same reason that skeletons of soldiers are rarely
found in military forts: they are useful to the army only when alive. The Roman army, with
little doubt, was definitely the largest user of domestic equids in terms of the number of
animals per person. Considering the horse-to-human ratio of a cavalry unit and a normal
household, it can be assumed that at any given time, there would be more horses — and
very probably mules — in a fort with a cavalry unit than in any rural, villa, or small urban
settlement (although large urban areas, such as Rome or London would have had more
domestic equids, which were involved in activities like transport, trading, chariot racing,
etc.). However, the Roman army would only have been interested in domestic equids that
are capable of carrying out their duties and, therefore, any livestock unable to work would

172



Chapter 5 - Identification of Zooarchaeological Equids
be retired from military service and removed from forts. Unless they died in military action
as warfare casualties, by accident, or as victims of a sudden outbreak of disease, equids in
the Roman army were more likely to have been retired from military service and to have
spent the rest of their life elsewhere. They could have been sold to villas where they were
still capable of carrying out less demanding work or sold back to stud farms, where they
may have served as stallions. In the case of an outbreak of disease, there would have been
a large quantity of dead livestock to deal with. It is less likely that the Romans would have
allowed a pile of dead horses exposed near the fort, and perhaps burning them would have
been a logical solution. As a result, only the occasional unexpected death of healthy
individuals may have allowed equine remains to be preserved as a whole. Since most
retired or unsuitable domestic equids were more likely to have ended up in villa or rural
settlements, it is reasonable to suppose that the horse death rate was much higher in these

settings than in a military fort.

Another question that pertains to military equine remains: can we really distinguish
warhorses from civilian equivalents in archaeological context? If the remains of military
equids could end up in civilian sites admixture with “civilian equids”, how can we tell one
from the other based on their skeletal remains? And can we still refer to a horse as a
warhorse once it had been retired to civilian life? As a result, it was not practical for the
present research to restrict itself to the limited material available from military sites.
Additionally, the inclusion of non-military sites in the study allows the ratio of local and

non-local domestic equids to be compared on different types of site (Chapter 7).

Domestic equid remains from five Romano-British sites were studied (Map 5.1). The sites

were selected on the basis of their availability (access to the material), and — crucially — on
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the basis that all five sites contained remains that were identified previously as either
possible donkeys or suspected mules. These remains are ideal for this study in the
application of the species-determination methods discussed and to conduct isotopic

analyses in order to investigate equid procurement strategies.

All measurements (as described in section 3.2.3) of post-cranial elements were taken by
the current author with a Mitsutoyo CD-12"C digital calliper and all images were taken
using a Nikon D80 camera with a Sigma 17-70mm lens and were measured using the
procedure described in Chapter 4. The following sections will provide basic background
information regarding these five sites. It should be noted that additional measurements
from other Romano-British sites were obtained either from their original faunal reports or
from Johnstone’s thesis (2004) (Table 5.1). The inclusion of these specimens allowed a
broader overview of the domestic equids in Roman Britain. Details of these additional sites

will not be described in this chapter, as they can be found in the original faunal reports.
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1 | Alcester* Chuang, unpublished data
2 |Beddington Sewage Farm ABMAP database

3 |Castleford Johnstone, 2004

4 | Chaucer House, Southwark ABMAP database

5 | Chichester Cattlemarket Levitan, 1989

6 |Coldharbour Farm Johnstone, 2004

7 | Danebury Grant, 1984

8 |East London RB Cemetery Johnstone, 2004

9 |Elms Farm Johnstone and Albarella, 2002
10 |Haddon Johnstone, 2004

11 |Haydon Fort Johnstone, 2004

12 |Healam Bridge* D. Jaques, in prep.

13 | llchester, Church St. Levitan, 1994

14 |La Sagesse Bourdillon, 1990

15 | Longthorpe Il King, 1987

16 |Lutton/Huntingdon Johnstone, 2004

17 | Market Deeping Albarella, 1997b

18 | Newstead Fort Johnstone, 2004

19 |Norman Cross Albarella, 1997a

20 |Orton Hall Fort King, 1996

21 |Ribchester* Stallibrass and Nicholson, 2000
22 |Scole-Dickleburgh Baker, 1998

23 | Southwark Bendrey, 1999

24 | Thorley Johnstone and Jaques, 1999
25 | Thornhill Farm, Fairford Levine, 2004

26 | Thorpe Thewles Rackham, 1985

27 | Tort Hill West Albarella, 1997a

28 | Winchester* Maltby, 2010

29 |Winchester Palace Johnstone, 2004

30 |Wroxeter Baths Basilica Johnstone, 2004

Table 5.1 — List of sites from which measurements were obtained.

* - sites which measurements were taken by the current author. While the remaining data are taken

from Johnstones (2004), original publications are listed if available.
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Molar teeth for the geometric morphometric analyses in the second half of this chapter
were also obtained from the same five sites with an additional four images from two
Serbian sites (Pirot and Viminacium, VVukovic, pers. comm.). All images were taken under
the same camera setting described in section 4.2 except the Serbian samples and two
possible donkey molars from Fairford. These four Serbian molars from two different
individuals were identified as mules based on their morphology (S. Vukovic, pers. comm.)
and, therefore, it was considered useful to test whether GMM would be able to distinguish
them from other domestic equid teeth. These molars were also used for isotopic analysis,
as discussed in the following chapter, as a way to represent domestic equids in continental
Roman sites. Molars from complete mandibles as well as isolated teeth were included for
image analysis. The separation of premolars and molars was carried out using Payne’s
(1991) method. However, it should be noted that this method was mainly developed to
separate the premolars and molars of horses; the accuracy of this method in other domestic
equids has not been evaluated. In the process of separating archaeological premolars and
molars in the current thesis, it is speculated that the scattering of premolars and molars has
a high linear correlation. Some known molars (from complete mandibles) overlap with the
premolars in Payne’s data. As a result, specimens for the current study were mainly from
complete mandibles or teeth associated with other distinguishable teeth (i.e. second
premolar or third molar). However, some loose teeth were also included. Although a
precautionary measure was taken to distinguish between premolars and molars, the
possibility of premolars being included cannot be entirely ruled out among these loose
teeth. Additional material used for either aDNA or isotopic analyses will be presented in

the relevant chapters.
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Map 5.1 — Romano-British sites in current thesis
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5.2.1 — The Roman Site of Healam Bridge, North Yorkshire

The Roman settlement of Healam Bridge is located alongside of the Roman Dere Road
between two Roman urban centres: Aldborough and Catterick. Based on the archaeological
finds, Healam Bridge was considered an isolated roadside vicus mainly for agricultural
production. The site was occupied from the mid-1* century AD and possibly extended into
the early 5™ century AD in its last phase. Evidence of a military presence in the early stage
of occupation suggests the site may have started as a fort, which faded in the later phase
while the vicus remained and evolved into a rural settlement, which extended into the early
Medieval period (D. Jaques, forthcoming). A substantial quantity of equine remains has
been identified from this site. It is believed that equids were bred in the vicinity as the site
may have served as a roadside station in a major road network. The majority of the equid
bones were found in the earlier phases of the site including a near complete skeleton,

which was identified as a mule (D. Jaques, forthcoming.).

5.2.2 — Northern Suburb and Western Suburb, Winchester, Hampshire

Two sites were chosen from the Winchester area: the Northern Suburb (Victoria Road,
Hyde Abbey, New Road) and the Western Suburb (Crowder Terrace). It is perhaps not
appropriate to describe them both as one single archaeological site, because the areas
excavated for both “sites” were extensive and, therefore, should perhaps be referred to as a
“site complex”. As a result, not all sites within the site complex are included in the current
thesis. Some sites showed higher equine ratios and in some relatively complete equid
skeletons were recovered. The selection of sampled sites was based on these two
considerations. According to Maltby (2010, p.270), Victoria Road, Hyde Abbey, New
Road, and Oram’s Arbour either have a substantially high frequency of “horse” remains,

relatively complete skeletons, or both. Since the frequency is based on the cattle to horse
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ratio, and cattle normally predominate in Roman faunal assemblages, a high horse to cattle
ratio can be considered as a high horse ratio overall. However, during the visit to
Winchester Museum Services, the author realised that locating individual sites from the
collection was extremely difficult because all materials are boxed as a whole and sorted
according to phases, which are not given fully in the faunal report. As a result, under the
limited time constraint of this thesis, not all boxes were examined. Furthermore, the faunal

material from Oram’s Arbour could not be located.

Although the faunal reports of these sites were only published, in combination with other
studies, in 2010, the excavations actually took place between 1972 and 1985 (Maltby,
2010). The majority of the faunal material was studied during the early to middle 1970s,
before Armitage and Chapman (1979) had published their discovery of the first Roman
mule in Britain. It is, therefore, not surprising that “no attempt was made during recording
to differentiate equid bones into horse, mule, or donkey” (Maltby, 2010, p.203). Therefore,
revisiting this site might help further understanding, not only of the mule to horse ratio in a
major Roman urban settlement with high frequency of equine remains, but also the
material can be used to examine if all domestic equids were local or whether some were

imported from elsewhere (see Chapter 7).

5.2.3 — The Roman site of Thornhill Farm, Fairford, Gloucestershire

The site of Thornhill Farm, Fairford was excavated from 1979 to 1989 in response to a
potential threat from the construction works for Cotswold Water Park. The project was
undertaken by Oxford Archaeological Unit (now Oxford Archaeology) with the co-

operation of the Amey Roadstone Corporation. An area of approximately 40.5 ha. was

excavated. Archaeological evidence suggests that the site was occupied by an agricultural

179



Chapter 5 - Identification of Zooarchaeological Equids

settlement with a specific function related to the management of large herbivore herds,
such as horses and cattle, to exploit the local rough pasture (Jennings et al., 2004).
However, the faunal remains are not as abundant as at other large settlement sites. In
addition, the condition of the faunal remains is not ideal. Most skeletal elements are
fragmentary and heavily eroded, and only very few complete or relatively complete limb
bones were recovered. Fortunately, teeth remains for isotopic analysis are more resistant to
taphonomic damage and the dental morphology of the lower molars could still be used for

species identification.

Although not mentioned by Maltby (2010), the ratio of equine remains in the Fairford site
is relatively high (equids : cattle = 303 : 1025, based on Levine, 2004). The site was once
regarded as a stud farm (Miles and Palmer, 1990), but Levine (2004, p.128) rejected this
interpretation on the basis of the lack of juvenile equid remains. Nevertheless, the
association between a high ratio of juvenile remains and a stud farm has never been clearly
established. According to Maltby (2010), the frequency of equid remains in rural
settlements is normally higher than in other types of sites, and thus it is not clear, based on
current faunal evidence, whether or not equid breeding may have taken place at Fairford.
However, this is the only site in the current study where a “definite” identification of two
donkeys (early phase) has been made (Levine, 2004). If the teeth identified as donkey were
available for isotopic analysis, this would have rendered the site of crucial importance in
examining the “localness” of these domestic equids. Unfortunately, this was not the case.
As mentioned above, the condition of the preservation of the materials is less than ideal; in
addition, further breakage and damage of the material occurred during the transport and
handling in post-excavation activities. Furthermore, some materials had been removed and
sampled for a different project (Julie Hamilton, Thames Valley Isotope Project, Sampled
2008). Subsequently, the identified donkey teeth could not be located during the process of
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sample collection. Fortunately, the original photographs of the identified donkey molars
were kindly provided by M. Levine (pers. comm.), thus allowing GMM to be carried out.
Regrettably, the actual molars identified as being from donkeys were unavailable for

isotopic analysis.

5.24 — Bremetenacum, the Roman fort of Ribchester

The Ribchester site was first excavated in 1980, but the majority of the materials originate
from the second phase of excavations, which took place in 1989 and 1990 (Buxton and
Howard-Davis, 2000). The site is located on the remains of a known Roman fort and,
therefore, its association with the fort can be clearly established. Like most other military
sites, the equid remains from Ribchester are not abundant. However, two phases (phase 2.2
and phase 3) showed unusually high ratios of equid remains because of the discovery of
partial equid skeletons (Stallibrass, 2000; Stallibrass and Nicholson, 2000). These two
phases are regarded as being associated with the rebuilding of the site with stone material
replacing its original wooden structure. All equine elements were identified as horses with
no mention of the possibility of mules or donkeys being present. This renovation work can
be unambiguously dated to AD 120, therefore, the chronology of these two phases can also
be dated to the period in between 79 and 120 AD (Stallibrass, 2000) while the fort was still

in use.

Equine remains from Ribchester were ideal for this project since they were from contexts
associated with a military nature (fort) originating within a relatively short time span. In

addition, they were superbly preserved due to the nearly waterlogged conditions.
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5.25 — Bleachfield Street, Alcester

This site was commercially excavated around 2005, and the faunal material was identified
by the present author (Chuang, unpublished report). Although the site extended well into
post-Roman periods, it still can be clearly separated into Early and Late Roman phases
based on pottery typology and coins (Craddock-Bennett, 2008). Previous researchers have
argued that the site sits on a putative Roman fort (Booth and Evans, 2001). However, the
faunal assemblage does not appear to be consistent with this claim; not only is the species
representation frequency similar to that of a nearby extramural settlement (Maltby, 2001),
but also the low frequency of equine remains found from the Bleachfield Street site is
typical for both Roman urban and military sites. The lack of complete limb bone elements
has also restricted the possible identification of mules based on qualitative morphological
criteria. Nonetheless, the fact that there should have been a military fort at or near the site
and that there were numerous teeth available for isotopic analysis, including one specimen
that seemingly fit the morphological criteria described by other scholars as being

characteristic of mules, made this site a suitable selection for the current study.

5.3 — Outcomes of Biometric Analysis

In this section, the results of the two biometric analyses discussed in Chapter 3 will be
explained and interpreted. The ratios of different domestic equids species — horses,
donkeys, and mules — are estimated for each method separately. However, since there are
some specimens that are analysed using both methods, all data will be combined in the last

section to provide the overall ratio estimation.
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5.3.1 - Predicting Roman Equids Using the Modified DFA Method

Since Johnstone (2004) had already used biometrical methods to identify the species of a
large number of Roman equids, it could be argued that it would be redundant to run the
process again. However, as demonstrated in Chapter 2, the modified DFA method is based
on a different approach in addition to using a larger and somewhat more refined dataset
and, therefore, it is necessary to see if the outcomes differ significantly from Jonhstone’s.
As a result, in addition to the archaeological specimens collected for the current thesis, the
data from other Romano-British sites that Johnstone collected as part of her thesis will also
be tested. Furthermore, data available from the Animal Bone Metrical Archive Project
(ABMAP, http://archaeologydataservice.ac.uk/archives/view/abmap/, accessed 03/02/2015)
was also used, if not already included in Johnstone’s (2004) work. It should be
remembered that because the modified version of DFA uses a “simultaneous estimation”
approach, which can include only samples with all measurements available, the number of
samples suitable for prediction is, therefore, significantly reduced. This is because several
measurements are not commonly measured by faunal specialists using the von den Driesch
measurement scheme (1976). For example, most archaeological specimens are missing
HTc in humeri, and the greatest depth of distal articular facet (DFd) in radii, and the
greatest lateral length (L) in all elements is sometimes neglected in the reports. Thus, due

to the lack of available measurements, humeri will be not included in the current thesis.

An evaluation system with three levels of identification similar to Johnstone’s was used for
determining the prediction of specimens in the current analyses: definite, probable, and
possible identification. The main difference between the current system and Johnstone’s is
the use of the M-dist. The M-dist from the predicted specimens to the predicted group

centroid of the species is considered as a criterion in Johnstone’s work (2004, p.150).
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Nevertheless, this criterion seems to make very little logical sense, especially when the
probabilities of group membership are based on the M-dist. That is to say, the M-dist is
already represented in the probability and, therefore, it is redundant as a separate criterion.
According to Johnstone’s system, a probable individual has either a low probability but
with a small M-dist (within 1 standard deviation of the average) or has a high probability,
but with a relatively large M-dist. The former case can happen if the group centroids are
close to each other and the specimens fall between them, but the second scenario will
happen only when the specimen is extremely far from all group centroids and, therefore,
the probability is very likely to be comparatively high because the M-dist between this
specimen and the other group centroids will be even greater. Hence, there are some
archaeological specimens termed “super-mule” or “super-horse” considered to be
“probable mule” or “probable horse” in previous research (Johnstone, 2004). Individuals
with unusually high M-dist should be considered only as a “possible” determination, since
the high M-dist is actually implying that such specimen may not belong to any of the
groups (or possible errors in the measurements). As a result, the M-dist were not
disregarded for the predictions (i.e. not directly as a value, but they were inevitably
considered in the calculation of probabilities). In order to be classified as a “definite”
identification, the specimen needs to have a probability of predicted membership greater
than 80%. A “probable” identification is defined as a specimen that has a probability of
between 50% and 80%. Such specimens will be indicated with an asterisk (*). Finally, if a
sample has a probability of less than 50%, it will be considered to be “possible”
identification, which is indicated by a question mark (?). Since horses are expected to be
more common in Romano-British faunal assemblages than mules and donkeys, this section
will focus mainly on those determined to be non-caballine equids. All outcomes are listed

in Appendix II.
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5.3.1.1 Radius

Nearly all of the available archaeological radii are missing the measurement of the distal
articular facet depth (DFd) (as this measurement is not listed in von den Driesch’s
measuring scheme). As a result, only ten of the archaeological specimens examined had all
the required measurements available for analysis (Figure 5.1). The majority are determined
to be definite horse or probable horse (n=7). However, there is one probable donkey as
well as a definite mule and a probable mule. The prediction of the probable donkey is more
problematic than that of the mule, since this radius (Z001) is from a relatively complete
skeleton (Sk.682, Winchester) with both radii available, and the other radius (Z002) has a
contradictory prediction as a probable horse. The issue of contradictory predictions of
different elements from the same individual is one aspect that the current thesis aims to
examine. As for this case, the largest difference between the two radii is that one has a
slightly longer greatest length (7 mm in difference), and surprisingly, the longer radius is

the one being predicted as a probable donkey.
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Figure 5.1 — DFA scatter plot for archaeological radii
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5.3.1.2 Metacarpal

Among 46 archaeological samples, 7 mules were predicted, and the rest were determined
to be horses with different levels of probability (Figure 5.2). Two definite mules are
identified, one from Orton Hall Farm (King, 1996) (Z036) and the other from Longthorpe
Il (King, 1987) (Z033). Both specimens are also determined as definite mule and possible
mule respectively in Johnstone’s work. Both metacarpals are among the largest, but are not
necessarily the most slender when considering the smallest shaft width (SD). One
interesting specimen worth mentioning is the “probable donkey” from Iron Age Danebury
determined by Johnstone. This specimen (Z026) is identified as a “probable mule” in the
current analysis. What is interesting about this specimen is not the discrepant result from
different analyses, but the fact that this specimen has unusual measurements that make it
stand out from the rest of the archaeological metacarpals. Being one of the longest
metacarpals, with a GL of 230 mm (largest from the site), it has an unusually small
proximal and distal breadth and a narrow smallest shaft width. The general profile
described by these unusual measurements is much closer to those of metatarsals instead.
Unfortunately, these measurements are all taken from published reports (Grant, 1984) and,
therefore, it cannot be verified whether this discrepancy resulted from a misprint in the
original report. As a result, this specimen was excluded from further assessment. The other
“probable donkey” identified by Johnstone from the same site is identified as a “definite

horse” in the current analysis (Z023).

There is yet another case where the identification of a specimen in this study disagrees
with a published “donkey” identification. The metacarpal from Hunt’s House, Southwark
(2039) is from the articulated forelimb of a partial skeleton identified as a donkey based on

the morphological features of the radius and on the log ratio method for metacarpals
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(Bendrey, 1999). However, it was determined as a “probable horse” in the previous DFA
(Johnstone, 2004) and as a “definite horse” in the current one. While this metacarpal is the
shortest among all archaeological metacarpals, it is not the most slender when the smallest
shaft width (SD) is considered. The reason it is more “horse-like” in the biometric analysis
may reside in the unusually wide distal articular end distorting the general proportions. No
evident pathological condition can be observed in this bone (Bendrey, pers. comm.) and,
therefore, it is not certain whether the unusual broadening of the distal end is caused by

heavy labour through life or any other living conditions of this individual.

The four other predicted mules are from three other sites. No further comment can be made
regarding the probable mules and the possible mules from Baths basilica, Wroxeter, since
the measurements appear to have been obtained from records achieved from excavations
after the known site report had been published (Barker and Armour-Chelu, 1997). One of
the remaining two predicted mules is from Healam Bridge (Z052). While the probability of
this element being from a mule is considerably low(45.04%), it is worth noting that this
specimen is from a partial skeleton (HB-7613) and is suspected to be from a mule based on

the morphological characteristics of several elements.
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Figure 5.2 — DFA scatter plot for archaeological MC.

5.3.1.3 Femur

Three of the six archaeological femora are also used in Johnstone’s (2004) DFA analysis,
and all three were determined to be non-caballine equids. Interestingly, the same
predictions are made by the current study for these three cases, but with relatively low
probabilities (all are determined to be probable identifications). As a matter of fact, all
specimens have relatively low probabilities for their respective prediction (the highest
being 65%). Considering that the accuracy of using the femur in DFA has already been
questioned based on the results involving specimens of known species, it is perhaps best to
avoid the femur as an element for species determination. In other words, if the
determination from another element of the same individual contradicts that from the femur,

it is recommended to consider the determination of the other element as the more likely.
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Figure 5.3 — DFA scatter plot for archaeological femora.

53.14 Tibia

Out of all 21 archaeological specimens, 1 probable donkey and 8 mules (with varying
probabilities), were determined using the modified DFA. Twelve of these specimens are
also listed in Johnstone’s work (2004), but only five of them were determined in her study,
since seven specimens were lacking a value for the lateral length, which is not considered

as a DFA variable in the present modified version of the method.

An extremely high ratio of mules was determined from Orton Hall Farm. Four out of five
specimens were determined to be mules (three definite, one probable). In addition to the
definite mule metacarpals from the same site, Orton Hall Farm has 5 mules out of 19 mule
determinations so far. It is not certain whether these measurements were all from different
individuals or derived only from a few individuals, but it seems that Orton Hall Farm had

an unusual domestic equid population. However, it should be pointed out that, in the
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original faunal report (King, 1996), the shaft width measurement was actually taken at
mid-shaft (MD), which is different from the smallest shaft-width (SD) used in most other
reports. The difference between the two measurements is normally very small (usually less
than 3 mm), but it still may cause the Orton Hall Farm individuals to appear more robust
than other specimens (see Appendix Il). Paradoxically, these predictions are in
contradiction to the commonly held assumptions on the morphological differences between
equid species. According to these assumptions, both donkeys and mules should have more
slender limbs, i.e., they should have relatively smaller shaft-widths than horses of a similar

size, though the tibiae have never been used specifically to support such a claim.

The remaining four mules are from Chichester Cattle market (M*, Z065), Longthorpe 11
(M*, Z070), Ribchester (M?, Z079), and Chaucer House (M*, Z083). The probable donkey
is from Healam Bridge (Z081); it belongs to a partial skeleton and has an articulating
femur (Z062) that was determined as a “possible” horse in the previous section, as well as

a metatarsal (Z126) and two first phalanges (Z172 and Z173).
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Figure 5.4 — DFA scatter plot for archaeological tibiae
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5.3.1.5 Metatarsal

Unlike the metacarpals, no morphological criterion in metatarsals has been suggested for
the separation of domestic equid species, and the overall classification rate in the current
method is lower than in metacarpals. Nevertheless, the biometric analysis of this element,
one of the most commonly found horse remains, is still essential. Forty-two archaeological
specimens were included in the current analysis; of these, twelve were determined to be
mules with varying degree of probability. Compared to the metacarpals, the larger number
of mule determinations in metatarsals may be due to the higher risk of more horses being
misidentified as mules. It should also be noted, however, that several pairs of specimens
are from the same individuals, and thus the “raw” mule-horse ratio should not to be taken
at face value. The metatarsal of the partial skeleton from Healam Bridge (HB-7294) is
determined as a definite horse (Z126), but the final determination of this individual will be

discussed in the summary section of the DFA results.

Two definite horses are located quite far away from the group centroid (Figure 5.5). These
two specimens seem to have unusual measurements that require further investigation. One
specimen from llchester (Z088) seems to have its SD and Dd measurements reversed,

while a specimen from Orton Hall Farm (Z109) has an extremely short GL, which could be

a misprint (215 mm instead of 251 mm) or a misplaced metacarpal recorded as a metatarsal.
Both specimens are determined as definite horses with extremely high probabilities (99.68%
and 99.91%, respectively), but the M-dist from the centroid of the predicted species is also
extremely high. Given that the reason for the unusual measurements cannot be determined

at present, these two samples are excluded from further discussions.
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Figure 5.5 — DFA scatter plot for archaeological MT

5.3.1.6 First Phalanx (PH1)

Although it has been argued that it is possible to separate anterior first phalanges from the
posterior ones based on morphological differences, it is not the norm for such information
to be included in faunal reports. In addition, the results of the combined DFA analysis
(anterior and posterior) do not differ significantly from the results when anterior and
posterior phalanges are analysed separately. As a result, the anatomical position of the first
phalanges is disregarded in the present study. Only 2 out of 43 archaeological PH1 were
predicted to be mules, and this produced the smallest mule-horse ratio of all elements.
Further examination of the misclassification rate in the dataset indicates that although the
tendency for mules to be misidentified as horses is relatively high (16.7%), the
misclassification rate of horses as mules is even higher (21.9%). Such phenomena cause an
outcome similar to that of the metatarsal, which over-estimates the number of mules.

However, this does not seem to be the case here. Both mule identifications are from
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Winchester, but one of the two specimens (Z161) has an extremely low probability rate
(50.91%) that nearly equals its probability of being a horse (49.04%). The consistency of

results from the first phalanges using different techniques will be discussed later in this

chapter.
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Figure 5.6 — DFA scatter plot for archaeological PH1. Note Z149 is suspected as a donkey under
qualitative determination and will be discussed in the next sections (section 5.3.3)

5.3.2 — DFA results and their implications

Based on the outcomes of the current findnigs, it seems robustness and slenderness do not
play a decisive role in the determination of species in current biometric approaches, at least,
for discriminating horses and mules (see Appendix IV for SD-GL indices). Contrary to the
general assumption of mule bones being more slender than most horses, the majority of
predicted mules in the current DFA outcomes do not appear to be more slender than horses.
In fact, most of the calculated SD-GL indices of predicted mules are within the range of

horses (except tibia and MC, the issue with tibia has already been mention in section
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5.3.1.4). The question regarding whether castrated horses may be misidentified as mules is
less likely to be a main issue because: 1, the castration of horse in Roman time took place
after the limb bone is completely fused, and 2, slenderness and robustness do not dominate

the determination of species in the current DFA method.

Table 5.2 summarises the number of species determinations of archaeological specimens
using modified DFA. The femur has the most unusual horse-donkey-mule ratio of 1:1:1.
Considering that the femur also shows the lowest accuracy rate in the “control dataset” of
specimens of known taxonomic affiliation, such a result is very likely to be inaccurate and,
therefore, it was considered best to exclude it from further interpretation. As a result, only
the outcomes from archaeological radii, metacarpals, tibiae, metatarsal, and first phalanges
are considered for the determination of species frequencies based on DFA. In addition,
since the probability of “possible” identifications is lower than 50%, they are also excluded
from further assessment. In other words, only “definite” and “probable” identifications are

taken into account in the discussion of species representation (Table 5.3).

Radius MC Femur Tibia MT PH1
(n=10) (n=47) (n=6) (n=21) (n=40) (n=43)
Horse 3 29 0 7 13" 23
Horse* 4 10 1 5 14 17
Horse? 0 1 1 0 1 1
Donkey 0 0 0 0 0 0
Donkey* 1 0 2 1 0 0
Donkey? 0 0 0 0 0 0
Mule 1 2 0 3 1 1
Mule* 1 2 2 4 9 1
Mule? 0 2 0 1 2 0
H:D:M 7:1:2 39:0:6 2:2:2 12:1:8 28:0:12 41:0:2

Table 5.2 — Summary of DFA determination.

Note that “™” in definite horse in MT indicates that two potential erroneous specimens have been
excluded from the total. “*” in the probable mule in MC indicates that one potential erroneous

specimen has been excluded from the total.
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Radius MC Tibia MT PH1 Total
(n=10) (n=44) (n=21) (n=40) (n=43)

Horse 3 29 7 13" 23 75
Horse* 4 10 5 14 17 50
Donkey 0 0 0 0 0 0

Donkey* 1 0 1 0 0 2

Mule 1 2 3 1 1 8
Mule* 1 2** 4 9 1 18
H:D:M 7:1:2 39:0:4 12:1:7 27:0:10 40:0:2 125:2:25

Table 5.3 — Summary of DFA determination excluding femora and “possible: identifications.
Note that “™” in MT indicates that two potential erroneous samples have been excluded from the
total.

After the exclusion of femora, the questionable specimens (2026, Z088, and Z109), and all
possible identifications, a total of 152 archaeological specimens remained to be assessed. If
the numbers of “definite” and “probable” identifications are combined, then the horse-
donkey-mule ratio is 125:2:25 and leads to a 5:1 horse-mule ratio. Whilst both accounted
donkey identifications (Z001 and Z081) are “probable” identifications, it should be noted
that the one from Healam Bridge (Z081) has a relatively low probability (56.54%), i.e. not
far from its calculated probability of being a mule (40.72%) while the second identification
is a probable donkey radius (Z001), which belongs to a partial skeleton (Sk.682,

Winchester) with contradictory identifications from this individual’s other elements.

This is a good moment to stress that those specimens deriving from the same complete or
partial skeleton should be considered as one in order to avoid over-estimation. However, it
must also be noted that the predictions are not always consistent for different elements of
the same individual, and thus we should have an established and consistent method to
assess the final species determination. For such a purpose, it is recommended to evaluate

the predictions by the classification rate of the element rather than considering them
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equally. For example, the classification accuracy for the metacarpals is considerably higher
than for the radii; and, the misidentification rate for the former is significantly lower than
that of the latter. Thus, more weight should be given to the determination based on
metacarpals rather than giving equal values to both elements. Considering the reliability of
these elements in both the present and Johnstone’s DFA analyses, the assessment ranking

for the elements should be MC > PH1 > MT > Tibia > Radius (> Femur).

The probability value should also be taken into consideration if different sides of the same
element have a different species prediction. For example, the two radii from the partial
skeleton, Sk.682 (Winchester), are determined to be different species. However, the right
radius (Z001) is determined as a probable donkey (75.95%) while the left radius is
determined as a probable horse (65.09%). If the two radii were the only specimens
available for this individual, then it should be determined as a probable donkey. No
objective scoring system is developed for settling the inconsistent predictions between
different elements, since it involves complex calculations of the representativeness for each

species and elements for very little gain.

Based on the results from the modified DFA, the current thesis suggests that species
determination should emphasise the accuracy ranking of the element before calculating the
total number of determined species from different elements. In other words, for example, a
horse identification determined from a metacarpal should be considered more accurate than
both radii of the same individual being determined as mules. Nevertheless, for the elements
considered to have a similar accuracy ranking, i.e., tibiae and metatarsals, the value of the
probabilities should be considered. The simplest way is to average the probabilities from

two elements and determine the species based on the highest average probability. For
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example, partial skeleton (HB-7294) has a femur (Z062), a tibia (Z081), and a metatarsal
(Z126). They are determined as possible horse, probable donkey, and definite horse
respectively. As mentioned above, femora should be avoided due to their low accuracy.
Thus, the species identification will be determined by two elements with a similar accuracy
rate, namely, tibiae and metatarsals. The average probabilities for each species from these
two elements are 46.18% (horse), 28.91% (donkey), and 24.91% (mule). As a result, this
individual should be considered as a horse. It should be noted that a simple calculation of
means of probabilities is not statistically sufficient to determine the likelihood of species.
An approach which considers multivariates involved the probability should be used.
However, since there are only five individuals are known to have more than one element
being used in DFA (Table 5.4), no special effort is made to develop such approach. The
prediction given by the element with the highest assessment ranking decides the specific

determination of the individual.

Site Context MC PH1 MT Tibia Radius | Femur Determined
Species
72533 M? - M* M* | H* H* M*
7254 ] ) : > ] " i
Rit;%hggter i H. H M*, M ) H

Table 5.4 — Species determination of different elements from the same individual
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Assuming that there are no more individuals with more than one element being used, the
141 archaeological specimens have a horse-mule ratio of 120:21 (5.7:1) (and no donkey
identified by DFA). Specimens measured are all from Roman Britain, but data was also
available from Iron Age specimens (e.g. Danebury and Coldharbour Farm) as well as other
sites (the latter contains no determined mules). Since the present study focuses on Roman
Britain, Iron Age specimens are excluded in the calculation of species frequencies. This

gives 101 horses and 21 mules determined by modified DFA (horse: mule = 4.9:1).

All 21 sites with Roman domestic equid remains were each assigned to one of six different
site types: Urban, Military, Rural, Small Town, Villa, and Cemetery (Table 5.5). Assigning
a site type to each assemblage is an exceedingly challenging task because some of the sites
were continuously occupied over a long period of time, and thus the functions of the site
may have changed through time. For example, Thorpe Thewles is probably better known
as an lron Age site, but it was continuously occupied throughout Roman times as well
(Heslop, 1987). While most of the animal remains have been dated to the Iron Age, there
are still a few that belong to the Roman phases. Likewise, attempts to divide the specimens
into different Roman phases will complicate the issue. First, not all sites can be further
divided with the same precision and temporal resolution. Some sites existed for only a
short time span and have a clear chronology, such as Ribchester (Buxton and Howard-
Davis, 2000), but others are comparatively poorly dated — for example, Fairford (Jennings
et al., 2004; Levine, Pers. Comm.). As a result, site types are only assigned on the basis of
the general description given in the excavation reports; no further division is made for

Roman phases.
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The East London Roman Cemetery is the only cemetery site, and it is not certain how
domestic equids in cemetery sites represent the use of domestic equids, although Groot
(2008) argued that horses were involved in Roman funerary rituals. It also has been argued
that horse remains in cemetery sites may be results of re-deposition (Foster, 2012).
Similarly, Orton Hall Farm is the only site that can be classified as a Roman villa and,
therefore, it may not be representative of other sites of this type. In addition, as mentioned
above, the system of measurement used in the study of the faunal remains from Orton Hall
Farm is slightly different from those at other sites and, therefore, the species
determinations may be problematic. Nevertheless, the large number of mule determinations
is still worthy further examination in the future. Among the four remaining site types,
military sites have the highest ratio of mules (1 mule in every 4.6 domestic equids) in
comparison to the mule ratio of non-military sites (excluding cemetery and villa, 1 mule in
every 7.75 domestic equids). This result agrees with the preference for using mules as pack

animals in the Roman military forces (Roth, 1999, p.206).

A sharp contrast was expected to be observed between urban and rural settlements.
However, whilst the urban settlements have a relative high mule:horse ratio, the use of
mules for delivery through cursus publicus, which would normally have employed mules
as pack animals, would be more intensive in urban areas, as would the use of mules for
drawing the carts of the Roman elites who lived in these urban centres (Laurence, 1999).
This is not to argue that rural settlements were not part of the cursus publicus, but it could
merely reflect differences in the volume of traffic and the level of wealth between these
two site types. However, under the current analysis, the ratio between these two site types
differs little (horse to mule for urban is 5.33:1, and for rural is 6.75:1). The reason for the

unexpected high mule:horse ratio in rural area is due to the higher frequency of mules from
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Healam Bridge, which is suspected to have had a military influence in its early phase (D.

Jaques, forthcoming).

In comparison to urban sites, as reflected in the consumption of different domestic species,
populations in rural settlements were considered to be less “Romanised” (King, 2001), and
this may imply that the use of mules may have been a cultural phenomenon. Although
mules are known to be associated with agricultural production today, it has been suggested
that domestic equids did not reach their full potential as farm animals before the invention
of proper haulage equipment much later (Langdon, 1986). Even if they had been used in
agricultural production, it would have been too expensive for ordinary farmers in Roman

Britain to own this infertile animal for labour merely for a decade or two.

To summarise, the species determined by DFA using five different elements (radii,
metacarpals, tibiae, metatarsals, and first phalanges) suggests that mules are only found in
Roman contexts, but not at Iron Age sites. In addition, no donkeys can be confidently
determined. Mules are more likely to be associated with military sites, and if they are

found in a non-military context, they are very likely to be found in major urban settlements.
Although mules do not seem to have been as abundant as many historians have claimed
(Peddie, 1997), the overall ratio indicates that there should be at least one mule for every

six domestic equids found in Roman Britain.
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Site Type Site Horse Mule H:M Ratio
Beddington Sewage Farm 3 1
Chichester Cattlemarket 3 2
32:6
Urban llchester, Church St. 1 0 (5.33:1)
Winchester 23 2
Woroxeter Baths basilica 2 1
Castleford 3 1
Militar Longthorpe 11 3 2 11:3
y gthorp (3.67:1)
Ribchester 5 0
Fairford 4 1
Healam Bridge 12 3
Lutton/Huntingdon 3 0 27:4
Rural .
Norman Cross 1 0 (6.75:1)
Thorpe Thewles 5 0
Tort Hill West 2 0
Alcester 2 0
Chaucer House 0 1
Small Town Elms Farm 14 0 22:2
(11:1)
Scole-Dickleburgh 5 1
Southwark 1 0
92:15
Total 92 15 (6.1:1)
Villa Orton Hall Farm 6 6 6:6
(1:1)
Cemetery East London RB Cemetery 4 0 2:0

Table 5.5 — Frequency of domestic equids from different site types

5.3.3 — Species Determinations using the Davis Method

In Chapter 3, it was shown that, while the Davis method may not be effective for the
separation of mules and horses, the method can still efficiently distinguish donkeys from

the other two species and, therefore, is able to offer additional support in the determination
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of archaeological specimens. Forty-seven first phalanges missing the required
measurements for the modified version of DFA can nevertheless be included in an analysis,
using the Davis method. As is clearly shown in Figure 5.7 — which uses the index (BFd/GL)
and SD — only a few specimens are located outside of the overlapped areas. This indicates
that similar clustering may be expected for modern and archaeological specimens. The
majority of specimens are clustered within the range of known horses (indicated by the
hashed line); only one specimen falling in the range of modern donkeys and outside the

overlap area with horses.
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Figure 5.7 — BFd/GL index and SD scatter plot with archaeological specimens
Numerous archaeological horses are scattered on the right side of the diagram which indicates
their similarity to modern ponies.

The one specimen (Z149) that is clearly located in the donkey range (where no overlap
occurs) belongs to a posterior first phalanx from Fairford. It can be confirmed as a
posterior first phalanx because it is associated with the other hind limb element from the

same side including a tibia, an astragalus, and a calcaneus; the metatarsals are regrettably
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missing, and the tibia is too incomplete for sufficient measurements to be taken to be used
in DFA analysis. The modified DFA indicated that this first phalanx is likely to be a
“probable” horse. However, based on the observation of qualitative morphological criteria
(Figure 5.8), this specimen more resembles a donkey than a horse. Since the presence of
donkeys at Fairford is suggested by the discovery of teeth bearing an asinine
morphological patterns (Levine, 2004), the identification of this specimen as a donkey
seems reasonable. Furthermore, the results from the cross validation of the dataset using
the M-dist in the Davis method, which attest that no other species are misidentified as

donkeys (see section 3.3.3.2), further support this determination.

Donkey (132) Shet‘(%’(‘)i )Pony Horse (137)

Figure 5.8 — 2149 Comparison to reference collection.
Z149 is more similar to the donkey in the reference collection, but it does appear to be slightly more
robust than the donkey (132).

The extensive overlapping of domestic equids is to be expected, as shown in the study of
specimens with known species affiliation. The solution proposed to solve the dilemma and
to determine the species quantitatively relies on the comparison of the M-dist of each

specimen to the group centroid of all three species. The determination is made based on the

203



Chapter 5 - Identification of Zooarchaeological Equids

shortest distance calculated among the three group centroids. Unfortunately, unlike the
calculation of probabilities in DFA, this method is not able to evaluate further the level of
probability, and thus identifications cannot be classed as either “possible” or “definite”.
Among the 90 specimens, 78 were determined as horses, one as a donkey, and eleven as
mules. The results of only 4 out of the 43 first phalanges are inconsistent with the
determinations made using modified DFA: one is determined as donkey and three as mule
instead of all being determined as horses in DFA. All four conflicting cases are determined
to be probable identifications in the DFA with relatively low probabilities
(average=58.92%). The differences between the M-dist for the determined donkey (Z149)
and one of the three determined mules (Z165) are more significant and, therefore, will be
considered as probable donkeys and probable mules respectively, while the remaining two
determined mules (2136 and Z158) will be considered as possible horses and so excluded

from the ratio calculations.

As mentioned in section 5.3.2, some of the specimens come from the same individuals, and
thus they need to be removed to avoid overrepresentation. For example, the partial skeleton
from Healam Bridge (HB-7614) has three of its four first phalanges analysed by the current
method. All three are determined to be mule, which agrees with the species determination
made from the metatarsals through DFA. As for all other first phalanges from the same
individuals (i.e. Winchester NR-561 and Ribchester 3663), there is also no discrepancy
found between the species determinations from different elements of these individuals.
Among these 83 different individuals, 75 are determined as horses, one as a donkey, and
seven as mules. Six of the determined horses are dated as Iron Age according to either
previous work or the original reports. As a result, the Roman domestic equids ratio based

on the Davis method is 69:1:7 (horse:donkey:mule). The ratio of mules is estimated to be
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much lower than that obtained using DFA (1 mule in every 11 domestic equids; DFA

suggests 1 mule in every 5.9 domestic equids).

Most sites already have their site type assigned in the previous section. However, there are
two new sites that remain ambiguous: Winchester Palace and Haddon. Winchester Palace,
Southwark, is believed to be a Roman building complex that was used for military
purposes (Yule, 1989). While some evidence suggests that it was occupied by military
personnel, the building complex seems to have been used only for administrative functions
rather than for other military activities. As a result, it is assigned here as “other” instead of
“military”. The other Roman site is more problematic. The data from the Roman site of
“Haddon” are listed in Johnstone’s thesis (2004). However, the full reference of this site is
not given and, therefore, it is only assumed to be the Roman bathhouse site at Haddon,
Cambridgeshire (Upex, 1994). The site has been assigned as “other” in Johnstone’s work
(2004) and, therefore, will also be considered as the same category in the current analysis.
The number of determined species from each site is summarised in Table 5.6. Sites
assigned as “cemetery” and “others” will be excluded from further discussion since the

meaning behind the presence of livestock at these sites is unclear.

The mule:horse ratio, again, is higher for military sites (1 mule per 5 domestic equids) than
in a non-military context (1 mule per 12.8 domestic equids). Urban sites have the highest
mule ratio among non-military sites followed by rural sites. The determination of the only
donkey from a rural site is worth noting. According to historical studies regarding Roman
livestock, donkeys were more commonly used as agricultural labour animals than were
either horses or mules (Roth, 1999, p.205, and references within). Thus, it should not be
surprising that the only donkey is from a rural site. However, this scenario refers mainly to
the Roman heartland, the Mediterranean region, and perhaps, the near East provinces of the
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Empire, where donkeys were used as a cheap substitute for horses (Roth, 1999). The
archaeological evidence of donkeys is scarce in the north-western part of the Empire, and
there is no evidence showing that they were more common in rural sites, although it must
be remembered that faunal reports from rural sites are very much a minority. Given that
both donkeys and mules were either new introduction before or after Roman invasion, the
native population were less likely to employing donkeys and mules largely in agricultural

activities, the presence of donkeys in rural sites rather than in villa sites is peculiar.

Site Type Site Horse Donkey Mule Ratio

Chichester Cattlemarket 2 0 1
] 19:0:3
Urban Winchester 16 0 2 (6.3:0:1)
Wroxeter Baths basilica 1 0 0
Ribchester 1 0 1
- 4:0:1
Military Hayton Fort 2 0 0
Newstead Fort 1 0 0
Fairford 0 1 0
Healam Bridge 12 0 2
Norman Cross 1 0 0
Rural 19:1:2
Thorley 0 0
Thorpe Thewles 0 0
Tort Hill West 3 0 0
Elms Farm 13 0 0
Small Town - 20:0:0
Scole-Dickleburgh 7 0 0
Total 62 1 6 62:1:6
Haddon 2 0 1
Other - 31
Winchester Palace 0 0
Cemetery East London RB Cemetery 0 0 4:0
Grand .
Total 69 1 7 69:1:7

Table 5.6 — Species determination using the Davis method

5.3.4 — Species representation of domestic equids based on post-cranial elements

A total of 216 post-cranial elements are included in the biometric analysis; 126 are

analysed using only DFA, 47 are analysed using only the Davis method, and 43 are
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analysed using both methods. Of all specimens, only ten are determined as either “possible
horse” or “possible mule”, and these will be excluded from further discussion. In addition,
results using femora (n=6) will be excluded because, as previously mentioned, predictions
based on this element are deemed to be insufficiently accurate. In order to prevent the
overestimation of certain species, only one determination is given to each individual
regardless of how many elements of that individual are used in the biometric analysis. Five
near complete or partial skeletons, comprising a total of 25 specimens, were included in
either the DFA or Davis method, or analysed using both. For these individuals, it is
necessary to assess all outcomes and assign a single species determination that best
describes each of them. A similar assessment for these five individuals has been carried out
using DFA (section 5.3.2) and, as was mentioned in the previous section, no intra-
individual disagreement is found between the different specimens in the Davis method as
well as no contradictory species determination between the two methods. Table 5.7

provides a summary of the determination species of each of the five individuals.

Site Context  MC MT  Radius Doermined
Species
7ng M? S MMM | ME ME | R M
72984 ) ) H,H 3 ) :
Riceser |- HH | HH | MM H

Table 5.7 — Species determinations of the individuals with multiple elements analysed

After excluding uncertain and adjustments made for partial/almost complete skeletons, 179

specimens were determined by either one or both methods. Twenty-three of these
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specimens were dated from the Iron Age; no determinations of mules or donkeys were

made for any of them. The ratios of domestic equids from the remaining 156 Romano-

British specimens of different sites are listed in Table 5.8.

Site Type Site Horse Donkey Mule Ratio
Beddington Sewage Farm 3 0 1
Chichester Cattlemarket 5 0 3
Urban llchester, Church St. 1 0 0 35:0:7
Winchester 23 0 2
Wroxeter Baths basilica 3 0 1
Castleford 3 0 1
Longthorpe 11 3 0 2
Military Ribchester 4 0 1 13:0:4
Hayton Fort 2 0 0
Newstead Fort 1 0 0
Fairford 3 1 1
Healam Bridge 23 0 4
Lutton/Huntingdon 3 0 0
Rural Norman Cross 1 0 0 39:1:5
Thorley 1 0 0
Thorpe Thewles 5 0 0
Tort Hill West 3 0 0
Alcester 2 0 0
Chaucer House 0 0 1
Small Town Elms Farm 16 0 0 26:0:2
Scole-Dickleburgh 7 0 1
Southwark 1 0 0
Total 113 1 19 113:1:18
Villa Orton Hall Farm 6 0 6 6:0:6
Other Haddon ° 0 : 3:0:1
Winchester Palace 1 0 0
Cemetery East London RB Cemetery 8 0 0 8:0:0

130:1:25

site.
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Species representation from this final determination process differs little from using either
analysis. A ratio of 1 mule to every 8.2 domestic equids is estimated for non-military sites
(i.e. urban, rural, and small town), while the grand total suggests one mule in every 6.24
domestic equids. This is a sharp contrast to the almost total absence of specimens
identified as donkeys in the assemblages; only one donkey (2149, Fairford) was
determined. Although DFA suggests that this specimen is a probable horse with a low

probability rate it clearly clusters with the modern donkeys when using the Davis method.

Although mules are still in the minority, they are commonly found at the different sites
selected for the current study. According to the taxonomic determinations presented above,
mules can be found in 12 out of 24 of the sites, and are particularly common in urban and
military sites. The mule-horse ratio is also much higher in military sites than in any other
non-military sites with the exception of the only villa site included in the present

investigation. The outcomes give rise to two important questions:

(1) If donkeys are as rare as the results suggest, would there have been a sufficient donkey
population in Roman Britain not only to maintain a continuous supply of donkeys (i.e.

local reproduction), but also to establish local mule breeding?

(2) Given that it seems mules are more commonly associated with urban and military sites
(with a possible association with villa sites as well), does this indicate that the use of mules
was restricted within Roman culture and not adapted by or familiar with local “native”

populations?

These questions will be discussed in a latter chapter, when results of isotopic analysis are

examined.
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5.4 — Species determination of lower molar dental morphology

A total of 55 lower molars from 36 individuals were used in all four GMM analyses
described in the previous chapter (Chapter 4). As briefly mentioned previously in section
5.2, the identification of most molars can be confirmed as such, despite the fact that some
specimens were not part of ‘intact mandibles’, mainly due of the presence of other adjacent
teeth (premolars or third molar). Although Payne (1991) argued the first and second molars
could be separated from the third and fourth premolars by comparing two measurements
from the occlusal surface, the method seems to be inconclusive, as several known molars
overlapped with the premolars in Payne’s work. Nevertheless, the method was still used to

exclude teeth that are unlikely to be molars.

Thirteen molars from nine individuals were deemed by other scholars and the present
author as showing dental morphological traits atypical for horses (Table 5.9). Given that
the identification of horses is less problematic, and they are also expected to be more
common than donkeys and mules, more emphasis is put onto those suspected as non-
caballine equids in the following discussion of the results of the four GMM analyses. The
M-dist are calculated for every analysis to check the correlation between specimens and
group centroids of modern specimens of known species. However, it should be
remembered that since mule samples are lacking from the modern control, the M-dist are,
therefore, considerably less useful in the current GMM analyses for the identification of
this taxon. Thus, the determination of mules can only be based on the hypothesised

expectations, as explained in the previous chapter.
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‘ Qualitative Determination*

T001 Healam Bridge HB-7614 Left M, Mule
T002 Healam Bridge HB-7614 Right M, Mule
T010 Winchester VR-405 Left molar Mule
TO018 Winchester VR-481 Right M, Mule
T024 Fairford FTF2084 Left M, Donkey
T025 Fairford FTF2084 Left M, Donkey
T026 Fairford FTF2459 Right molar Donkey
T036 Ribchester RB-728 Left M, Mule
TO037 Ribchester RB-728 Right M, Mule
TO038 Ribchester RB-728 Left M, Mule
T039 Ribchester RB-728 Right M, Mule
T049 Alcester ALC-3002 Left molar Mule
T052 Serbia Viminacium Right M, Mule
T053 Serbia Viminacium Right M, Mule
T054 Serbia Pirot Left M; Mule
T055 Serbia Pirot Left M, Mule

Table 5.9 — Teeth with atypical caballine dental patterns.

*- the qualitative determination is based on dental morphology described by previous researchers
(e.g. Armitage and Chapman, 1979, Eisenmann, 1986, Uerpmann and Uerpmann, 1994, etc.)
summarised in Johnstone (2004).

54.1 — Angle analysis

The majority of specimens (n=37) fall with in the distribution of modern horses, while the
M-dist indicate that 44 specimens are likely to be horse rather than donkey. Only 4
specimens fall within the donkey range, whilst 12 are determined as donkeys based on the
M-dist.. Unfortunately, as pointed out previously, there are no available mule samples for
comparison, nor is the M-dist used here able to provide probabilities for further evaluation.
However, some of the specimens do sit in the hypothesised mule region (Fig 5.9). All four
molars from the Serbian specimens identified as mules by S. Vukovic (pers. comm.) (T052
to TO55) fall into the hypothesised mule region. This suggests that, if dental morphological
traits were reliable for species identification, then the current method should be able to

distinguish them objectively. Nevertheless, some specimens that were suspected in
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previous studies to be mules do not fall into this hypothesised region. For example, the
partial skeleton from Healam Bridge was identified as a mule based on several qualitative
morphological features (D. Jaques, pers. comm.), and the results of the biometric analysis
presented in the previous section are consistent with this determination. However, both the
left and right first molars of this individual (T001, T002) fall into the distribution of
donkeys, suggesting that while the lingual valley is more V-shaped, the bucco-lingual
distance does not resemble the characteristics thought to be typical for mules. An
individual from Ribchester was purported to be a mule based on the fact that all of its
available four lower molars (T036-T039) show “mule” morphological traits: i.e. deep
penetration of the buccal valley and a V-shaped lingual valley. Even though all molars
from this individual are located in the bottom left corner of the horse range, they sit
beneath the 0.05 cm cut-off (dashed-line in Figure 5.9). A first molar (T006) positioned in
the horse/(hypothesised) mule overlapping zone is paired with its second molar (T007),
which sits within the horse range. These two molars belong to a partial skeleton from

Healam Bridge (HB-7294), which was also determined as a horse in DFA.
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Figure 5.9 — Scatter plot of archaeological lower molars based on lingual valley angle and bucco-

lingual distance.
The dashed-line marks the bucco-lingual distance at 0.05cm. Nearly all suspected mule molars are

based on the short bucco-lingual distance, but this does not always appear with a narrow angle of
lingual valley.

The determination of donkeys concurs with the taxonomic identification based on
qualitative morphological traits. Three donkeys were identified from Fairford. Two of
these are from a relatively complete mandible (T024 and T025) and have been previously
identified by Levine as donkey (Levine, pers. comm.), albeit one of them is slightly outside
the donkey range. However, whether the remaining tooth (T026) is a molar or premolar
cannot be fully confirmed since it is a loose tooth and is slightly larger than typical molars,
but it is still included for its resemblance to two other donkey molars (T024 and T025).

Four of the five specimens that fall within the donkey range are suspected by previous
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researchers of being either donkey (T024, T026) or mule (T001, T002) based on
qualitative morphological traits. However, the remaining specimen (T009) shows a
discrepancy between different molars of the same individual. TO09 is a second molar from
the same mandible as a first molar (T008). While the actual distance between these two
molars is not unreasonably far apart on the scatter plot, they are clearly in different
distributions; the M-dist undoubtedly support this separation. The crown height of this
individual as well as its un-erupted third molar suggests that it is about 4-5 years of age,
and the inconsistent determination is very probably due to the different wear stage between
first and second molars. Although this is the only young individual that was used in the
current analysis, it is still important to remember that other than premolar-molar distinction,
age differences should also be taken into account for species determination using dental
morphology. The possibility that this young individual is, indeed, a mule also cannot be

ruled out.

Since mules cannot be confidently identified, the ratio of the three domestic equids cannot
really be calculated. Of the 35 individuals from Romano-British contexts, only five were
determined as non-caballine domestic equids. However, it also seems that the degree of
variation in equid dental morphology is much greater than hypothesised and, therefore,

likely to be more substantial than expected.

54.2 — Landmark-based GMM

Before discussing the results of landmark-based GMM, it is necessary to provide a
hypothesised scatter plot predicting the location where each species is most likely to fall.
The previous chapter has already provided an interpretative framework for the modern

‘control’ dataset with reconstructed thin-plate spline meshes showing the shape of each end
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of the axis. The reason for providing a new plot here is that every time a new set of
landmark coordinates is introduced into the matrix, it will affect the outcome of the
Procrustes fitting and, therefore, ultimately alter the PCA. As a result, the PCA plot in the
previous chapter represents only how the different sets of landmark coordinates would
scatter if they were the only dataset. Based on the reconstructed thin-plate spline on each
end of both axes, the three different domestic equids species are more likely to be located
in the hypothesised region shown in Figure 5.10. The further left along the x-axis (PC1)
the shorter the bucco-lingual distance will be and vice versa. Similarly, the higher up the y-
axis (PC2) the more round the metastylid will be and vice versa. As a result, donkeys are
more likely to be located in the upper right corner and horses are likely to be located in the
bottom-left corner (slightly overlapping the centre), whilst the upper left corner is the

hypothesised area for mules to cluster.

0.2

0.15 -

*. Hypothesised Mule Range ."._

01 -

0.05 -

0.05 T A

PC1
Figure 5.10 — Hypothesised region for each species.

It is rather surprising that the majority of the specimens fall near the hypothesised region
for horses, but none falls into the expected region for donkeys (Figure 5.11). This may be
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due to the first landmark point (LM1) being defined as the most anterior point in the
metastylid and, in practice, the determination of this point can be very close to the second
landmark point (LM2) despite the shape of the metastylid. As a result, many suspected
donkey specimens fall into the bottom right quartile of the plot, indicating that they have
large bucco-lingual distance, but LM1 and LM2 still sit close together. This includes all

three specimens determined as donkeys in the Angle Analysis (T024 to T026).

On the other hand, although several specimens fall nicely into the hypothesised mule
distribution, most of them are not the same specimens as in the previous analysis. Three of
the four suspected mule molars from Serbia (T052, T054, and T055) are located closer
towards the origin. In addition, a suspected mule molar from Winchester (T010) falls into
the hypothesised mule distribution in both analyses, suggesting that it is likely to have the
morphological characteristics that fit the description of a mule. Other possible mule
suggested by this analysis are T018 (Winchester), T036 and T039 (Ribchester), and T049
(Alcester). It should be pointed out that TO36 and T039 are from the same individual, from
which two other molars are included (T037 and T038), but both fall near the expected

horse region.

Even though the landmark-based analysis is able to point out the likelihood of several
possible mules, it is not able to further confirm the determination of donkeys. A possible
cause for having no donkey identifications, in contrast to the previous method, may be
related to the three suspected donkeys showing an atypical metaconid shape. Instead of
having a rounded metaconid, as occurs in most domestic equids, a “zigzag” slope occurs in
all three suspected donkey molars. This non-metric variation may affect how the general

shape is interpreted in all geometric morphometric analyses.
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54.3 — Outline-based GMM

Similarly to the landmark-based GMM, the clustering and thin-plate spline needs to be
recalculated when new sets of coordinates were included for the Procrustes fitting. As a
result, a new PCA scatter plot was produced to include the new data. Based on the shape of
the thin-plate spline on each end of the axes, PC1 (x-axis) determines the symmetry of the
metastylid and the metaconid and seems to be associated with the shape of the lingual
valley. Conversely, PC2 (y-axis) is dominated by the bucco-lingual distance. Based on
these observations, it can be assumed that mules will fall into the upper right corner and
donkeys into the bottom right whereas, in contrast, horses will occupy the central area
(Figure 5.12). However, the known horse samples fail to meet this expectation. Not only
do the three known horses samples cluster with those of donkeys after the new Procrustes
fitting, but also the majority of samples are spread evenly on both sides of the x-axis —

when it was expected that they would mainly fall on the left of the plot (Figure 5.13).
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Figure 5.12 — Hypothesised Region of each species.
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As a result, while those specimens suspected as donkeys (T024 to T026) are still located in
the overlap area (donkey/horse), none of the suspected mules fall in the hypothesised mule
region (Figure 5.13). Instead, about half of the suspected mules are located closer to (T001,
T002, T010, and T052) or within (T049) the observed donkey distribution, while the other

half fall within the observed horse range (T018, T036 to T39, T053, T054, and T055).

The outcomes of outline-based analysis are unsatisfactory and may be inadequate for
species determination since the PCA fails to demonstrate any clear grouping of known
morphological differences. A possible cause could be the high variety in dental
morphology observed in the horses, which overlaps with most of the archaeological
specimens, and leads to substantial uncertainty in taxonomic determinations. Further
refinement of both landmarks and semi-landmarks may be able to resolve this predicament.
The other possible cause for this clustering is the misinterpretation of the thin-plate spline
along each axis. That is, the software is only able to provide the reconstructed thin-plate
spline images of the two ends of both axes; it is difficult to confirm how the thin-plate
spline shape changes progressively between these points. A possible solution to this is to
reconstruct a thin-plate spline for each specimen and then to compare them to the mean
shape of the “modern control” dataset. However, since there is no mule control dataset, this

solution cannot satisfy the needs of the current thesis.
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Figure 5.13 — PCA scatter plot of archaeological specimens using outline-based GMM.
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54.4 - Results of shape analysis

The outcomes of the shape analysis of the 55 archaeological specimens demonstrate some
level of clustering of suspected mules (Figure 5.14). As mentioned in the previous chapter,
PC2 and PC5 are used as the x-axis and y-axis respectively to plot the data points; PC2 is
an indicator of the bucco-lingual distance (with the larger distance on the left), and PC5 is
associated with the lingual valley shape and the symmetry of the metaconid and the
metastylid (symmetrical on the lower part and asymmetrical on the top). As a result, mules
should be located in the lower right corner with symmetric metaconids and metastylids, in
addition to extremely short bucco-lingual distances. However, while the majority of
suspected mules (black dots in Figure 5.14) are located in the lower right quartile; they are
much closer to the centre point than expected. In addition, a sharp contrast between two
suspected mules, T010 and T018, requires further examination. T010 sits perfectly in the
location expected for mules (lower right corner), but TO18 is located in the upper right and
clusters with the other specimens that are assumed to be typical horses. Examination of the
original dental pattern indicates that this sharp contrast is very likely to be caused by the
symmetry between the metaconid and the metastylid. T018 is less “mule-like” than T010

from this perspective, although both have an extremely short bucco-lingual distance.
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The three suspected donkeys (T024 to T026) fall into the left side of the plot indicating that
their bucco-lingual distances are indeed larger than the majority; however, the non-metric
variance of the zigzag slope found in all three teeth evidently affects their location on the
plot. Instead of being located on the lower left quartile, two of them sit in the upper left
quartile, indicating a less symmetrical pattern between the metaconid and the metastylid.
Only two specimens, which are not suspected of being either mules or donkeys, are also
located on the right side of the plot. Both specimens (T009 and T021) are the second molar
articulating the first molars (T008 and T020). As mentioned in section 5.5.1, both
individuals are considered to be younger individuals based on the crown heights and,

therefore, they may be at a different wear stage compared to the other teeth.

Finally, the significant differences between teeth from the same individual are rather
alarming. Four molars from the same suspected mule from Ribchester (T036 to T039) are
spread far apart in three different quartiles. While two are clustering with the majority of
suspected mules near the origin point, the remaining two are somewhat closer to those of
donkeys. In general, the shift of suspected mule data points towards the left can be
explained by the fact that, other than the bucco-lingual distance, PC2 is also influenced by
the lingual valley shape (V-shape on the right and U-shape on the left). However, the
location discrepancy of the same individual can seriously impair the accuracy of this

method since different outcomes (mule or donkey) may be interpreted for different teeth.

545 — Results comparison for all GMM analyses

All interpretations of the analytical results for suspected mules and donkeys are listed in
Table 5.10. Although it seems that the outcomes of all four analyses are highly inconsistent,

they still provide some support for the determinations based on qualitative criteria. The
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intention of developing these geometric morphometric methods is not to argue against the
claim or application of qualitative observations, but to provide objective and quantified
support for it. After all, as subjective as it might be, the use of qualitative morphological
traits is still the most direct and economical method for species determinations. However,
the quantitative analyses of these traits seem to indicate that these qualitative traits may not

be as reliable as previously claimed.

Species frequencies can be estimated using the current methods, although the sample size
and the number of available sites are significantly smaller than for the biometric methods.
Among the 32 individuals from Romano-British sites (excluding two individuals (T052 —
TO055) from Serbia), 5 mules, 2 donkeys, and 25 horses were determined. This leads to a
mule-donkey-horse ratio of 5:2:25, indicating that there is 1 mule for every 6.4 domestic
equids, a result that is quite close to the previous results based on biometric analyses. It
should be reiterated that numerous teeth with atypical caballine dental pattern are excluded
because some were thought more likely to be premolars, according to Payne’s (1991)
method, and others suffer from either irregular wear or pathological conditions, which
affects the occlusal surface and, therefore, prevents any clear GMM analysis. The small
sample size makes ratio estimation by site types, or even as a whole, insufficient for a

further meaningful discussion and thus it is mentioned only for reference here.
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St Doeminaon  Andysis based  based Moo
TO0O01 | Healam Bridge Mule D D D M
T002 | Healam Bridge Mule D D H M
TO010 | Winchester Mule M M D M
TO018 | Winchester Mule M? M H H
T024 Fairford Donkey D H D D
T025 Fairford Donkey H D D
T026 Fairford Donkey H D D
TO036 | Ribchester Mule M? M H D
TO037 | Ribchester Mule M? H H M
TO38 | Ribchester Mule H H H M
TO039 | Ribchester Mule M? H H D
T049 Alcester Mule H H D M
T052 Serbia Mule M H D M
T053 Serbia Mule M H H D
T054 Serbia Mule M H H D
T055 Serbia Mule M H H D

Table 5.10 — Species determination for teeth with atypical caballine dental patterns.
Same individuals are highlighted in grey (T001-002, T024-T025, T036-T039, T052-T053, and
T054-T055).

In the process of developing methods, issues such as intra-species variation (e.g. a Shetland
pony (604, University of Southampton) with deep V-shaped lingual valley and an
unexpectedly short bucco-lingual distance compared to other horses) and non-metric
variations in the dental patterns unrelated to species determination (e.g. zigzag sloping of
the metaconid in donkey molars (132, University of Southampton)) all appear to have
affected the species determination of archaeological specimens. As a result, it is still

necessary to evaluate some of these issues below.

The first and most notable issue is the inconsistency between methods. Other than visually
determined typical horses, none of the 16 teeth gives consistent results from all four
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methods. An interesting case here is the partial skeleton from Healam Bridge (HB-7613),
represented here by teeth TOO1 and TO002. This individual was suspected to be a mule
because of certain traits in both cranial (i.e. dental) and post-cranial (tibia and metacarpal)
were regarded as atypically for horse (D. Jaques, pers. comm). The biometric analyses of
its post-cranial elements suggest this individual is more likely to be a mule, but three of
four GMM results suggest the dental morphology is closer to that of a donkey than of a
mule. Unfortunately, the cause of such inconsistency may reside in the absence of modern
mule control dataset, which ultimately can lead to the underestimation of the overlap
between species. In addition to the inconsistency between methods, discrepancies also
exist between different molars of the same individuals. Among the five individuals with
more than one analysed molar, only the suspected donkeys from Fairford (T024-25) and
one possible mule from Serbia (T054-55) have consistent results for both their M; and M,.
The four molars from the individual from Ribchester have extremely inconsistent results.
Not only does M; have different outcomes from M, but also the results for the right
molars are different from the left ones. The implication of this observation is that it is not
only the inter-specific variation that may induce misidentification, but also intra-tooth
variation may produce false results. Even though it would still be feasible to make further
refinements to the methods by assessing which molar is the more accurate for species
identification, this will not be a practical development in real terms, as the separation of

molars from premolars in isolated teeth is challenging enough.

As a hybrid, it is also possible that a mixture of the different traits in the parent species
occur in the offspring, such as the case of the offspring of wild and domestic pigs which
one tooth resemble the father while another is more similar to the mother (Evin et al.,
2015). It is hypothsised here that if similar situation is to be observed in mule, then the
inconsistency of traits in different molars of hybrid will be represented as a large distance
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between two teeth in the scatter plot (assuming one is more donkey-like and the other more

horse-like). In other words, it is expected to see the first and second molar of horses or

donkeys to cluster closer than those of mules. In order to test this assumption, the squared

Euclidean distances (d?) between M; and M, are calculated for 17 individuals with both

teeth available (one individual has M1 and M2 from both sides available). While the

shortest distance of all four methods all belongs to either horse or donkey, only one

possible mule (T037-T039) has the largest distance of all four methods. The current result

indicates that while it is still possible that hybrid has a mixture of traits from both sides of

parent, this is not observed in M; and M.

No Site Context |Q.D. AﬁQI%/I :is Lagig;?jrk- Ogjgller:je- Momocs
T003-T004 |Healam Bridge| HBOOD H | 20.2613 0.0127 0.0054 | 0.0052
T006-T007 |Healam Bridge| HBOOB H | 66.1308 0.0046 0.0107 | 0.0129
T008-T009| W.inchester VR3136 H [110.4930| 0.0044 0.0088 | 0.0587
T014-T015| W.inchester NR113 H | 58.7984 0.0009 0.0085 | 0.0043
T020-T021| W.inchester VR1280 H |171.0086 0.0041 0.0074 | 0.0174
T022-T023| Winchester VR440 H 3.4523 0.0020 0.0018 | 0.0017
T024-T025 Fairford FTF2084 | D | 88.1776 0.0019 0.0006 | 0.0001
T027-T028 Fairford FTF2052 | H | 23.6129 0.0051 0.0166 | 0.0016
T033-T034 Fairford FTF369 H 1.3888 0.0012 0.0001 | 0.0005
T036-T038| Ribchester |RB1728(L)| M | 32.1505 0.0133 0.0025 | 0.0062
T037-T039| Ribchester |RB1728(R)| M | 10.2929 0.0151 0.0026 | 0.0192
T040-T041| Ribchester RB1766 H | 206.2968 0.0002 0.0056 | 0.0036
T042-T043| Ribchester RB9926 H 0.9567 0.0053 0.0010 | 0.0006
T045-T046| Ribchester RB743 H 3.4523 0.0020 0.0080 | 0.0073
T047-T048 Alcester ALC1147 | H 0.8684 0.0068 0.0188 | 0.0007
TO050-T051 Alcester ALC838 H | 84.5120 0.0029 0.0136 | 0.0125
T052-T053 Serbia SERhi4 M |193.8277 | 0.0036 0.0026 | 0.0006
T054-T055 Serbia SERsvs M 3.8285 0.0003 0.0024 | 0.0018

Table 5.11 — Squared Euclidean distance (d°) between M; and M,. Q.D.— Qualitative Determination
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The second issue is image acquisitions. The GMM used in the current thesis is mainly
restricted to 2D images. However, as mentioned previously, the occlusal surface of molars
Is never a simple flat surface. Under visual inspection, a tooth can be rotated to the best
orientation suitable for the observer; this angle may vary between teeth. However, in order
to objectivise a GMM method, a fixed angle is required for taking photographs of different
teeth. As a result, slight damage or uneven surfaces, which can be avoided or ignored in a
visual observation, may influence 2D images and significantly affect the outcomes.
Although the use of 3D imagery may resolve this issue, it is neither economical nor
practical to employ such technology at the present stage. Moreover, the actual problem is
that the comparison of these morphological traits in most archaeological literature is by
text-description and (probably exaggerated) drawings of typical molars, but never the
actual photo of molars from the mandibles of known species, particularly mules.
Photographs of complete mandibular teeth of domestic equids are available from
Eisenmann’s website, including not only the three species studied here, but also the teeth
of hinnies (Figure 5.15). Examination of the two photographs of mules makes it clear that
that the molars are quite different. While both molars in the second photograph resemble
the description of typical mules in the literature, the molars in the first photo would be
more “donkey-like” according to the description (i.e. no buccal valley penetration
observed). If the level of overlap between different species cannot be understood, then it is
probably still too early to use GMM to distinguish different dental patterns of domestic

equids.

In summary, it is unfortunate that current outcomes are not robust enough to be used as
strong support for confident identifications. At most, they are only suggesting that these
specimens were suspected as possible donkey/mule teeth for a good reason. Therefore,
these teeth will be viewed as possible donkey and mule teeth when interpreting their

isotopic values in the Chapter 7.
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Figure 5.15 — Dental Pattern of different domestic equids from Eisenmann’s database.
Images are taken directly from Eisenmann’s website and are merged to fit into one page for
comparison.

229



Chapter 5 - Identification of Zooarchaeological Equids

5.5 — Chapter Summary

This chapter presents the results from different species determination methods with the aim
of not only providing estimated domestic equid frequencies, but also to determine possible
non-caballine domestic equids for isotopic analysis in Chapter 7. The consistency and
accuracy of each method have also been evaluated. It should not be surprising to find
conflicting results from applying different methods to evaluate the same elements, as well
as using the same methods on different elements of the same individual as has already
occurred in the modern control dataset. After all, other than the uncertainty in variations
related to a wide variety of breeds, these domestic equids not only resemble each other in
appearance, but also, as labour animals, have a similar life style. Thus, how one should
evaluate the conflicting results and give a species determination poses a significant
challenge. Different considerations are required for each method depending on its nature:
the accuracy rates for different elements and species are considered when determining the
outcomes from DFA, M-dist are calculated to provide further support in the the Davis
method, and cross comparison is made for all four GMM, as will be discussed now in more

detail.

Taxonomic determinations in this chapter were made with different considerations given
for each method. For DFA, the accuracy for different skeletal elements was evaluated for
cases where multiple elements were available for a single individual. A ranking for the
accuracy in species determination for the different elements was given:
MC>PH1>MT=>Tibia >Radius[>Femur]. The humerus was not included in the analysis due
to the lack of specimens in the archaeological assemblage. Only a few discrepancies were

observed among the individuals with multiple elements used in DFA, and all can be
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determined by using the ratio of determined species, which can further be evaluated by the

accuracy ranking of these elements.

The M-dist is used as a method of species determination in both the Davis method and the
Angle Analysis in GMM. The calculation of this distance allows the distance of each data
point to different group centroids to be quantified. The conflicting results for the first
phalanges between DFA and Davis method are assessed based on both the probability of
membership in the former and the M-dist in the latter. Since all four conflicting specimens
are considered as probable identifications using DFA, the M-dist between the group
centroids in the Davis method needs to be taken into consideration. Two horses (Z136 and
Z158) are determined as “possible” (H?) and so are excluded from further discussion. On
the other hand, the remaining two are determined as a donkey (Z149) and a mule (Z165)

respectively based on the significant difference in their M-dist.

It is unfortunate that the level of inconsistency in all four GMM approaches is considerable;
this is due, at least in part, to the lack of modern mule samples to use as ‘controls’ to set up
a standard, and thus this has limited the possibility to develop a systematic approach to
evaluate the accuracy. Although the results cannot be used directly to confirm species
affiliation of specimens with qualitative morphological traits regarded as ‘non-caballine’,
they do provide support to the contention that these specimens are different from those
deemed typical horses. As a result, they will be viewed as possible donkeys or mules in

Chapter 7, when their “localness™ is investigated through isotopic analyses.
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6.1 — Chapter Introduction

While putative mules and donkeys have been identified in the past using both qualitative
and quantitative techniques, as shown in the previous chapters, species determinations are
not always consistent in every case using different techniques. A number of causes may be
behind these inconsistencies; e.g. insufficient number of control samples (i.e. mules) or
inadequate modern controls (e.g. the use of specialised breeds); errors in original
measurements in published site reports (e.g. Danebury MC-MT), or possible life-long
intensive labour reflected in bone modification (e.g. the Southwark donkey, Bendrey,
1999). Such inconsistency continues to cast doubt on the reliability of existing methods,
either qualitative or quantitative. That said, it is not the intention of the current thesis to
disregard previous identifications made from existing methods, or to argue that none of
these methods can accurately distinguish horses, donkeys, and mules and thus they should
all be generalised as domestic equid identification in faunal reports given as Equus sp.. In
contrast, the present thesis aims to draw attention to the importance in distinguishing
different domestic equid species, since their social-economic importance is reflected by
their procurement strategies. However, in order to properly examine the acquisition of
domestic equids in the past, one must be able to accurately distinguish between different
domestic species. As demonstrated and argued in previous chapters, the use of a number of
methods in the present thesis, and comparisons in their consistency may lend credence to
some taxonomic determinations with high levels of plausibility. However, the only
approach to confidently distinguish between domestic equids is through the use of ancient
DNA (aDNA hereafter) analysis. This short chapter will review previous works in aDNA
analysis on equid species identification, and discuss the role aDNA analysis plays in the

current study through a pilot project which is still in progress.
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6.2 — The use of aDNA for equid species identification

Compared with other approaches for species determination, aDNA is the most absolute
method to unambiguously identify archaeological specimens with unknown species
affiliation. Despite its relatively high financial costs, aDNA analysis has become more
affordable in recent years. Additionally, the power of the technique has increased
dramatically, while the processing/sequencing time of specimens has decreased. Still, this
method is not routinely applied in zooarchaeological research. While it would certainly be
wasteful to have every bone fragment identified by molecular techniques (e.g. aDNA,
ZooMS (see below)), the unambiguous taxonomic determination of some “special”
specimens could provide important insights, to confirm the presence of species that cannot
be securely identified using conventional methods, and to cross-validate uncertain
morphological traits. ZooMS (Buckley et al., 2009) is a recently developed biomolecular
method, which uses collagen for species identification. Similar to aDNA analysis, this
novel molecular technique allows species to be identified regardless of the presence of
visible morphological traits and only requires about 1 mg of powdered sample (Buckley et

al., 2009).

aDNA analysis is not an unfamiliar method in zooarchaeological research related to horses.
Several horse-related projects have used aDNA analysis as their primary method with great
success (Jansen et al., 2002; Di Bernardo et al.; 2004; Cieslak et al., 2010; Gurney, 2010;
Lira et al., 2010; Svensson et al., 2012; Warmuth et al., 2012; Hovens and Rijkers, 2013;
Orlando et al., 2013; etc.). However, most studies either focus on horse domestication (e.g
Jansen et al.; 2002; Warmuth et al., 2012) or the genetic divergence between modern

breeds (e.g. Lira et al., 2010; Hovens and Rijkers, 2013). Only a handful of researchers are
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addressing the subject of species identification. In this section, some cases of aDNA

analysis related to domestic equids will be reviewed.

6.2.1 — The Pompeii “hybrid” equid

The most interesting case using DNA as tool for taxonomic identification is, perhaps, a
relatively recent publication on the identification of Pompeii equids (Gurney, 2010). In
2004, Di Bernardo et al. published their work on five complete equine skeletons excavated
from Pompeii in 1987. The original purpose of their paper was to examine the relationship
of these Roman equids to modern ones through the analysis of mitochondrial DNA.
However, one of the five skeletons examined showed a DNA sequence not only different
from the other four, but also different from known modern horse breeds. Based on this
discovery, Bernardo et al. stated that that skeleton belonged to an extinct horse breed that
was unrelated to any modern breed. However, Gurney (2010) noticed that the published
sequence for that particular individual was uncommon, and that this may have been due to
a technical mistake. Gurney discovered the individual with uncommon equine DNA
sequence showed a combination of both horse and asinine DNA sequence. In other words,
the sequence indicated that the individual was a “hybrid” of two species; this “hybrid”,
however, was an artificial combination of two incomplete DNA sequence (technical error,
e.g. during processing of samples or during DNA amplifications), and did not represent the
DNA sequence of the actual hybrids such as mules or hinnies. Gurney (2010), then, re-
analysed this individual to reveal it was in fact a donkey rather than an extinct horse breed.
It must be noted that, apparent morphological differences between this individual and the
four other equid skeletons found in the same stables were not noticed in these near

complete skeletons.
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6.2.2 — Validating lingual valley shape through aDNA analysis

A previous attempt had been made to confirm the lower dental morphological differences
between E. caballus and E. asinus using aDNA analysis in an unpublished M.A.
dissertation (Hite, 2008). This MA dissertation is the only known study on such subject. In
her dissertation, Hite (2008) examined the lower dental morphology of E. caballus and E.
asinus and used mitochondrial DNA (mtDNA hereafter) to cross-validate the known
criteria. Although the sample size is small (n=3), Hite concludes that VV-shaped and U-
shaped pattern as well as the length of buccal fold are characteristic enough to separate
donkeys from horses. Unfortunately, several important factors were overlooked in this
attempt, such as differences between molars and premolars or how age and surface wear
may affect the determination. The differences between premolars and molars were not
established when discussing the dental morphology in Hite’s work (2008). From the
pictures used in her dissertation (Figure 2.2 in the current thesis), it is quite clear that the
tooth demonstrating U-shape in horse was a premolar based on the buccal valley and the
use of Payne’s method (1991). In addition, no age information is given for all the samples
determined to species level. As already pointed out in Chapter 2 and by previous
researchers (Levine, 2004, Johnstone, 2004), teeth wear can alter the shape of enamel folds.
For extremely young or old equids, or even equids with uneven occlusal surfaces, the
differences between “V-shaped” and “U-shaped” can be difficult to discern. The same
factor will also affect the length of buccal fold, especially when no specification is made

on whether specimens are molars or premolars.

As a result, although Hite (2008) argued that the aDNA analysis confirms the

morphological traits observed in the lower teeth, the results did not clarify the differences
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between molars and premolars. Moreover, her aDNA analysis was based on mtDNA and,

therefore, the possibility of detecting hybrid species was unfeasible.

6.3 — aDNA analysis for hybrid species: the basic principle

The application of DNA analysis is so embedded into today’s society that people are very
familiar with what it is used for and is capable of doing, but are less clear on the specific
requirements and on the implications of the results. The use of aDNA analysis in
archaeology has a very wide application, from identifying diseases that had similar bone
lesions (e.g. tuberculosis caused by different bacteria, Mays et al., 2001) to the
determinations of the coat colour of past horse (and other species) individuals (Svensson et
al., 2012). Not only can it be used for taxonomic and sex identifications, it can also be used
to understand evolutionary processes of a species (Orlando et al., 2013). For the present
study, the primary aim is to determine the taxonomic status of specimens through aDNA
analysis to validate existing morphological criteria used in the taxonomic identification of

domestic equids, ultimately allowing mules and donkeys to be distinguished from horses.

It should not come as a surprise that differences in DNA sequences exist between different
equid species, making it is possible to identify them genetically. In most cases
identifications can be carried out by comparing the abundant mtDNA,; unfortunately this is
not the case for the identification of hybrids (e.g. mules). There are two types of DNA:
mtDNA and nuclear DNA (nuDNA hereafter). The mtDNA of an individual is a direct
replicate of the mother’s mtDNA without it being rearranged to form a new DNA sequence
(though mutations still occur from time to time). The nuDNA, on the other hand, will be

rearranged to form a new DNA sequence. It contains a half set of each parent’s
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chromosomes, and creates a new sequence for the progeny. For the purpose of species
identification, mtDNA will be sufficient since it will differ from species to species (i.e.
sheep vs. goats). In addition, the fact that mtDNA in a cell is more abundant than nuDNA
(which has only one nucleus per cell) and thus has a greater likelihood of being extracted
and amplified, has made the former a better candidate for ancient DNA analysis. However,
in the genetic analysis of hybrids, the use of mtDNA is inadequate. If using this type of
DNA, horses and mules would be indistinguishable from each other, as would donkeys and
hinnies. Using the Pompeii equids mentioned above as an example: analyses of their
mtDNA can only reveal that four individuals had horses as mothers, whereas one has had a
donkey as a mother; it cannot be determined though mtDNA whether the four individuals
were mules or horses, or whether the individual whose taxonomic assignation was revised

to “donkey” was in fact a donkey or a hinny.

Such complexity has set a high technological threshold for the preservation conditions of
selected samples. The moment a creature dies, the DNA in the cell starts to decay and, in
general, the more time elapsed since death the more fragmentary the DNA (though rates of
decay vary according to macro- and micro-environmental conditions). In addition, there
seems to be a very complicated correlation between the abundance of surviving mtDNA
and the availability of nuDNA (Campana et al., 2012). As a result, there is no guarantee
that if a lot of mtDNA survived, then, nuDNA will be more likely to survive as well, and
vice versa. Given this, and the relatively smaller amounts of nuDNA in the cell compared
to mtDNA, the successful extraction rate of the former from archaeological samples is
expected to be low. Adding to the relatively low success rate of nuDNA extraction, the
availability of suitable samples, the required infrastructure (facilities), as well as costs of
the analyses are all issues that pose challenges to validating known methods for distinguish

domestic equids using genetic techniques.
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6.4 — lIdentifying archaeological mules: a pilot project in progress

At the initial stage of the current thesis planning, using aDNA analysis to resolve the
ambiguity of both qualitative and quantitative identification methods was one of the main
aims. To achieve this aim, numerous specimens were collected and aDNA was extracted
from a number of specimens for Sanger sequencing (also known as conventional
sequencing or chain termination approach, Gupta and Gupta, 2014, see next section) by the
present author in cooperation with the Centre for Geogenetics at the Natural History
Museum (University of Copenhagen), Denmark. Unfortunately, due to several factors, the
project had to be postponed and it did not resume until recently. Although the current
thesis is unable to provide the full details of this on-going project, the initial results are still
worth discussing here as they may provide a general direction for future work. In this
section, the method will be briefly explained, followed by a general description of the

material, and a discussion of the implication of the available results.

6.4.1 — Method: from Sanger Sequencing to NGS (Next-Generation Sequencing)

Following the initial attempt based on Sanger sequencing in 2013, a next-generation
sequencing (NGS) approach is becoming more commonly applied in genetic research and
was considered to be more cost-efficient for the current thesis than the previous approach.
The main difference between Sanger sequencing and NGS method is the order of defining
the target (Gupta and Gupta, 2014). For the Sanger sequencing, a short strand of nucleic
acid sequence (known as a “primer”) of the targeted species will need to be added to the
prepared samples to extract the DNA of the targeted species before being amplified them
using polymerase chain reaction (PCR) (Gupta and Gupta, 2014; Brown and Brown, 2011).
PCR is a process designed to trigger DNA synthesis by amplified fragmented DNA strands

that has been extracted by specific primer used in the extraction. The synthesised DNA
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then can be used in sequencing, in current case, for taxon identification. NGS, on the other
hand, uses a different approach. To simply put it, instead of adding a primer to the
extractions and then amplifying a target species, NGS method will amplify every DNA
fragment still surviving in the archaeological specimens and detect whether any of these
DNA fragments belongs to the target species (Gupta and Gupta, 2014). The advantage of
the latter method is that it is much faster than Sanger sequencing, but this does not increase

the success rate for extracting nuDNA from archaeological specimens.

6.4.2 — Material for aDNA analysis

A total of forty specimens were selected for aDNA analysis. The selection of specimens is
based on the availability of material and the presence of identified mules. As a result, the
specimens from Healam Bridge and Dangstetten were chosen over other sites for two
reasons: the abundance of doesmtic equids specimens including the presence of (near)
complete mule skeletons and the availability of material for desctructive analysis. The first
twenty specimens were exclusively from Healam Bridge and were processed in
Copenhagen by the present author at the beginning of 2013. However, while a few
specimens were thought to contain aDNA, no endogenous sequences were obtained in
subsequent sequencing and thus these forty specimens are not included in the present thesis.
Towards the end of 2013, an additional twenty specimens were sent to Centre for
Geogenetics, to have their DNA extracted and, if present, sequenced using NGS. Five of
these specimens came from Healam Bridge and the remaining fifteen were from
Dangstetten, Germany (Table 6.1). The reason for choosing these two sites are based on
that both sites have near complete skeletons identified as mule and also the availability of

material for aDNA analysis.
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The Roman site of Dangstetten is located near modern day Kiissaberg, Germany (at the
border between Germany and Switzerland). It was a military camp with a short occupation
span (Uerpmann and Uerpmann, 1994; Uerpmann, in prep.) This camp was established in
15-12 BC, and abandoned after the death of Drusus in 9 BC. The site was excavated
during 1968 to 1982, but the faunal report is still yet to be completed. A relatively large
number of complete or almost complete equid skeletons were found at the site.
Uerpmann’s taxonomic identifications of these skeletons were based on qualitative
morphological dental traits (Uerpmann and Uerpmann, 1994). The completeness of these
equine skeletons has allowed sampling from elements other than teeth. This preserves the
teeth for further morphological observation and isotopic analysis while using aDNA
analysis from other elements to validate the results. However, while permission for
carrying out aDNA analysis was kindly granted by Prof. Uerpmann, isotopic analysis of
the same site is already under way in a separate project. Since the current thesis aims to
focus on only the procurement strategies of domestic equids in Roman Britain, the material
from Dangstetten was used with the sole aim of validating qualitative morphological

criteria through aDNA analysis.

Specimens of post-cranial elements from fifteen equid skeletons from Dangstetten were
sampled for the present study. These skeletons have been identified as horses or mules by
Prof. Uerpmann (pers. com.) based on qualitative dental morphological criteria. Table 6.1

shows the material from Dangstetten and Healam Bridge sampled for aDNA analysis.
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No.| Sample Element Qualitative Identification
1 |DA-1144 Dangstetten Mandible Mule
2 |DA-479 Dangstetten Maxilla Mule
3 |DA-358 Dangstetten Mandible Mule
4 | DA-504 Dangstetten Maxilla and mandible | Mule
5 |DA-479 Dangstetten Maxilla Mule
6 |DA-820 Dangstetten Radius, L Mule
7 |DA-999 Dangstetten Maxilla Mule
8 |DA-1080 Dangstetten Mandible Mule
9 |DA-1165 Dangstetten Humerus, R Horse
10 |DA-1104 Dangstetten Femur, L Horse
11 |DA-1151 Dangstetten Scapula, L Horse
12 |DA-1165 Dangstetten Maxilla Horse
13 |DA-217 Dangstetten Metapodial 2 or 4 Mule
14 |DA-959 Dangstetten Metapodial 2 or 4 Mule
15 |DA-1157 Dangstetten Scapula Mule
16 |HB-5069 Healam Bridge Lower dp3, L Mule?
17 |HB-5031 Healam Bridge Lower P3, L Mule?
18 |HB-5561 Healam Bridge Lower P3, L Horse
19 |HB-6821 Healam Bridge Lower M1, R Horse
20 |HB-2814 Healam Bridge Lower M1, R Horse

Table 6.1 — Material selected for aDNA analysis using NGS.

Identifications of Dangstetten skeletons carried out by Uerpmann (pers. com.) based on qualitative
dental traits. Identifications of Healam Bridge specimens made by the present author based on
qualitative dental traits.

6.4.3 — Initial results of aDNA analysis using NGS

Attempt has been made to differentiante modern horses, donkeys, and their hybrid
offspring using genetic analysis (Zhao et al., 2005). Their genetic differences between
these species have been demonstrated in both mtDNA and nuDNA. The palaeogenetic
analysis is still ongoing (Schubert et al., in prep.), but preliminary results are available and
are presented below. They are based on personal communication from Prof. L. Orlando,

Centre for GeoGenetics (Natural History Museum, Copenhagen University).

The use of high-throughput screening (HTS) allows the decoding of DNA sgeuncing to
process at much faster speed than Sanger sequencing (Mannocci et al., 2008). It is a

method commonly adopt in NGS. In current study, HTS libraries were successfully built
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from 5 out of the 20 samples: DA-1080; DA-1165; DA-1104; DA-959, and DA-217 (all
from Dangstetten). However, sequences could only be obtained from three of these: DA-
217, DA-959 and DA-1104. As Table 6.1 shows, these three specimens were identified as
mule, mule and horse respectively on qualitative morphological grounds (Uerpmann, pers.

comm.).

Despite the sequencing efforts (from 5,314,650 to 104,928,339 and 107,799,314
sequences), only a limited portion of both genomes, mitochondrial and nuclear, were
covered. Expected damage patterns were found: they showed an increase of C—T changes
towards read starts, an increase of G—A towards read ends, and an excess of As and Gs at
the genomic position preceding sequence starts (Orlando, pers. comm.). This indicates that

the data are real.

A series of analyses to evaluate the odds of the samples being mules (or any hybrid, for
that matter) were carried out. Here the idea was to compare the sequence information of
the Dangstetten specimens to that of equid species for which sequences at the whole
genome level are available. These analyses included: PCA, Admixture and F3-stats. These
are analyses commonly used in genetic studies to determine the likelihood of group
membership. F3-stats is one of the F-statistics used regularly in genetic analysis. F3 is
considered as outgroup analysis which is used to determine the membership of unknown
specimen (Peter, 2015). Further detaild of the outcome will be available when the project

report is ready.
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Results show that the only specimen identified genetically as a mule is R14DA_959, where
the admixture shows about 20% of the genome clustering with non-caballines (i.e. E.

asinus).

Although the sample size is small, these preliminary results contradict only one of the
species identifications based on qualitative morphological traits. Thus, DA-1104 is indeed
a horse; and DA-959 can also be confirmed as a mule. However, preliminary results
strongly suggest that DA-217 (determined as a mule based on its morphological

characterisitc) is in fact a horse. This indicates that determinations made from qualitative

morphological traits may not always be reliable.

No‘ Specimen‘ Element aDNA result| Qualitative result
10 |DA-1104 |Femur, L Horse Horse
13 |DA-217 |Metapodial 2 or 4 |Horse Mule
14 |DA-959 |Metapodial 2 or 4 |Mule Mule

Table 6.2 — Specimens identified by aDNA analysis.
Contradictory identification highlighted in grey.

The photograph of both the maxillary and mandibular tooth row for DA-959 is available
from Uppermann and Uppermann (1994, p.355, Figl and Fig2). While the determination
of DA-959 as a mule is based on both maxillary and mandibular dental morphology, the
current thesis will focus only on the morphological criteria of the mandibular teeth since
they are more commonly used by researchers. Judging from the description in Uerpmann
and Uerpmann (1994, pp. 355-6), this individual had been determined as a mule based on
the lingual valley in all mandibular teeth are “VV’-shaped and the somewhat shorter bucco-

lingual distance in all mandibular teeth (Figure 6.1). However, comparing the images of
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some of other suspected mules in the current thesis, the qualitative criteria in the molars of
DA-959 are not as “typical” as others (e.g. Ribchester, Figure 6.2). Unfortunately,
mandibular teeth images for DA217 and D1104 are not available for comparison and,

therefore, the aDNA results cannot be used to validate the dental morphology of these two

individuals.

Figure 6.1 — Mandibular teeth of DA-959. (Image taken from Uerpmann and Uerpmann, 1994)
Note that, while the lingual valley of both first and second molars is more-or-less “V’-shaped and
the metastylid and the metaconid are quite symmetrical, the lingual-buccal distance of the first
molar is clearly larger than that in “typical” mules. Uerpmann and Uerpmann (1994) used the “V”-
shaped lingual valley and the elongated buccal valley in the third premolar as well as morphological
traits in the maxillary teeth to argue for mule identification.

Figure 6.2 — Mandibular teeth of RB-728 (Ribchester).
Note the V-shaped lingual fold, the symmetrical roundness of the metaconid and the metastylid,
and the short bucco-lingual fold distance, particularly in M2.

6.4.4 — Indication of current aDNA findings

Due to the low success rate of extracting nuDNA from archaeological material, the sample
size from the initial results is considerably small (n=3). The contradictory identification of
DA-217 reveals that qualitative evaluation of dental morphology may not reliably

distinguish different domestic equids. This suggests that the variability in dental
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morphology in horses is much greater than has been previously assumed. In other words,
when examined for their qualitative traits, mandibular teeth in some horses can appear
“mule-like”. Conversely, it could also be possible that some mules are more “horse-like”,
based on the characteristics of the same elements. However, for the current case, when the
available image of DA-959 is re-examined, it seems that while some morphological traits
are typically mule (VV-shape), some other traits (bucco-lingual distance) may not be typical
in all mules. As a result, before completely rejecting the reliability of morphological
criteria, the current outcomes imply that qualitative identification can be subjective and
need to be reconsidered. Thus, it would be wise to apply quantitative methods suggested in

the present thesis to confirm any suspicion regarding the presence of non-caballine equids.

As mentioned above, this is an on-going project; additional specimens are still being
analysed and further analysis of putative mules and donkeys will be able to provide a better

estimation of the reliability of dental morphology and post-cranial morphological criteria.

6.5 — Chapter Summary

In this short chapter, the use of aDNA analysis for the identification of domestic equids is
discussed. Previous aDNA studies have mostly focused on the evolution of equids and only
a few of them have dealt more directly with taxonomic identifications. A previously
unpublished Master’s dissertation (Hite, 2008) focused on validating claimed dental traits
for equids by using aDNA analysis. However, in addition to the small sample size, several
aspects of the research design were unsuitable for the detection of hybrid species (i.e. work
only focused on mtDNA). Thus, the validity of morphological traits for the detection of

mules is still in doubt.
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Technological advances have increased the processing speed and the resolution of
outcomes in aDNA analysis. Similarly, the success rate of aDNA extraction and analysis
has increased as well, and the cost of such investigations has also become, relatively
speaking, more affordable. This has increased the opportunities for the identification of
hybrid species in archaeological assemblages. However, success rates are still relatively
low judging from present results (3 out of 20 specimens). This is mainly due to the fact that
the abundant mtDNA commonly used in aDNA analysis is insufficient in the genetic
characterisation of hybrids. The success rate in the extraction and sequencing of nuclear

DNA, which is required in the study of mules and other hybrids, is considerably lower.

The initial results from this on-going project reveal that a specimen which was previously
identified as mule based on qualitative evaluation of its dental morphology is, in fact, a
horse. Whilst this seems to question the reliability of morphological traits as criteria for
taxonomic identification of hybrids, it actually also emphasises the essential problem of
qualitative criteria: i.e. subjectivity. The images of specimen DA-959 mentioned above
show rather ambiguous characteristics that are neither “typically”” horse, nor “typically”
mule. As a result, in addition to whether these morphological criteria are reliable, the
subjectivity of the gqualitative method should also be questioned and further explored using

quantitative approaches.

Even though the small sample size from the initial results of this on-going project is
insufficient to warrant firm conclusions, it does indicate that determinations based purely
on qualitative methods can be misleading. Therefore, it is advised to include quantitative

methods to further support the species determination as suggested in the current thesis.
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As mentioned above, first results of the analysis of ancient DNA from equid samples from
Dangstetten strongly suggest that morphological traits are not always reliable in the
identification of mules. However, given the limited nature of this preliminary
palaeogenetic study, the extent of the overlap in the morphological variability in mules and

horses it is still unclear, and should be a subject for a more thorough investigation.
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7.1 — Introduction

This chapter will present all the aspects of isotopic analysis of the current research. The
first part of this chapter will review the basic concept of isotopic analysis and build a
hypothetical model for the different procurement strategies for domestic equids. The
rationale behind the sample selection will be explained and lists will be given of the
specimens used for isotopic analysis. This will be followed by the details and a summary
of the outcomes from the analyses, as well as their interpretation. This chapter will then
end with a discussion of the significance and implications of the results from isotopic

analyses.

7.2 — Stable Isotopic Analyses of Mobility and Migration: A Brief Overview

The use of stable isotopic analysis in archaeological studies allows new information to be
obtained from skeletal remains and contributes new perspectives on interpreting past
human behaviours. Whilst isotopic analysis is more commonly associated with studies on
the dietary patterns of past populations, the method can also be used to detect their
movements. Mobility and migration are important aspects of human behaviour, which
ultimately resulted in the current human occupation of the globe and the similarity as well
as the diversity of different cultures. Use of strontium and oxygen isotopes has made
detecting some of these movements possible by comparing the isotopic values from
skeletal remains against the local isotopic range (Brown and Brown, 2011). This allows
archaeologists to detect and interpret human movements based on direct evidence. While it
is difficult to demonstrate whether the presence of an object is evidence of trade, the result
of spreading technology, or the movement of people, analysis of strontium and oxygen

isotopic is able to show if the environment an individual grew up in is different from the
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place he/she was buried. In addition, the style of artefacts can be learned and imitated, but
evidence in bones and teeth is generally unintentional and, therefore, can directly better
represent actual past mobility. A similar method can be applied to animals to determine
whether the presence of a new species could be an indication of continuous importation of

that species as food or evidence of the introduction of the animal to a new habitat.

Isotopes are the same element in alternate forms — with a different number of neutrons and
hence different masses. Through food and water consumption, these isotopes will be
incorporated into different body tissues (teeth, bone, hair, muscle, etc.) of all creatures
because they are involved in the process of tissue formation (Brown and Brown, 2011). As
a result, different ratios of isotopes, such as carbon, oxygen, and nitrogen, will reflect not

only the diet, but also the environment surrounding the organism.

Unlike determining the diet of an individual using carbon and nitrogen isotopes from bone,
which gives an average diet assessment over a long period, understanding mobility
requires isotopic records that represent a shorter time span, so tooth enamel is
predominately used. This is because, in order to study the mobility of an individual through
a developmental period, it is necessary to compare the isotopic value representing a known
age of the individual against the defined local range of the site where the individual is
found. As a result, teeth are more suitable than are bones for examining purposes such as
past mobility and migration. Whilst bones are more abundant than are teeth in most
archaeological cases, the isotopic value derived from bones is less representative of a
location than teeth because bones are constantly remodelling. In other words, bones are
constantly forming throughout a lifetime. This means the minerals in bones will undergo a

complete turnover after a certain period, and different bones will have a different turnover
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rate. As a result, isotopic values from bones will provide only an average of whatever was
consumed in this period. The enamel in teeth, on the other hand, will not remodel once
formed and thus can be used as a proxy to represent the dietary catchment of an
individual’s developmental years. Furthermore, the ages for the complete formation of
enamel and the eruption of each tooth are generally better understood than the remodelling

rate of bones.

Various studies have used isotopic analysis to address questions regarding mobility and
migration in the past, mostly of humans (for example, Price et al., 2002; Bentley et al.,
2004; Fischer et al., 2007; Prowse and Schwarcz, 2007; Eriksson et al., 2008; Schroeder et
al., 2009; Giblin et al., 2013; Gregoricka, 2013; etc), but the same method can also be used
to discuss animal mobility and migration as a result of human behaviour (Pearson et al.,
2007; Bendrey et al., 2009; Berger et al., 2010; Towers et al., 2010, 2011; Thornton et al.,
2011; Henton, 2012; Madgwick et al., 2013; Minniti et al. 2014; etc.). Among these
studies, Bendrey et al. (2009) had a similar aim to the current research, as they attempted
to examine the local supply of horses in southern Britain during the Iron Age by using
strontium isotopic analysis on two horses. The results revealed different origins for these
two horses, but there was not enough evidence to conclude whether local Iron Age tribes
were breeding their own horses or captured and tamed wild/feral horse populations.
Another similar study is that published by Berger et al. (2010) which discusses the
mobility of a putative mule from Weiltenburg, Germany. The study used oxygen and
strontium isotopic values from different sections of the lower fourth premolar (P,) as well
as its mandible to represent different periods throughout its life and concluded that the
studied mule may have travelled through the Alps, but results were inconclusive regarding

its place of birth. Other studies, such as Towers et al. (2010), also used strontium isotopic
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analysis to discuss the localness of the cattle and aurochs used in funerary rituals in Bronze

Age Britain.

Several different elements can also be used to detect localness based on their association
with changes in the surrounding environment, such as lead and neodymium, but the former
is more commonly found in metal or ceramic artefacts (e.g. Ifiafiez et al. 2010) whereas the
latter is more commonly used on fossil material in palaeoecological studies (e.g. Janz and
Vennemann, 2005). However, two different stable isotopes are more commonly employed
than others in archaeological research for determining mobility: strontium and oxygen. The
basic concepts of their application in archaeology are relatively well understood and,
therefore, only the basic premise of their application and use will be described here. That
said, it must be stressed that, at present, most results of stable isotopic analyses cannot be
used on their own as a tool to trace origins. This is because isotopic values are rarely
unique and location-specific. In other words, different places that are far away from each
other may have the same local isotopic signature. Nevertheless, in most cases, isotopic
analyses are able to provide enough evidence, which can be used to examine local versus

non-local origin.

As mentioned above, oxygen and strontium are two elements frequently used for studies on
mobility and migration. For the current study, oxygen isotopic analysis was chosen as the
main method to analyse all available specimens. The main reason for this was financial.
Secondly, oxygen isotopic analysis was regarded as being more suitable than strontium
isotopes to provide evidence of the import of animals from the continent for the present
study (see section 7.2.1). As a result, strontium isotopic analysis was performed only on a

small number of specimens to obtain complementary results to help shed light on the
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possibility of tracking ‘origins’ of tested samples. To further explain why oxygen isotopic
analysis is more useful to the current study, it is necessary to understand the differences

between these two isotopic analyses.

7.2.1 — The Basic Principles of Oxygen Isotopic Analysis

The use of oxygen isotopic analysis is common in studies of mobility in archaeology (e.g.
Prowse and Schwarcz, 2007; Schroeder et al., 2009; Brown and Brown, 2011), so only a

simplified version of the basic principle involved is offered.

In nature, oxygen has three isotopes, *°0, 'O, and **0. The ratio between *°0 and *°0
(*®0/*®0, or expressed relative to a standard as 5*20) in natural water is different from
region to region depending on factors such as temperature, latitude, altitude, and distance
to shore. In other words, the local evaporation rate and precipitation will determine the
local 5'®0 values. Local drinking water, which includes several sources of natural water
such as rainfall or input from melted ice or snow, and which is generally assumed to be
similar to the mean of local precipitation, will, then, reflect different local 6180Drinking Water
(hereafter 8*®0pw) values. Therefore, animals drinking the same local water source will
have similar 5'®Opw values in their body tissues. Nevertheless, the 5*®0py value is not
unique to a specific region because regions with a similar climate and geography will also
have a similar §®Opyw value even if they may be far from each other in actual distance.
Map 7.1 is a demonstration of modern 820 values in different regions of Europe. Note that
the '%0 value is distributed in a gradient because the distance to shore is the main factor
for the evaporation rate and precipitation. Subsequently, §**0Opw values change mainly in a

southwest-northeast gradient, but are complicated by a steep Mediterranean gradient inland
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from the Mediterranean coast, and distinctive values near the Alps where the altitude is

high.

Map 7.1 — 5"%0pw value range from mean annual precipitation for western Europe (adapted from
Hughes et al., 2014 and Schwarcz et al., 2010)

A more detailed 5'®0p\ gradient map is available for Britain from the work of Darling et
al. (2003, Map 7.2). This map is based on modern groundwater and can be used to

represent the §'®0pw range for Roman Britain under the assumption that there has been no
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dramatic climatic change (McCormick et al., 2012). From this map, it is clear that the
8'0pw value decreases in a west-east direction. This is because the North Atlantic Drift
from the southeast is the major factor for the weather in Western Europe. The differences
between §'°0pw values, then, can be used as an indicator of the location of origin of an
individual. Given that 5'®Opw values change progressively over the landscape, it is
possible to deduce the location of where the specimen is more likely to have originated.
For example, if a specimen that is known to be of British origin has a 5'Opw value of
between -8.0%o0 and -8.5%o, then it is very possible for this specimen to be from eastern
Scotland or central England (part southeast Yorkshire and northwest East Midlands). If a
specimen has a more positive §**0pw value, between -3.0%o and -4.0%o, it would be
reasonable to exclude this specimen as being of British origin since no region within the
UK has a §'®Opy value this positive. In addition, in this case, it would even be possible to
speculate that the specimen may have originated from the southwest coast of the Iberian

Peninsula or Northern Africa.

It is also important to know that there are some shortcomings to oxygen isotopic analysis
that may affect the efficiency of the results. Because 8*®Opy is climatic/temperature

sensitive, it is affected by seasonal changes.

The formation of teeth takes place incrementally over a long period, and this is crucial for
the development of an appropriate sampling strategy (see section 7.4.1). In addition to
seasonal differences, the source of drinking water (particularly for domesticated animals)
and the metabolic differences between species and body mass are all possible factors
affecting 8'°0Opw value. This issue can only be resolved with more comprehensive studies

and larger datasets.
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Map 7.2 — 5'®0pw range based on modern groundwater (from Darling et al., 2003).

7.2.2 — The Basic Principles of Strontium Isotopic Analysis

Strontium Isotopic analysis is, perhaps, by far the most common method used for
discussing mobility and movement in archaeology. The reason for its popularity is that
unlike oxygen, strontium isotopic analysis is determined only by the soil type of a region
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and is not affected by numerous other factors such as possible minor climatic/temperature
changes or differences in metabolic systems. Strontium (Sr) has four different isotopes
existing in nature: ®*Sr, ®Sr, #’Sr, and %Sr. Of these four, three are stable, and ®'Sr is
formed from the radioactive decay of ®’Rb (rubidium). The ratio of ®’Sr to ®®Sr (¢"Sr/%°sr,
refers to as the strontium isotopic ratio in this thesis) is related to the geological age of the
bedrock and, consequently, to the surface soils composed mainly from the weathered
bedrock (Bentley, 2006; Brown and Brown, 2011; Slovak and Paytan, 2012). Both water
and plants will show the same strontium isotopic ratio as the soil type, and the same ratio
will persist in creatures that consume the local water and plants. Thus a comparison of
strontium isotopes in tooth enamel with a non-local dietary catchment can be distinguished

from the local ones.

In contrast to oxygen isotopic values, the strontium isotopic ratios do not change in a
gradient through the landscape. As a result, the same logic for determining the possible
region of origin using oxygen isotopic values cannot be applied for strontium isotopic
values. That is, if a 5'®Opw value is out of the local range, it is still often possible to
attribute the specimen to further inland or closer to the shore; but such a rationale will not
work for strontium. It is, therefore, imperative to have a method for establishing the
possible location where the strontium isotopic ratio could have originated. A geological
map with detailed & Sr/®®Sr information for the UK was produced by Evans et al. (2010,
Map 7.3). This map includes data obtained from spring water and plants, as well as from
skeletal material from archaeological sites and, therefore, it is ideal for the current study.
From this map, it is not difficult to see that there is no observable pattern in strontium
isotope values. Not only can similar isotopic values exist in different parts of the island,
but they also exist in the continental landmass (Map 7.4). For example, chalk soil (¢Sr/2°Sr
between 0.708 and 0.709) is the main soil type for South East and East England, but it is
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also the most common soil type in continental Europe. As a result, if all samples can be
confirmed to have originated within a given region, then strontium isotopic ratios will be
able to not only discriminate between locals and non-locals, but will also be able to detect
the possible origins of non-local individuals. However, when the geographical region of

origin cannot be confirmed, strontium isotopic ratios can only determine if the samples are

local or not.
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Map 7.3 — Strontium Isotopic Ratios of UK. (Evans et al., 2010)
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7.2.3 —The Basic Principles of Carbon Isotopic Analysis

Traditionally, carbon isotopic analysis is not used as a tool for examining migration or
movement, but rather is used as a representation of diet. This is because carbon isotopic
values mainly reflect the plant types being consumed by different individuals. Unlike
humans with the ability to alter local vegetation by introducing new plant species through
domestication and other agricultural activities, for grazing herbivores, the food resource is
determined mainly by the local vegetation. Thus, if the vegetation is significantly different

in one region from that in others, carbon isotopes may indirectly reflect the origin of the
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animal. Before explaining how carbon isotopic values can be used to determine localness,

it Is necessary to provide a basic background of how carbon isotopic analysis works.

12¢, B¢, and *C are the three carbon isotopes that can be found in nature. Among them,
12C and **C are stable isotopes, and their ratio varies according to the photosynthesis path
adopted by the plants. In a temperate climate, plants usually adopt the “Calvin-Benson
cycle” (or C; carbon fixation) as the photosynthetic pathway and produce a pair of 3-
carbon molecules for the further production of energy (e.g. glucose and other sugars)
(Simpson, 2010). This type of plant is generally referred to as a C3 plant. In contrast to C3
plants, plants in hot and arid climates have adopted a different photosynthetic pathway,
which has a two-staged process, and they produce 4-carbon molecules instead of 3-carbon
ones. As a result, this type of plant is known as a C4 plant. These two different plant types
have different rates of absorbing °C and **C from the atmosphere and, therefore, have

different *3C to *C ratios (5*3C).

Since climate is the dominating factor in whether a region favours C3 or C4 plants, the
availability of plant types can be used as a proxy for the environment. For example, C4
plants are more abundant in continental Europe (e.g. the Balkans) than in Britain and,
therefore, it would be extremely unusual for a British local horse to have a high ratio of C4
plant intake. However, the resolution provided by carbon isotopic evidence is much lower
than that of oxygen and, therefore, can be used only as a rough guide, i.e., to indicate
unusual diets. Furthermore, it is uncertain what percentage of diet for a domesticated
species, such as horses, is provided by humans (fodder) and how much is derived from

exploiting surrounding pastures.
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7.3 — Using Isotopic Analysis to Determine Equid Procurement Strategies

In previous sections, the advantages and limitations of different isotopic analyses were
discussed along with the basic concept for their application in archaeology. In this section,
different models will be hypothesised to represent various equid procurement strategies.
Before setting up the possible scenarios, it is necessary to reiterate the main research

questions for this part of the current thesis:

(1) Is there a correlation between different procurement strategies and site types? For
example, do military sites have the same procurement strategy as urban or rural
settlements?

(2) Based on Roman historical records, there should be three different types of domestic
equids commonly used: horses, donkeys, and mules. Do different domestic equid
species have different supply sources? Do they all come from the same breeding
ground (whether local or non-local), or were there different breeding centres that
specialised in breeding certain species?

(3) Given the challenges of donkey-keeping and mule-breeding in Roman Britain as
discussed previously (see Chapter 1), is it possible that some of these animals were
imports from the continent or other parts of the Roman Empire? In order to answer

these questions, different models need to be hypothesised for different scenarios.

Domestic equids are highly mobile animals, but their mobility is restricted if they are sold
and purchased as commaodities. Many of these animals are bred for the purpose of
exploiting their labour and, therefore, are assumed to be kept under human management
until they are ready to carry out designated tasks. As a result, the comparison of isotopic
signatures from the early period of an individual’s life and the local range, i.e. where it was

discovered, may provide insights into its procurement, in other words, may show whether
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the individual was brought from a different region or was born and raised within a local
area. However, since a comparison can only be made between the early life of an

individual and the place of discovery, all journeys, long or short, that this individual
experienced are simply undetectable. That is, even a locally bred horse can be sold to a
very distant region and can work there over a long period, then be sold back to its breeding
ground. In cases like this, it is impossible for the current method to detect such transactions,
and we can only determine that this horse was apparently procured locally while, for its

last owner, it was a commodity purchased from afar. This limitation is worth noting, since
the life history of labour animals may be extremely complicated, especially for horses and

mules, which are known to have participated in military operations at frontiers.

Having pointed out the blind spot of the current hypothesis, it may be redundant to state
that all hypothetical models assume that all individuals lived in only two locations at most:
the breeding ground and the place of death. Therefore, for the current research, it is
assumed that if an individual’s isotopic value falls in the local range, it is determined as
having been procured locally wherever it may have been during its life time, and vice versa.
Although the exact origin of specimens cannot be determined by isotopic values, the
pattern will be able to show whether different specimens may have had the same origin.
This is because if a herd of domestic animals grew up in the same environment, then their
isotopic value (strontium or oxygen) will be similar to that of other members of the same
herd, and yet dissimilar to that of individuals that grew up in a different area where the
environmental setting differed in one way or another (soil composition and/or different
climate). As a result, the animals from the same region (supplying source) should have
similar isotopic values, and these values should be different to those of individuals that
originated in a different region. Therefore, we can determine whether there are only a few
supply sources or multiple and random acquisition sources based on the clustering of
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isotopic data. In other words, if the majority of domestic equids are supplied from a certain
breeder while only a few are procured elsewhere, then there will be a concentration of
isotopic data indicating the local range of the breeding ground along with a few scattered
data points reflecting the other independent breeding locations (similar to Pattern A in
Figure 7.1). Following this logic, the procurement strategy can be broadly divided into

three general patterns: specific local supply, specific non-local supply, and no specific

supply.

For specific local supply, it is assumed that a site only procures domestic equids from one
or a few specific breeders within the local region. This would be represented by a narrow
cluster of isotopic data falling in the local range (Pattern A in Figure 7.1). However, if the
location of the site is near the border of different geological or climatic features (i.e.
different soil types or different 5*Opy range on average), then it is possible that specimens
are scattered in different zones but they will still form a narrow range. This type of pattern
is likely to occur in rural settlements where the demand for domestic equids can be met
locally without the need to import from afar. Similar to the first scenario, it is possible that
all domestic equids will be procured from a single or a few breeders that are outside of the
local region. In such a scenario, the isotopic data will still be scattered closely in cluster(s),
but will not be within the local range (Pattern B in Figure 7.1). This type of procurement
strategy might be atypical considering how common domestic equids are used on a daily
basis. Nevertheless, it may represent unusual cases, such as battlefields and temporary forts,
where the conquest is in progress before the armies have had a chance to secure the local
horse supply. Once the fort is established and surrounding areas have been controlled, it is
likely that the procurement strategy for a military fort during peace time would resemble
that of a rural settlement (i.e. specific local supply). However, the Roman military remount
(replacement horse) supply had its own regulation and would have been controlled by
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central officials (Hyland, 1990; Dixon and Southern, 1997); bulk purchase or the purchase
through authorised breeders was only the possible alternative. As a result, it is possible that
the data will cluster much closer to each other than those from rural settlements. The other
possible site that may have such a pattern would be stables of circuses where racehorses
are likely to have been imported in large amounts for a specific purpose. In contrast to the
two scenarios above, perhaps the most common procurement strategy would be no specific
supply for domestic equids. This would be represented by a relatively random distribution
of isotopic data with some local domestic equids and others from non-local regions
(Pattern C in Figure 7.1). Large urban settlements or “mansio” sites are likely to have this
type of distribution pattern. This is because of the high volume of trading activities
occurring in these types of sites, which will have attracted domestic equids from different
regions, either travelling through (and dying) or being sold to locals. Because of these
hypothesised patterns, it is possible to examine the general procurement strategies of
different sites by roughly estimating the number of supply sources and possible locations

for breeding (local versus non-local).
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Figure 7.1 — Hypothesised distribution patterns for different procurement strategies.
The area within the dashed-line represents the hypothetic local range. Similar patterns can be
argued for strontium isotopes.

7.4 — Material

A total of 40 teeth from 5 different sites were selected for stable oxygen isotopic analysis.
This is a relatively small proportion of all the samples collected for the current research
and it is, therefore, necessary to explain further the rationale behind the selection of

material.
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74.1 — Material Selection

As explained at the beginning of section 7.2, teeth are more suitable than bones for
studying the mobility of past populations. Therefore, only the lower premolars and molars
were chosen for isotopic analysis. The selection of which teeth to include is based on two
main considerations besides availability. Firstly, the species of the tooth specimen has been
successfully determined based on the dental morphology either from the specimen itself or
from other teeth of the same individual (see Chapter 5). Secondly, the selected tooth
specimen is completely formed before the individual reaches the age at which it will be
considered suitable for work and, therefore, might be sold and transported away from its
breeding ground. The breaking in of foals usually takes place when they have reached at
least three years of age, and most of the time, four years of age is recommended (Hyland,
1990). This is mainly with the aim of extending their working life because most limb bones
and vertebrae are still largely unfused before this age and will deform if worked under
pressure (Bennett, 2008b). Indeed, the Romans seem to have applied the general same
standard for breaking in foals (Hyland, 1990). While it is still possible for yearlings to be
sold, this is rather unusual for labour animals because buying a young animal that cannot

be used for several more years is simply uneconomical.

As a result, it is essential to evaluate which tooth is more suitable than others for the
current research by establishing the time of eruption and formation for each tooth. Table
7.1 is a summarised chart for eruption time and mineralisation of different equine lower
teeth (Amorosi, 1989; Hoppe et al., 2004). Although the information is based on horses, in
the absence of research arguing any noticeable differences among different domestic
equids, the same dental development is assumed to apply to all other domestic equids. The

mineralization of teeth, that is, their formation, will be much earlier than their eruption; in
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particular, equine teeth are hypsodont, which means they have a much taller crown and so
will continuously be worn down through life. It also means the crown may continue to
form after eruption. Based on previous research, teeth formed before three years of age
(Figure 7.2 and Table 7.1), including the second and third premolars (P, P3) and the first
and second molars (M;, M), are most suitable as samples, as they contain isotopic data
that can represent the birth place where a domestic equid theoretically spent its first three
years of life. However, it should be noted that breast milk affects the oxygen isotopic value
because breast milk contains mainly body water, which has been metabolically fractionated
(Wright and Schwarcz, 1998). As a result, only the later forming portion of both M; and
M, should be used, i.e., post suckling. Regarding the lower fourth premolar (P,) and third
molar (M3), although they continue to form after four years of age, the early formed half
(i.e. the lower half) can still indicate whether the equid is from the local population or from
elsewhere. For the current thesis, P, and P3 are used if available and only the suitable part
of P4, M3, and M, are used if no other teeth are available (P4 > M, > M;); however, the use

of M3 is completely avoided.

It is also important to note that seasonality also affects §'30 because the water evaporation
rate is strongly associated with temperature, which is ultimately tied to precipitation.
Therefore, while the average §'%0 can be obtained from sampling evenly throughout the
tooth, for herbivore mammals with high-crowned teeth (hypsodont herbivores), it is also
possible to easily divide a tooth into several sections to compare seasonality differences
(e.g. Berger et al., 2010; Henton, 2012). This may be of particular importance for
examining different herd management patterns in the past. For example, wealthy Roman
breeders may have been able to afford to have had the horses taken into the mountains
during the summer to exploit the free mountain pasture and save nearby pasture for winter
(Hyland, 1990). The benefit is more than just using rich mountain pasture efficiently, since
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the trip can also serve as training for the foals to harden their hoofs (Hyland, 1990).
However, this type of herd management may affect the 8*°0 values in these individuals.
More sophisticated techniques, such as laser ablation (LA) or strontium isotopic analysis,
can also be used on smaller teeth to obtain data from different time periods during tooth
formation (e.g. Passey and Cerling, 2006). However, for detailed microsampling, it is
essential to have a full understanding of enamel formation which allows the data to
correspond to age (or season). Unfortunately, while the age of teeth formation in horses is
well-studied (Hoppe et al., 2004), the growth rate of teeth may not remain constant
throughout the formation process (Bendrey et al., 2014; Zazzo et al., 2012). As a result, all
samples in the current thesis are bulk-sampled either as a whole (P, and P3) or from
sections that were formed before the age of three. Since domestic equids foal in late spring
or early summer, most foals will have experienced approximately equal numbers of
summer and winter seasons by the time they reach the age of three. This means that the
outcomes will be the average isotopic value of each tooth during the time of formation
(roughly two or three season cycles excluding the nursing period). Furthermore, it should
be stated that analysed samples contain only enamel because, as previous research has

suggested, dentine is more likely to be affected by diagenesis (Kohn et al., 1999).
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Eruption Enamel
P Formation
Sisson and Hoooe ef al
Tooth Schmid (1972) Silver (1969) Grossmam pp ’
(2004)
(1966)
Premolar 2 2.5 years 2.5 years 2.5 years
P, (30 months) (30 months) (30 months) 12 =33 months
Premolar 3 2.75 years 2.5 years 3 years
13- th
P) (33 months) (30 months) (36 months) 3~ 38 months
Premolar 4 3 years 3.5 years 4 years
) (36 months) (42 months) (48 months) 15 =54 months
Present by 12 .
M(l)\l;r 1 | 21 yeaih months, but have | 9 — 12 months Bzfgflgrllrtt}?s to
(M) (12 months) a wide variation
Molar 2 2 years 2 —2.5 years 2 years
(M,) (24 months) | (24— 30 months)| (24 months) | © 3% months
Molar 3 3.5 years 3.5 —-4.5 years 3.5 —4 years
(M,) (42 months) | (42 — 54 months) | (42 — 48 months) | & % months

Table 7.1 — The eruption and mineralisation of lower premolars and molars in horse.
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Figure 7.2 — The age of formation and eruption for premolars and molars in horses. (from Hoppe et
al., 2004).

The black lines represent the time of teeth formation and the thick grey dashed line represent the
age of teeth eruption.
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74.2 — Selected Material

After applying the above considerations and criteria to select the suitable samples, only 40
teeth that are available for access were considered suitable for use in the current research.
The majority of these specimens were determined to be horses (n = 31) with seven possible
mules and two possible donkeys determined using methods and interpretation discussed in
the previous chapter. Although the main aim of the current thesis is to examine the
procurement of domestic equids in Roman Britain, it should be noted that four specimens
(one horse, one possible donkey, and two possible mules) from two Roman sites in Serbia
are included for two reasons. First, they can be used to represent contemporary isotopic
values of domestic equids from the continental Roman Empire, and secondly, to compare
the procurement strategies between British and continental Roman sites. Table 7.2

summarises the number of samples from each site and their species.

Site Horse Possible Donkey| Possible Mule | Total
Winchester 13 0 2 15
Alcester 3 0 1 4
Ribchester 7 0 1 8
Fairford, Thornhill Farm 8 1 0 9
Serbia 1 1 2 4
Total 32 2 6 40

Table 7.2 — Number of samples from selected sites.

Whilst strontium isotopic analysis can also help to determine the localness of
archaeological samples in question, the cost of this analysis is significantly higher than that
of oxygen isotopic analysis. For this reason, only 16 specimens were selected for strontium
isotopic analysis to gain more insight by combining the results with their oxygen isotopic
values. Given that several studies involving strontium isotopic analysis are based on

Roman material from the Hampshire region (Bendrey et al., 2009; Evans et al., 2006;
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Eckardt et al., 2009; Evans et al., 2012a), the majority of these 16 specimens (n=12) were
selected from Winchester in order to make a comparison with known strontium isotopic
values. An additional three were selected from Alcester to further define the local oxygen
isotopic range (see below), and the only possible donkey specimen from Fairford was also

included for further examination.

7.4.3 — Methods

All samples were prepared by the author in the Isotopic Lab at the Department of
Archaeology, University of Southampton. Conventionally, powders are ground directly
from the tooth after the removal of the surface dirt and calculus. However, to avoid
contaminating the powder with loose dirt and calculus particles, a vertical slice was cut
from the tooth with dentine and the covered cementum removed from the enamel. This left
only the enamel for grinding into powder. The enamel slices were placed in ultrasonic
cleaner to remove all loose particles (soaked in RO water, for 380 seconds, twice). After
the slices had been dried, roughly 10 to 15 mg of enamel powder was ground from each
specimen using a dental burr. Since the current analysis aims to obtain an average isotopic
value of the entire tooth, particular attention was paid to grinding the powder equally from
the enamel. For the oxygen isotopic analysis, the prepared powder was placed in a
microcentrifuge tube and then washed with 10% acetic acid three times. RO water was
added to remove the acetic acid after each wash. The powders were then placed in the
vacuum oven to dry (45°C under 75 mbar for an hour or until dried). For the strontium
isotopic analysis, another thin layer of the surface was removed before grinding the

powders for analysis to remove the effects of diagenesis.
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Powders for oxygen and carbon isotopic analysis were sent to the University of Bradford
and 16 samples for strontium isotopic analysis were sent to the National Oceanography

Centre.

7.5 — Results

Ideally, the interpretation should be made from direct comparison of raw data from an
individual species from a known location. However, since there is no known oxygen
isotopic data for domestic equids to define the local isotopic values, it was necessary to
convert the current raw data values into the oxygen isotopic value representing local
drinking water (**Opw) for further interpretation. This was a two-step conversion for the
current thesis because the analysis is done using structure carbonate from enamel
(*®0sesmow) and needed to be converted into a calcium phosphate value (*0po4) before
being transformed into the value equivalent to drinking water. While a different technique
could measure 820 in calcium phosphate directly, there are several clear benefits for using
structure carbonate instead of phosphate (Bryant et al., 1996). First, structure carbonate is
much easier and cheaper to analyse compared to phosphate. Secondly, it has greater
precision than analysis using phosphate. In addition, it will also produce §**C values,

which may also bear some information on local vegetation.

Since every species has a different metabolism and diet pattern, the converting equation
should be species-specific. However, since most of the research in this field has targeted
wild equids before domestication, which are difficult to identify to species level and are
assumed to behave similarly, the available equations were all designed to be applied to all

equid species, wild or domestic. The first equation was developed by Bryant and Froelich
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(1995) and additional datasets were integrated by Kovacs et al. (2012) to produce the

following new equation:

8"®0p04 = 0.97 X 5" Ogcsmow — 7.94  (R? = 0.99) (1)
This differs slightly from the original equation (Bryant et al., 1996):

81804(£1.3) = 1.02(+0.04) x 5'80po4 + 8.3(¢0.7)  (R?=0.986) (2)
and a different equation proposed by lacumin et al. (1996) for all species:
8®0p0s = 0.98 X §®0gsmow + 8.5  (R?*=0.98) (3)

The equation from Bryant et al. (1996) could not be applied; since the data were not
published in full, it was not possible to inverse or transpose the equation for the calculation
of 8*%0pos. While there is only a slight difference between conversions produced by
equations (1) and (3) (roughly 0.3 after conversion), equation (1) is used in the current

thesis as it was specifically developed for equids.

The second step was to convert the 5"®Opoy value into §**0pyw equivalent. Similar to the
previous conversion, there should be a species-specific equation to precisely describe
8"0pw in different species, but this was not available due to practicality and sample
availability. Different scholars have suggested several different equations for this
conversion (see discussion in Pryor et al., 2014). Most of the dataset used to derive
equation (1) included a wide range of equine species for the benefit of palaeontologists,
who do not always know the species of the fossil under study and require data outside of
domestic equids. Even though it has been argued that most of these equations differ
slightly from each other (Delgado Huertas et al. 1995) and are often used without
associating the original dataset with the studied dataset, when tried with current outcomes

from the current thesis, it was found that the differences could be greater than 1%.. Such
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differences could have a serious impact on the interpretation. For example, when using the
equation suggested in Pryor et al (2014), nearly all converted values were lower than -
8.0%o, thus indicating that none of the analysed specimens are local to their site location
while the other equations argued differently. One possible cause for the large difference
may be that these equations are mainly applied to faunal fossils found before the
Pleistocene period for the purpose of palaeo-environmental temperature reconstruction. As
a result, it was necessary for the current research to use a more species-specific equation
since the current thesis focuses specifically on domestic equids in the historical era, which
may have behaved quite differently from their wild relatives. Nevertheless, it is suggested
that animals reared under domestic settings tend to produce less reliable isotopic values
(D’Angela and Longinelli, 1990; Bryant et al., 1994; Sanchez Chillén et al. 1994). The
following equation is proposed by Sanchez Chillon et al. (1994) using mainly Equus
caballus (feral and domestic) as well as a few Equus asinus and, therefore, it is considered
more adequate for the current research than other equations with datasets that include

zebras:
8" 0pos = 0.7369(+0.083) x §20pw + 22.04 (+0.604) (R*=0.95) (4)

Similar to equation (1) above, this equation needs to be transposed to calculate the 5®Opw
value. Fortunately, it had been transposed by Skrzypek et al. (2011) from an original

dataset as follows:
§"0pw = 1.29 x 8®0pos—28.7 (R?=0.95) (5)

It is important to keep in mind that each equation used has its own uncertainty and,
therefore, the more conversions there are, the greater the uncertainty will be. As mentioned
in the beginning, it is best to compare the results directly, that is, to compare 8**O.smow
with 8*0gsmow to avoid the loss of accuracy in data conversion. Unfortunately, this can

be done only if the data are from the same species and expressed with the same unit as in
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the published data. Isotopic research on historic/domestic equids or animals in general is
relatively rare compared to research on humans. As a result, only a handful of sources
allow a direct comparison of raw data. In the following section, raw data are compared
directly whenever possible, and only when attributing the outcomes to geological regions

Is the conversion made by using above equations.

There is no need for the outcomes of strontium isotopic analysis to be converted and,
therefore, the raw data from strontium isotopic analysis can be compared directly between

individuals and with the local range.

The §'*C values produced with oxygen isotopic analysis are also measured on structural
carbonate and, therefore, need to be converted into a value that can represent

palaeovegetation. It is suggested that there is a constant offset of 14%. between the two
values (Kohn and Cerling, 2002) and, therefore, the conversion is made by applying the

following simple equation:

§"3Cpy = 8°Csc — 14(%o) (6)

In order to determine the localness of any specimens, it is necessary to first define the local
range. The challenge for defining the local range is that the area considered as “local” can
fluctuate depending on the subject and scale, not to mention the limitation for the type of
isotopic analyses applied. For the current thesis, the determination of localness was largely
determined by the oxygen isotopic values, and the strontium isotopic ratio was used to
confirm the localness suggested by its oxygen value. The immediate local area defined by

the current thesis was represented by the area within 10 kilometres of the site in question
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while a larger catchment area with a radius of 50 kilometres was also considered since
domestic equids are more mobile than other livestock. Using Winchester as an example,
the 5'®0pw range for most of the immediate local area is between -6.5%o to -7.0%o and the
range would extend to between -6.0%o to -7.5%0 when considering a larger catchment area.
Previous studies have argued that the determination of a local 'O range for the UK using
archaeological specimens can be problematic because of the possible errors resulting from
different conversion equations (Evans et al., 2006; Eckardt et al., 2009; Muldner et al.,
2011; Chenery et al., 2012; detailed in Chenery et al., 2010). As a result, to determine an
individual as local, researchers often rely on combining the strontium isotopic ratio with
the comparison of §**0poy values from samples known to be local. Unfortunately, no
existing domestic equid data are available for the current thesis to compare the results with,
and thus the local 5"®Opw range in this thesis is based on the map from Darling et al (2003).
However, as pointed out in Evans et al. (2012b), since values above -4.5%o are limited to a
certain region, the §*0pw range considered to be local for UK in current thesis is between

-9.0%o t0 -5.0%o.
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Map 7.5 — 5"°0py ranges and selected sites. (5'0pw ranges based on Darling et al., 2003).
Note that the green belt (-7.0%o to -8.0%0) and the yellow belt (-6.0%o to -7.0%0) occupy the majority
regions in the UK.
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7.5.1 — Results of Oxygen Isotopic Analysis by Site

75.1.1 Winchester

Being the most equid-rich Roman site in the current thesis, 15 teeth were selected from the
Winchester site complex. Based on the dental morphology (see previous section and Table
7.2), there are 13 horses and 2 possible mules. Nearly all domestic equids fall within the
modern local drinking water range, except one individual (VR-1594), which had a lower
oxygen isotopic value indicating it was from a colder or drier environment (Table 7.3 and
Figure 7.3). Both possible mules are grouped relatively closely, indicating that they were

from a similar climate. However, the horses had a much wider oxygen isotopic range.

Winchester is the most southern site in the current thesis and is located in the -6.5 to -7.0%o
zone based on the §*%0 value for modern groundwater (Map 7.5). Theoretically, its
immediate local oxygen isotopic range should be within this value range. Given that
Winchester is near the border line between two gradient zones, most of the outcomes fit the
local values quite nicely, suggesting that domestic equids in Roman Winchester were
likely to be from surrounding areas either north (-7.0 to -8.0%., the green belt) or south (-
6.0 to -7.0%o, the yellow belt). The individual with a low 5'®0 value (-8.50%0) would have

been from an area such as eastern Scotland if not from the continent.

The two possible mules also have similar §'°0 values indicating that they were also from a
similar environment. However, it should be noted that the oxygen isotopic value alone
cannot fully represent the definitive origin of the individual since the 0 value represents

only the environment the individual lived in during tooth formation.
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ID Context Species Tooth 5 0xsmow Std. dev. 58 0pw
VR-3136 Horse P, 26.13 0.15 -6.24
VR-440 Horse P, 25.18 0.18 -7.43

HA-75 Horse Py 25.63 0.21 -6.87
NR-495 Horse P, 25.78 0.07 -6.68
VR-410 Horse My, 2541 0.07 -7.14

VR-2608 Horse P34 25.36 0.09 -7.21
VR-1594 Horse My, 24.33 0.08 -8.50
VR-1280 Horse M, 25.17 0.10 -7.45

HA-99 Horse My, 25.70 0.05 -6.79
HA-13 Horse My, 25.87 0.06 -6.57
NR-113 Horse M, 25.49 0.08 -7.04
NR-557 Horse My, 25.81 0.17 -6.65
CT-225 Horse My 24.94 0.07 -7.73
VR-481 Possible Mule P, 25.55 0.06 -6.97
VR-405 Possible Mule My 25.14 0.21 -7.48

Table 7.3 — 50 values of Winchester specimens
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Figure 7.3 — The "0 distribution of Winchester specimens.
The dashed yellow and green box represents two different zones: -6.0 to -7.0%o (yellow) and -7.0 to
-8.0%o (green) in Map 7.5.
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75.1.2 Alcester

Of the four equid teeth from Alcester, three were identified as horses and one as a possible
mule. The three horses from the site have a very narrow oxygen isotopic range while the
possible mule has an elevated value that implies a warmer or wetter origin (Table 7.4 and
Figure 7.4). All three horse individuals are located within the -7.0 to -8.0%. zone, which is
very close to the immediate local range of -7.5 to -8.0%o, suggesting that all three horses
were likely to have been obtained from the nearby area. Such uniformity of the §'20 values
may also imply a single supply source for horses, which is different from the possible mule.
Furthermore, the 520 value of the possible mule is markedly different from that of the

possible mules from Winchester, indicating that there were perhaps at least two different

sources supplying mules.

ID Context Species ‘ Tooth ‘ 8" 0xsmow Std. dev. 5"®0pw
ALC-5175 Horse Paa 25.35 0.05 -7.23
ALC-1020 Horse P, 25.21 0.03 -7.40
ALC-1147 Horse P, 25.05 0.03 -7.60
ALC-3002 Possible Mule Ma, 26.38 0.04 -5.94

Table 7.4 — 50 values of Alcester specimens
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Figure 7.4 — The 5'%0 distribution of Alcester specimens.

75.1.3 Ribchester

The Ribchester site is represented by seven horse teeth as well as one from a possible mule.
Compared to the Winchester samples, samples from Ribchester form a narrower cluster
(Figure 7.5); indicating that these domestic equids were likely to have been bred in a
similar environment. The possible mule has a §'®0 value similar to those identified from

the Winchester assemblage (Table 7.5), but different from that of Alcester.
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ID Context Species ‘ Tooth ‘ 8" 0gesmow Std. dev. 3 0pw
RB-259 Horse P, 24.73 0.04 -7.99
RB-743 Horse P, 25.20 0.04 -7.40
RB-989 Horse My, 25.22 0.04 -7.39
RB-254 Horse P3 25.38 0.07 -7.19

RB-9069 Horse M, 25.55 0.09 -6.97
RB-8078 Horse P, 25.67 0.07 -6.83
RB-5053 Horse P 24.65 0.08 -8.09
RB-728 Possible Mule P, 25.10 0.04 -7.54

Table 7.5 — 50 values of Ribchester specimens
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Figure 7.5 — The 5'%0 distribution of Ribchester specimens.
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75.1.4 Fairford, Thornhill Farm

Nine equid teeth were selected from Fairford including the only identification of a donkey.
The oxygen isotopic value of this donkey is rather surprising as it suggests an origin with
less rainfall or from a more inland region rather than a warmer region such as the coastal
Mediterranean (Table 7.6 and Figure 7.6). This low 80 value nearly falls outside of the
lower limit for modern Britain’s groundwater values which may imply that this individual
had been imported. A 30 value this low would have been available in only a limited
region within the Roman Empire including the mountain regions, such as the Alps or
Pyrenees, or an inland region, such as southern Germany (Map 7.6). It is generally
assumed that donkeys were more commonly used and, therefore, bred in coastal
Mediterranean regions where the 520 value would have been much higher. Other factors
cause such a low 5'%0 value, such as differences in the metabolic system or the general
liquid intake of the animal (amount of water or the source of water), but the question

cannot be answered with only the current data.

The horses, on the other hand, seem to have a comparatively narrower range with the
exception of one individual (FTF-2229), which has an enriched 'O value implying a
warmer/coastal origin. Other than this outlier, the remaining seven horses are scattered in a
closely clustered pattern that is relatively similar to Ribchester. Such a pattern suggests that
the horses at Fairford were supplied mainly by a single source; but that a few individuals

were acquired from different sources.
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ID Context Species ‘ Tooth ‘ 50 casmow Std. dev. 5 0pw
FTF-2052 Horse Ps 25.23 0.08 -7.38
FTF-369 Horse Ps 25.03 0.09 -7.62
FTF-14 Horse My, 24.66 0.10 -8.09
FTF-857 Horse My, 25.38 0.09 -7.18
FTF-1039 Horse My, 25.05 0.07 -7.60
FTF-2229 Horse M, 26.31 0.06 -6.02
FTF-250 Horse My, 25.18 0.09 -7.43
FTF-3124 Horse My, 24.70 0.07 -8.03
FTF-2459 Possible Donkey M 23.98 0.11 -8.93

Table 7.6 — 50 values of Fairford specimens

-4
27.53
-5
26.53
& - -6
T3 g ............................................................................. L7
------------------------------------------------------------------------------------------------------- U-----------u----u-’, 8
24.53 - e
P
23.53 -
- -10
22,53 -
--11
21.53 -12
g FTF2052 ‘FTF369—A13‘ FTF85-14 ‘ FTF857 ‘FTFBB—I{BQ‘ FTF2229a ‘ FTF250 ‘ FTF3124 ‘ FTF2459 =
[a]
% Horse Possible 9
‘9 Donkey w
P

Figure 7.6 — The 8"°0 distribution of Fairford specimens.
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—

Map 7.6 — 5'°0°" contour map of Europe (adapted from Hughes et al., 2014 and Schwarcz et al.,
2010)

75.15 Serbian sites

The oxygen isotopic values for all three species of domestic equids from Serbian sites
seem to suggest a unique origin of their own, as they are separated from each other (Table

7.7 and Figure 7.7). The modern local drinking water range for Serbia is assumed to be
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slightly higher than the range for Britain (-7.0 to -9.0%., according to Map 7.6). While both
mules are within this value range, the tooth of the donkey and horse resulted in lower
values, indicating a more inland or colder origin. The horse, in particular, has an extremely
low oxygen isotopic value, which suggests an origin that is further east in the Caucasus

mountain region or from the Alps in the north-west.

The 520 values of the non-caballine domestic equids from the Serbian sites are similar to
those found in Roman Winchester and Ribchester. That is, both mules fall into the -7.0%o
to -8.0% range. Interestingly, the Serbian donkey also has a surprisingly low 820 value in
the -9.0%o to -10.0%o, range which indicates that it was also from an inland region with a
high altitude environment. This is contrary to the common impression of donkeys being

commonly used and bred in the warmer Mediterranean region especially since Serbia is

relatively close to the Mediterranean coast.

ID Context Species Tooth 80 asmow Std. dev.
SERBO1 Horse P, 21.91 0.14 -11.53
SERBO03 Donkey P 23.60 0.04 -9.42
SERBO02 Possible Mule M, 25.39 0.12 -7.17
SERB0O4 Possible Mule P, 25.05 0.08 -7.60

Table 7.7 — 50 values of Serbian specimens
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Figure 7.7 — The 5'°0 distribution of Serbian specimens.

75.1.6 Comparison between Oxygen Isotopic Data

In addition to these five Roman sites (four British and one Serbian), two additional
archaeological sites with published 20 values for domestic equids from a similar time
period (one Roman and one early medieval) were included to observe possible patterns that
might reveal some evidence for different domestic equid procurement strategies.
Unfortunately, as mentioned above, very little isotopic analysis has been done on
archaeological domestic equids and, therefore, not all published sites have been analysed
with the same isotopes or lists made of the raw data. As a result, both SlgoscsMow and
8"0pw are used as the axis in the figure allowing a comparison to be made. In addition,
the time range for additional sites is no longer restricted to the Roman period so that more

archaeological domestic equids can be included for comparison.
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Four horses with published §'®0g.smow values from an early medieval site of Velim-
Velistak, Croatia, were available from a study on water consumption of the region
(Lightfoot et al., 2014). All four horses are from the early medieval phase of the site and
have relatively “typical” '%0 values for Mediterranean coast of between -4.9%o to -7.5%o.
As well as these four horses, the lower fourth premolar (P4) of one Roman mule (identified
based on physical morphology) from WeiRRenburg, Germany was analysed in longitudinal
sections to represent its life history (Bergers et al. 2010). Although a whole series of data
were obtained from different parts of the tooth (as well as the alveolar and mandibular
bone), only the average 5'®0 values from enamel are used for comparison. This is because
the current study focuses on the environment before the age of three which can best
represent the breeding ground. The average 5'®Opw value from enamel is -8.1%o, which is

within the local range of the site but also overlaps with most inland continental regions.

When considering all domestic equids regardless of the species, the distribution range of
each site differs from that of others (Figure 7.8). Among Romano-British sites, Fairford
has the widest distribution range of oxygen isotopic values while Ribchester has the
narrowest range. However, as noted in the previous section, the wide variation in the
Fairford assemblage is caused mainly by having one horse with an extremely enriched
§'20 value and one donkey with a markedly low 830 value. All the other horses seem to
scatter relative closely in between these values. Thus, the distribution range would change
if only the results on horses were used. Meanwhile, the distribution of domestic equids
from Serbian sites significantly exceeds that from all British sites. Despite consisting of
only four samples representing two different sites, the level of dispersion is still
significantly greater than for Roman Britain in general. Furthermore, this wide distribution
range for Serbian domestic equids is also observed in a different continental site. The
oxygen isotopic values of four domestic equids (presumably all horses) from the early
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medieval site of Velim-Velistak, Croatia also demonstrate a similar type of wide
distribution range. This difference in distribution range may indicate that there were fewer
domestic equid supply centres for Britain than in the northern Balkans, where the

catchment area for domestic equids would have included a much wider geographical

region.
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Figure 7.8 — Distribution of 5'0 values by sites.
Horses are represented by squares, possible donkeys are represented by triangles, and possible
mules are the black dots.

Since there are only a few donkeys and mules from the assemblage, it was thought it might
be more meaningful to exclude them from further comparison. It should be reiterated that
there is still a chance that some of these mules are, in fact, horses. However, even if they
all turned out to be horses, it would only affect the pattern for the Alcester and the Serbian
sites since the possible mules from other sites all tend to scatter with the horses. After the
removal of the other two domestic equid species, Winchester has the greatest range for
oxygen isotopic values, instead of Fairford (Figure 7.9), while the three horses from
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Alcester form a closely scattered array representing the narrowest range of all four UK
sites. The contrast between these two sites may be due to the difference between their site
function, and the patterns fit well with the hypothesised scenarios described at the
beginning of this chapter. Winchester is known to have been an urban settlement in Roman
times (Maltby, 2010), and Alcester is argued to be a putative fort based on a few military-
related finds (Booth and Evans, 2001). As an urban settlement, the level of human
activities will be much more complicated than for rural settlements or military forts.
Nevertheless, the limited land space will have restricted any large-scale animal
reproduction taking place within the urban range. As a result, in order to fulfil the large
demand of livestock for meat and labour, it was probably necessary to extend the
catchment area to include more possible supply sources. A similar conclusion is implied by
the strontium isotope analysis on the Iron Age and Roman cattle from Owslebury site

(Minniti et al., 2014).
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Figure 7.9 — The 5'°0 distributing patterns of horses by sites.
Note that Winchester equids demonstrate a wider range of catchment area.
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In contrast to Roman Towns, military sites were function specific and so had fewer non-
military activities. Although it is nearly impossible to determine any archaeological horse
remains as warhorses, it is still interesting to see that the narrow range of 8*°0 values
seems to suggest a more restricted horse-supply scheme for both military sites. A further
indication of such a pattern is that the procurement of military horses may have been
limited to a few authorised suppliers. The Roman legal documents, such as Codex
Theodosianus, have specific sections on the high standard that needed to be fulfilled for a
qualified military horse and the penalty for any horse examiner accepting bribes for
passing unqualified horses (Hyland, 1990; Dixon and Southern, 1997). This is somewhat
supported by comparing Winchester to both Alcester and Ribchester. Ribchester is a
known military fort site. Similar to Alcester, the data distribution of Ribchester horses is
also narrower than that of Winchester. However, subtle differences exist between the
procurement strategies of Alcester and Ribchester. All Alcester horses have §'°0 values
that fit with immediate surrounding while this is not the case with the horses from
Ribchester. One possible reason is that, according to Map 7.5, the changes in 820 values
near Ribchester are more rapid than Alcester due to geological/climatic factors; thus, the
chances of acquiring horses from an area with a different 0 value will be higher.
Furthermore, Ribchester has a longer history as a military fort compared to Alcester. It is
possible that these horses represent different phases of the fort. The non-local horses may

have been acquired before the army had secured a local source.

However, as mentioned in the previous chapter, Fairford is not known to have been
associated with a military context. It is merely a rural settlement with continuous
occupation over a relatively long period. It is also suspected to have been a stud farm in the
late Iron Age (Miles and Palmer, 1990), even though the lack of foetal and immature
equine remains seems to argue against this hypothesis (Levine, 2004). The presence of
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donkeys may imply that there may have been some attempts at local mule breeding at

Fairford, which is also suggested by Levine (2004, p.129).

The different clustering of data from each site reveals procurement strategies that may
correspond to the speculated functions of the sites. However, it is also important to
examine whether differences exist between the procurement strategies for these three
domestic equids. If the data are arranged so that the isotopic values are grouped by species
(Fig 7.10), it is clear that the distribution of horses indicates that they were not from any
one particular supplier. Although the distribution pattern of possible mules seems to cluster
into two or three groups, the clustering does not correspond to the sites. In other words,
individuals from the same site do not cluster together and, therefore, they were not likely to

have been from the same source.

In contrast, the 520 values obtained from two possible donkeys are somewhat unexpected.
As mentioned above, donkeys are generally assumed to be more frequently used in the
coastal Mediterranean region where the local 5*%0 range would be more positive than in
continental inlands. The considerably low 5'20 values of both Roman donkeys imply that
both donkeys were likely to have been raised in a region either with a relatively high
altitude (>1,500 metres), near a stream where water is mainly supplied by melted snow
from the mountains, or from inland on the continent. Nevertheless, as mentioned
previously, the conversion to '#Opy is based on two equations used mainly for equids in
general, which does not account for the possible differences in body size and metabolism
between species. Among the three domestic equids, donkeys would be the smallest when
considering the relative sizes by modern standard. Therefore, using the same equation for

individuals with different sizes may create a systematic offset for those above or below the
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average. However, such a possibility is beyond the range of the current thesis and can be

raised here only as a possible explanation for the unexpected outcomes.
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Figure 7.10 — The 5'°0 distributing patterns by species.

Note the narrow clustering of British horse samples. Four horses from Velim-Velistak, Croatia are
located at the top (with a backward slash pattern). Samples from the two Serbia sites shows
different isotopic oxygen signals for each species (one horse, one possible donkey, and two
possible mules, with a forward slash pattern). The WeiRenburg possible mule (grey dot) has a
different isotopic oxygen value compared to the other possible mules..
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7.5.2 — Overview of Carbon Isotopic Results

Carbon isotope ratios from skeletal remains are not usually used to determine the
movement and mobility of populations because they represent only the amount of C3 and
C4 plants consumed by an individual. However, since the percentage of C3 and C4 plants
over the landscape is somewhat related to the climate, possible divergence still may be
detected between an area predominated by C3 plants and area where C4 plants are more
abundant (MacFadden et al., 1999). For example, there are more C4 plant species in
central and southern Europe than in Britain (Pyankov et al., 2010; Collins and Jones, 1986).
Thus, it is possible that the percentage of C4 plants intake will differ between continental
domestic equids and British ones. For that reason, comparison between §*3C values is still
relevant to the current thesis and the correlation between §'®0 and 5**C would also be an
interesting subject for investigation. Furthermore, the 8*3C values are measured for the
same sample as the oxygen isotopic analysis using structure carbonate and, therefore, all
samples that have undergone an oxygen isotopic analysis would also have a §'*C value

without any additional cost.

Since it is meaningful only to compare the §*3C differences between sites, the focus of this
section will be detecting the differences between British and continental sites rather than
discussing the subtle differences within each site in detail. In order to compare the §**C
values on a continental scale, the two additional continental sites used for comparing

oxygen isotopic values were also included. All data are listed in Table 7.8.

The average of the three continental sites is more positive than all four British sites and a
clear separation can be seen in the distribution of 5'°C data (Figure 7.11). This fits with the
assumption that the domestic equids from continental sites may have consumed more C4

plants since they are more abundant in central and southern Europe than in Britain.
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Individuals with a more negative 8*>C value were found both in continental and British
sites, but individuals with a higher '*C value were found only in continental sites. It is
also interesting to point out that the identified mule from WeiRenburg has a series of §"°C
values derived from its premolar (Berger et al. 2010) and although the average used here
shows no difference from British sites, there are four constant 3**C values from the dentine
of roots, presumably during its four to seven years of age, closer to the continental average
(Berger et al. 2010, Table 5). However, no reliable conclusion can be made based on this
observation since there are many other possible factors that would affect §*C particularly
for domestic animals which may be fed on fodder. Furthermore, the significant difference
between the §'*C values of the two possible donkeys indicates they are less likely to have
had the same origin. In addition, the similarity between their §'%0 values should be further

investigated.
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Figure 7.11 — Distributions of 3*°C data by sites.
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mules are the black dots
The isotopic values have been converted to represent the palaeovegetation. The black dashed line
indicates roughly 10% of intake of C4 plants (estimation based on O’Regan et al., 2008).
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No ‘ Context ‘ Species ‘ 8°C (%o) ‘ No Context Species
1 | VR-3136 Horse -12.95 37 SERBO01 Horse -11.18
2 VR-440 Horse -13.78 38 SERBO02 Possible Mule -12.70
3 HA-75 Horse -14.27 39 SERBO3 Donkey -12.49
4 NR-495 Horse -12.48 40 SERBO04 Possible Mule -11.08
5 VR-410 Horse -13.90 41 Weilienburg Possible Mule -13.5
6 | VR-2608 Horse -12.66 42 | Velim-Velistak Horse -9.7
7 | VR-1594 Horse -12.89 43 | Velim-Velistak Horse -11
8 | VR-1280 Horse -12.88 44 | Velim-Velistak Horse -10.4
9 HA-99 Horse -13.60 45 | Velim-Velistak Horse -10.8
10 HA-13 Horse -12.80
11 | NR-113 Horse -13.15
12 | NR-557 Horse -12.49
13 | CT-225 Horse -13.00
14 | VR-481 | Possible Mule -13.58
15 | VR-405 | Possible Mule -13.72
16 | ALC-5175 Horse -14.73
17 | ALC-1020 Horse -14.02
18 | ALC-1147 Horse -14.18
19 | ALC-3002 | Possible Mule -14.05
20 RB-259 Horse -13.91
21 RB-743 Horse -13.35
22 | RB-989 Horse -13.17
23 | RB-254 Horse -14.32
24 | RB-9069 Horse -14.38
25 | RB-8078 Horse -13.17
26 | RB-5053 Horse -12.59
27 | RB-728 | Possible Mule -13.19
28 | FTF-369 Horse -13.62
29 | FTF-2052 Horse -13.54
30 | FTF-14 Horse -13.89
31 | FTF-857 Horse -13.82
32 | FTF-1039 Horse -13.65
33 | FTF2220a Horse -13.68
34 | FTF-250 Horse -13.26
35 | FTF-3124 Horse -13.61
36 | FTF-2459 Donkey -13.97
Romano-British Sites Mean = -13.52 Continental Roman Sites Mean = -11.43

Table 7.8 — 5°C data of current specimens and published data (Bergers et al., 2010, Lightfoot et

al., 2014)
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7.5.3 — Results of Strontium Isotopic Analysis

As mentioned earlier, although the strontium isotopic analysis has a clear advantage for
understanding the mobility and movement of past populations, it is more accurate for
determining the localness of individuals within a known region of origin. For example, an
87Sr/%°Sr value of between 0.709 and 0.710 can indicate regions including most of
southeast Britain, central and northeast Germany, the northwest of the Italian peninsula,
and other scattered locations throughout Europe (Map 7.4). However, if the oxygen
isotopic value is considered, it is possible to exclude some of these areas not only to
increase the accuracy for determining the localness of the samples, but also to narrow
down the range for the possible origin. Whilst adding the strontium isotopic analysis to the
current thesis provides a better understanding of domestic equid acquisition in Roman
Britain, the high cost of the method restricts its application. As a result, only 16 specimens
from 3 sites were selected for strontium isotopic analysis (Table 7.9 and Map 7.7), and the
results are used to further verify the localness of these 16 specimens as determined by

previous oxygen isotopic analysis and to provide further information about their possible

origins.

0 onte pecie 00 5180P 8 86 d. de
1 VR-3136 Horse P, -6.24 0.709777 0.000016
2 VR-440 Horse P, -7.09 0.711864 0.000016
3 HA-75 Horse Py -6.69 0.708448 0.000015
4 NR-495 Horse Ps -6.56 0.708609 0.000014
5 VR-410 Horse My)p -6.89 0.708296 0.000013
6 VR-2608 Horse Paja -6.93 0.709629 0.000014
7 VR-1594 Horse My -7.87 0.708485 0.000015
8 HA-99 Horse Majp -6.63 0.709304 0.000015
9 NR-113 Horse M; -6.82 0.709389 0.000017
10 CT-225 Horse My -7.31 0.709986 0.000015
11 VR-481 Possible Mule Ps -6.76 0.715700 0.000013
12 VR-405 Possible Mule My -7.13 0.708550 0.000016
13 ALC-1020 Horse Ps -7.07 0.710272 0.000016
14 ALC-1147 Horse Ps -7.21 0.710947 0.000015
15 ALC-3002 Possible Mule My -6.02 0.711513 0.000015
16 FTF2459 Possible Donkey My -8.18 0.710207 0.000016

Table 7.9 — *'Sr/**Sr value of the selected 16 specimens.
Listed with converted 5'Opy values. Specimens that fit the local isotopic signature of the site are
highlighted in grey.
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Map 7.7 — Locations of selected sites with both oxygen and strontium isotopic analyses.

A total of 12 specimens were analysed from Winchester. The results indicate that these 12
specimens are from four different 8'Sr/%°Sr zones: 0.708-0.709, 0.709-0.710, 0.710-0.712,
and 0.715-0.715. The local isotopic signature for Winchester has a §**Opyw range of
between -6.0 and -7.0%. and an &Sr/®Sr range of between 0.708 and 0.710. Areas with a
similar isotopic signature can be found only along the same longitude with Winchester, as
well as a few scattered areas in Wales, the northwest coast, the northern Orkney Islands of
the British Isles, and possibly regions near Rome of continental Europe. Seven of the
Winchester horses fit this isotopic signature, and unless evidence can be found supporting
the claim that there was large-scale importation of horses from these regions, the

Winchester samples with this isotopic signature can be confidently determined as local. On
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the other hand, the remaining three horses were likely to have had different origins since
their isotopic signatures are not akin to one another. The isotopic signatures of both
possible mules also suggest different origins. VR-481 has an ®Sr/*®Sr value which is
atypical for British samples and, therefore, can be determined as a foreign import (Map
7.8). The other possible mule, surprisingly, has an isotopic signature that could be quite
local, but it should be noted that this isotopic signature is also common in Europe since it
can also be found in most parts of the coastal region of northwest Europe (France, Belgium,

Netherland, etc., see Map 7.8)

According to Map 7.7, the local range ®’Sr/®®Sr ratio of Alcester is between 0.709 and
0.710. However, the average strontium isotope ratio of 20 human remains from Wasperton,
a Roman and Anglo-Saxon cemetery site only about 20 km to the east of Alcester, suggests
that the local strontium ratio range is more likely to be between 0.710 to
0.711(Montgomery et al., 2009). Both of the Alcester horses’ isotopic signatures fall into
this local range and thus can be determined as local. In contrast, the possible mule has an
enriched oxygen isotopic value that places its possible origin to central Wales or the

northern coast of the Iberian Peninsula.

Strontium isotopic analysis was also carried out on the only possible donkey from Roman
Britain. Its oxygen isotopic value clearly indicates that this individual was more likely to
have been an import. This can be further confirmed with its #’Sr/%Sr value. Although the
87Sr/®%sr value (0.710207) does not directly imply a foreign origin as the atypical one found
in one of the possible mules from Winchester, areas with such a strontium isotopic ratio

cannot be found in regions with an oxygen isotopic value lower than -8.0%o in Britain.

299



Chapter 7 - Isotopic Analyses: Method, Material, and Outcomes

However, this isotopic signature is more commonly found in west central Europe (central-

south France and southern Germany) and the central Italian Peninsula.

«» Possible Mule VR-481

wwwwe Possible Mule VR-405

«» Possible Mule ALC-3002
Possible Donkey FTF-2459

0 1000km

I | | 1 | |

Map 7.8 — Possible locations of origin of the four non-Caballine equids. Both 3'°Opy and 87Sr/%0sr
value are used.
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Figure 7.12 presents the scatter-gram of all sixteen specimens from the current thesis that
have both §'%0 value and ®Sr/%°Sr ratio as well as the identified mule from WeiRenburg.
When compared to the expected local range for Roman Britain, the outcomes seem to infer
that all the horses from Winchester and Alcester were procured locally within Britain while
at least one possible mule (VR-481) and the only possible donkey were clearly procured
from outside of Britain. Most horses fit the local isotopic signature of their respective site.
Only three horses from Winchester are determined to be non-local. Adding strontium
isotopic values further strengthens the previous interpretation that the horse procurement

strategy differed according to site types.

If all possible mules are in fact mules, as suggested by their dental morphology and their
isotopic signatures being different from that of the horses, then the current results
demonstrate several interesting observations. First, both strontium and oxygen isotopic
analyses point that all the mules (n=4, three possible mules from the current thesis and one
from Weillenburg) were from different geological regions which, therefore, implies that
mule production was localised in different parts of the Roman Empire. If we focus only on
the results from the oxygen isotopic analysis, it would seem that mules were bred in only
two or three different environments: the warm Mediterranean coastal region and regions
that are various distances further inland. The former is represented by only one specimen
from Alcester (ALC-3002) with the highest '°0 value among all domestic equids under
study. However, its’ strontium isotopic value seems to argue against most of the
Mediterranean region except southern Italy (Map 7.7) as its breeding ground. Other
possible mules from the Romano-British context all point to a region that is slightly inland
(5'80pw between -7.0 and%o. -8.0%o) as their breeding ground, and the identified mule from
Weillenburg seems to have originated slightly further inland (or higher altitude). On the
other hand, the strontium isotopic ratios of the four mules represent the range of at least
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three different geological regions as their place of origin (¢’Sr/®Sr ratio ranges: 0.708 —
0.709, 0.711-0.712, and 0.715 — 0.716). The dispersed isotopic values show that mule
breeding may have been practised on a local basis rather than monopolised by a few
breeding centres. Nevertheless, the outcomes also suggest that, at least for Roman Britain,

the breeding of horses and of mules seem to have been independent from each other.

This takes us to the second implication: two possible mules have both their strontium and
oxygen isotopic values within the expected British local range indicating that there is a
possibility that these mules (VR-405, Winchester and ALC-3002, Alcester) were locally
bred within Roman Britain. If this were the case, then it would also imply that donkeys
would have been locally available for the practice of mule breeding. Unfortunately,
donkeys are extremely rare in Roman faunal assemblages, as indicated by the results in the
previous chapters, and the only donkey specimen in this part of the current thesis (from
Fairford) does not have a local signature. As indicated by Map 7.7, the isotopic signatures
for both possible mules can also be found in continental Europe. As a result, the local
breeding of mules in Roman Britain should remain a possibility that requires further

evidence.
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7.6 — Summary and Conclusion

In this chapter, the localness and possible origins of 40 domestic equids have been
examined using isotopic analyses for discussing domestic equid procurement strategies in
Roman Britain. The significance of the outcomes from various isotopic analyses is that it
provides valuable direct evidence to support the claim regarding the importation of
domestic equids into Britain during the Roman occupation. The importation of material
goods, such as coins, pottery, and glassware from outside of Britain, can of course to be
attested directly. However, evidence for the importation of livestock is more indirect and
ambiguous. In contrast to introducing an exotic species (such as donkeys or camels), the
importing of livestock species that were indigenous to Britain is be extremely difficult to
detect, not only because direct evidence is not easily observable, but also because the
relative number of individuals being imported would have been small. It is generally
believed that one of the main reasons for importing livestock species that can also be found
locally is to improve the local breed and, therefore, only a selected few specimens are
imported to initiate the improvement process. Subsequently, the importation of livestock is
often speculated upon based on indirect evidence, such as increase in size (Albarella et al,
2008). The current findings show that not all domestic equids from Romano-British sites
were procured locally within Britain. At least one individual from the current study, which
may possibly be a mule, can be confirmed to have had a foreign origin based on its
strontium isotopic ratio. The other specimen with a greater possibility of being an imported
animal is the possible donkey from Fairford (FTF-2549). However, since both possible
donkeys (FTF-2549 and SERBO03) are represented by relatively low 50 values, which
contrasts with the impression that donkeys were commonly used in Mediterranean region,
it is also possible that the outcomes are merely reflecting an unknown inter-species
difference caused by metabolism or livestock management (e.g. amount or source of water

and dietary intake or metabolic differences). Nevertheless, both possibly imported
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individuals are also very likely to be non-caballine domestic equids based on their dental
morphology, a discovery that may provide further insights for answering the question of
whether mules and donkeys were bred locally in Roman Britain. Based on the current
isotopic evidence, two possible mules (VR-405 and ALC-3002) could have been locally
bred since their oxygen and strontium isotopic values failed to prove that they were of non-
British origin, but current outcomes are equally insufficient to argue that they were bred in
Britain. In addition, the unusually positive 820 value of the Alcester possible mule (ALC-

3002) makes it more likely to be a foreign import.

The procurement strategy for Winchester as indicated by both the strontium and oxygen
isotopic analyses matches nicely with the hypothesised scenario for urban settlements —
that is, a large catchment area for domestic equids, mostly from the surrounding regions
along with a few possible imported individuals. A similar pattern would probably be found
when examining large Roman urban centres such as London and York. Although the
number of samples available for Alcester is less satisfactory, the outcomes from the
oxygen and strontium isotopic analyses still both support the view that the horses were
likely to have been from the same origin, which is different from the case of the possible
mule. As mentioned earlier, the location of the Alcester assemblage is speculated to have
been a fort, and the procurement strategy indicated by the isotopic analysis fits the
hypothesised specific local supply scenario. Logically, this type of pattern represents a
self-contained rural economy where local demand was met by local production. As
mentioned above, this type of strategy may also have been found in military establishments
during peace time. In contrast to the specific local supply model observed in Alcester,
Ribchester is in between a “specific local supply” and a “specific non-local supply”. This
is because the location of the site is at the intermediate zone between two gradient §*0pw
ranges, which makes it rather difficult to determine what is local and what is not. The
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distribution of data from Ribchester suggests that horses were procured from specific
sources regardless of the localness of their origins. The compact distribution fits the
hypothesised model for military sites, although it is slightly different from Alcester.
Fairford is also represented by a specific local supply scenario and, to a certain extent,
resembles the distribution of the Ribchester samples. It does not fit perfectly with the
hypothesised scenario for rural settlements, and yet it appears very differnt from the
random acquisition model of urban settlements. The possibility of Fairford being a stud
farm may explain the outliers from other regions, but unless all horses are from the same
generation (e.g. catastrophic killing), the possibility is slim. The other explanation would
be that Fairford may have served as a mansio, with local horses stationed for service as
well as the occasional death of horses travelling in from other regions. However, the fact
that the location of Fairford is not associated with a major road network largely weakens

this possibility.

From a wider geological perspective, the distribution patterns of domestic equids from
British sites are more compact than those from continental Europe. The two Serbian horses
with non-local §*%0 values make a sharp contrast to British sites that procure horses mostly
from the surrounding regions. The exploitation of local horses is a logical strategy for an
island environment, but further explanations are required for those imported individuals.
Unfortunately, the small sample size restricts the possibility of investigating potential
changes in the procurement strategy over time. It is conceivable that the longer it was
under Roman occupation, the fewer domestic equids needed to be imported in Britain. For
military logistics, it may have been more essential to obtain a stable local supply for
remount than to secure imports. This is because local horses are much better adapted to the
surroundings than imported foreign horses. For other labour tasks, on the other hand, it
would make no economic sense to continuously import a species that is locally available.
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As for donkeys and mules, while the evidence does suggest their presence in Roman times,
current outcomes suggest that some of them were imported, but cannot fully confirm the
local production of either non-caballine species, particularly donkeys. In summary, the
outcomes from the isotopic analyses indicate that most horses were procured within

Roman Britain, but the procurement strategies varied depending on the function of the sites.

In addition, a relatively high ratio of imports is observed among the non-caballine domestic

equids although the sample size is small.
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8.1 — Introduction

One of the main aims of the current thesis is to examine the procurement strategy of
domestic equids in Roman Britain. This area of research has not yet been fully explored
using archaeological material. This is mainly due to the fact that the socio-economic
importance of domestic equids has not been fully recognised, but also because of the lack
of conclusive methods to identify taxonomically archaeological equid specimens. As a
pilot study, the current thesis has investigated the topic of procurement strategy from two
perspectives: the types of domestic equids that were used and in which frequencies, and
where they were acquired from. In order to consider both aspects, the first part of the thesis
deals with the application of different methods (biometric, geometric morphometric, and
genetic) for distinguishing different domestic equid species. The second part of the thesis,
then, takes the species determination based on dental morphology and compares the
localness of different domestic species through isotopic analyses. The results indicate that
there are potential differences between the procurement strategies of the three domestic

equids in Roman Britain, in addition to different strategies between site types.

8.2 — Summary of current findings

Both species representation frequency and localness are used to interpret the procurement
strategies of selected Roman sites in Britain. These outcomes were derived from different
methods and not all samples were analysed using every method. In other words, post-
cranial elements were not used in the isotopic analyses and, therefore it is necessary to
present the results separately before integrating the interpretation in a more comprehensive

discussion.
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8.2.1 — Species Representation

The most intriguing and, perhaps, contentious argument from the biometric analyses is the
determination of the mules. Twelve archaeological specimens have been
“identified/determined” as mules by previous researchers mainly through DFA (n=10, see
Table 1.2 and discussion in section 2.5). Conversely, a total number of 26 mules (minimum
number of individuals) were determined from post-cranial elements in the current thesis
(Chapter 5). Among these, only three are determined as mules in both Johnstone’s work
and the current thesis. Five additional mules are determined from Johnstone’s original
sample using the modified DFA in the current thesis (three out of five were “possible”
horses in Johnstone’s original determination), and two mule determinations are rejected
(Appendix I1). The main cause of the differences is the inclusion of the first phalanges and
the exclusion of femora. The notable increase in the number of mule determinations in the
material used in the present study is due to the inclusion of a number of sites where the
presence of mules was suspected, particularly Healam Bridge in Yorkshire. In contrast, all
three cases determined as donkey in Johnstone’s work are rejected using the modified
version of DFA, although all these samples were from Iron Age contexts. The only donkey
determined by the current study is a first phalanx from Fairford — a site in which the

presence of both donkey and mules has previously been suspected (Levine, 2004).

The horse-donkey-mule ratio of 130:1:25 was calculated based on all 156 post-cranial
bones from 24 different Romano-British sites. While this lends further support to the
notion of donkeys being strikingly uncommon in archaeological faunal assemblages of that
period, it also suggests that mules may have been largely unrecognised due to the
considerable difficulty in distinguishing them from horses. Due to the almost total absence

of donkeys, it is impossible to discuss its frequencies distribution at different site types.
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However, the outcomes suggest that the frequency of mules is associated with site function.
A higher frequency of mules was observed at military sites as well as from large urban
settlements. The mule-horse ratio in military sites is 1:3.25, while the ratio for civilian sites
is 1:7.14. In addition, among the civilian sites, large urban centres have a higher mule-
horse ratio (1:5) than small towns (1:13). Mules are not frequently found in rural
settlements (1:7.8) when compared with towns (1:6.8); this implies that the use of mules
may be associated more with the cultural aspect of the settlement. While the local
population may have acknowledged the superiority of mules as labour animals, they may

not have had access to one, or have developed any need for this foreign animal.

8.2.2 — Localness of Domestic Equids

Two different isotopic analyses (oxygen and carbon) were carried out on 40 archaeological
specimens, and strontium isotopic analysis was carried out on 16 of them. While no direct
evidence can be drawn from the carbon isotopic values, both oxygen and strontium
isotopic values reveal interesting patterns regarding procurement strategies. It was
hypothesised that the catchment area of domestic equids in large urban settlements would
be much larger, involving multiple sources of supply (random acquisition model). On the
other hand, rural settlements and small towns would have had a much smaller catchment
area for their domestic equid acquisition, because the local demands would have been
lower than the local supplies. As a result, a specific local supply model would be the best
fit for rural settlements and small towns. In contrast to civilian sites, the sources of
domestic equids for military sites should be more complicated and may differ depending
on the history of the site. In times of peace, a steady supply from specific breeders through
bulk purchase, along with some additional individual recruitment, is more likely to have
been the main procurement strategy. However, in times of war, the procurement of
domestic equids could have been extremely random, from emergency recruitment (local or
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non-local) to capturing enemy mounts. Domestic equids are more likely to be either killed
in action or retired from the military and sold for civilian use. As a result, it is more
difficult to predict what procurement model would fit a military site without knowing its
precise history. Nevertheless, since bulk purchase would probably have been the main
method of acquisition (Laurence, 1999), it could still be suggested that, regardless of its
origin, procurement strategies of domestic equids in most military sites would tend to be
similar and thus it is suggested that they should show similar patterns when isotopic results

are analysed.

Setting possible non-caballine samples aside, isotopic results from the horses from
Winchester are scattered both within and outside of the immediate local range, indicating a
“random” procurement strategy, which suggested a relatively large catchment area. This
shows a sharp contrast to Alcester, where all three horses are clustered tightly together
within the local range. Isotopic analysis from the horses at Ribchester imply there were
two supply sources; one within the local range, the other from a colder or more inland
region possibly outside Britain. The horses from Fairford show a similar scattered pattern
as do those from Ribchester, with the majority of horses originating from a narrow local

catchment area but with an additional few from elsewhere.

Although, according to their isotopic signatures, the majority of domestic equids were
seemingly obtained locally, a few individuals have isotopic signatures that do not match
the estimated Britain range; therefore, these are more likely to have originated outside
Britain. Taking into account the results of both the oxygen and strontium isotopic analyses,
most of the suspected non-caballine individuals — the possible donkey from Fairford

(FTF2459) and two possible mules (VR-481, Winchester and ALC-3002, Alcester) — are
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likely to have their origin outside Britain. In contrast, a single horse from Winchester has
an isotopic signature that indicates a foreign origin. Judging from these results, it is evident
that the ratio of suspected non-caballine individuals with non-British isotopic signatures is
significantly higher. It is also important to iterate that while one possible mule (VR-405)
from Winchester shows an isotopic signature that seems to match the local range, it is
equally possible that it originated from another location with the same signature (Map 7.8).
In addition, considering that the isotopic signatures of mules do not cluster closely with
each other, it is much less likely that mules were bred in only a few centralised facilities, as
previously assumed (Hyland, 1990; Johnstone, 2004). As indicated by the oxygen isotopic

values, Roman mules were bred in warm coastal regions as well as in places further inland.

8.2.3 — Recommendation for future equids identification

Since the current thesis has utilized several different techniques to identify domestic equids
to species level, there are some thoughts and recommendations that the current author
would like to share and comment for future related researches. Many of these suggestions
or observations are mentioned in previous chapters, this section will summarise them in

bulletin points.

1. Morphological criteria should be reconsidered and questioned. Although the qualitative
evaluation of morphological criteria for identifying the species of domestic equids has
been suggested and practised for a long period of time, many issues have also been
overlooked in the past. For example, can modern specimens be representative for the
identification of archaeological equids? The interspecific variation in a taxon which has
been intensively selective bred to manipulate the size and conformation has been
largely underestimated. Moreover, the claims of post-cranial morphological traits in

mules are based on a relatively small number of modern mules that may have the same
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or closely related parents. The accuracy of the dental morphological criteria in
wild/extinct equids populations has recently been challenged based on aDNA analyses
outcomes (Geigl and Grange, 2012). In addition, the current thesis also gave an
example of an archaeological horse being misidentified as a mule based on the dental
morphology (Section 6.4). Therefore, it is wise to avoid rely specie identification based
on morphological criteria along. The use of other methods, such as qualitative approach

or biomolecular analysis is recommended.

2. Qualitative evaluation can be subjective. Many cases of donkey or mule identifications
are based on the visual observation of “small” or “slender” limb bones (see Table 1.2)
or based on the “relative” shape of dental pattern. However, these are subjective
description of specimens that may differ from one observer to the next. Furthermore,
the qualitative evaluation approach tends to pay very little attention on explaining the
presence of mixture traits. For example, the presence of both asinine “V”’-shaped
lingual fold and a caballine trait of moderate bucco-lingual distance (partial penetration
of the buccal fold). This may be particularly important for identifying hybred as
observed in the offspring of wild boar and domestic pigs (section 5.4.4, Evin et al.,
2015). A recent study has shown that inter-observer differences do exist when
evaluating the dental criteria of equids (Twiss et al., 2016). Therefore, it is

recommended to use quantitative analysis to verify the qualitative observation.

3. Be aware of the limitation of each method. As discussed in previous chapters,
contradictory results from the same element under different methods or different
elements of the same individuals all indicate that these methods can only be used to
provide a base to evaluate the probability of species determination. Not to mention, it is

still uncertain if interspecific differences do exist and can be identified using either
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qualitative or quantitative method. For example, the degree of overlap between horse
and mule observed in DFA suggests that these two species are quite similar in their
limb bone proportion and, therefore, DFA can only provide a probability to the
determination of species. The current thesis has put together a dataset combining both
Johnstones work (2004) and Eisenmann (http://www.vera-eisenmann.com ) along with
few additional specimens from other collections (Table 3.1, Appendix I). The dataset
(Appendix 1) is uploaded in a Dropbox folder for people to utilize for future species
determination using either DFA or Davis’ method.

( https://www.dropbox.com/sh/a20gi48ezv934qc/AABY XvizZTWZRmrcdxEci6EhYa?
di=0). It is hoped that more specimens with detail background (such as parent breeds
for mule offspring and sex of specimens) can be added to increase the accuracy of DFA
method. It is also recommended to employ GMM approach to other elements in order

to explore alternative criteria.

To carry out various quantitative analyses for a few equids remains is probably not cost-

efficient for most faunal specialists who need to identify the species or taxon of thousands

of animal remains. But, other than recording all standard measurements, more detailed

descriptions or photographs should be provided when suspecting the presence of donkeys

or mules.

8.3 — The “Making” of Mule and Donkey-Keeping in Roman Britain

Mule breeding was, without question, one of the most lucrative business ventures in the

Roman world (Laurence, 1999). The demand for this beast of burden remained high

throughout Roman history, as the price for mules was strikingly high (Laurence, 1999).

Even as late as colonial times in Central America, the cost of mules was still markedly
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higher than that of horses, not to mention of common donkeys (Konard, 1980). It was also
believed that before Vespasian became Emperor of Rome, he invested in a mule-trading
business to recover his wealth after serving in North Africa (and thus presumably thus
earned his nickname, “Mulio”), although this has been recently questioned by Bosworth
(2002). A more contemporary example is George Washington, who had been much
credited for his resolute pursuit of ideal donkeys to ultimately improve the quality of mules
in the United States (Powell, 1969). Although one could question the actual influence that
his two imported donkeys had on present donkey and mule populations in the United States,
Washington’s visionary plan made the mule breeding a fruitful industry that not only
increased agricultural productive power, but also made a profit by exporting the mules later

during the WWI (Smith, 2008).

Nonetheless, mule breeding is not an easy business that can be established effortlessly. The
challenges of successfully breeding a mule were described in Chapter 1, and it is clear that
the Romans were aware of, and able to overcome, some of these problems. Yet, while such
knowledge was acknowledged, and presumably circulated among stud farm owners
through works of Varro and Columella, it is somewhat surprising that the current isotopic
results suggest that most mules were of non-British origin. Based on the results of current
species determination, mules are found in most military and large urban sites included in
the present thesis (although due to the nature of this study — e.g. sites with relatively large
equid frequencies — the choice of sites may be biased towards locations with a higher
probability of mules being present). The site types associated with mules, i.e. major urban
settlements and military sites, as mentioned above, are almost exclusively “Roman” in
essence. Nevertheless, regardless of the number of sites where mules were determined, the
number of these hybrids per site is still a mere token compared to the number of horses.
This indicates that there was a minimal demand for mules in certain sectors of the Roman
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population of Britain, perhaps to perform a “social” role that could not be carried out by
local ponies. Nonetheless, it is curious that the Romans did not establish any local mule

breeding to satisfy the local demand, no matter how small.

The first challenge for establishing local breeding would have been the availability of jacks.
As mentioned in Chapter 1, specific criteria have to be met for a jack to be used for mule
breeding, including raising it as a horse to eliminate its natural instinct of rejecting mares
and increasing its chance of being accepted as a “horse” by the mare. However, at present,
no evidence of local donkeys in Roman Britain has been established. The number of
donkeys known from this period does not suggest the existence of a breeding population.

As reasoned by Leighton:

It is oftentimes necessary to use different jacks to perpetuate the ass species
than are used to copulate with mares, because jacks that are allowed to mate
with she-asses often refuse to mate with mares. Consequently, in a complete
mule-breeding establishment, it may be necessary to maintain three separate
divisions; jacks and jennets (she-asses) to be mated for the production of jacks
used in mule breeding and for the perpetuation of the ass species; horses and
mares to be mated to obtain the mares to be used in mule breeding; and a third
division composed of jacks and mares so produced which are mated for

production of the desired mules. (1969, p.50)

As a result, in order to produce mules, a similar or even more numerous donkey
populations to the mule population must exist to support and ensure the continuous
production of mules. Nonetheless, the ratio of donkey remains to the other two species
does not indicate the existence of such a donkey population. Moreover, the only donkey

specimen with isotopic analysis results appears to be non-British in origin.
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Even though some evidence from previous studies and the present thesis suggests that
donkeys were present in Roman Britain, they cannot be directly associated with “mule
breeding”. As mentioned in Chapter 1, there are specific requirements for a mule-breeding
jack. According to Roman authors, the ideal mule-breeding jack should be the first
generation offspring of a jennet and a wild ass. Following this logic, to ensure the mule-
breeding jack is of the best quality, a continuous supply of wild asses would need to be
established. This is very unlikely to have been the case in real life. Nevertheless, even if
mule-breeding jacks were purchased from elsewhere instead of wild asses being imported
directly, the cost would probably not have differed much. According to Varro (R.R. 2.8.3),
the price of a mule-breeding ass from Reate would have been between 300,000 to 400,000
sesterces while a small farm owned by Pliny, the elder was worth only a third or a quarter
of this (Letters 6.3, as translated in Lomas, 1996). However, such a seemingly
unreasonable price may actually imply that mule breeders were not willing to encourage

more competitors in this lucrative venture.

Several other possible causes could have contributed to the possible reluctance of Romans
to produce donkeys locally, even against the potential gain from a new market for these
foreign pack animals. First, the idea of breeding locally an animal species that originated
from other parts of the Roman Empire may even have violated the Roman ideology of
nature. Before the age of enlightenment, “nature” was still largely explained by the
elemental and humoral theory, which had an enormous impact on agricultural activities
(Sykes, 2014, Jones et al., forthcoming). It is equally possible that to the Romans, a
creature that inhabited a mostly hot and dry region should not have been bred in a cold and
wet environment. The Romans may not have understood the specific habitats for different
species with the details on annual precipitation or local vegetation as modern ecologists do,
but they could have interpreted what was suitable for one region and what was not by
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applying the elemental theory. Thus, it is possible that Romans may have thought the local
production of donkeys would yield an imbalanced output and would probably require
additional effort to bring it into equilibrium; from a modern perspective, a huge human
input would be required through the provision of shelter, clothing, and food supplements

for their welfare and survival.

In addition to the additional intensive livestock management required in an unsuitable
habitat, the prevailing attitudes of Roman citizens toward donkeys may also have kept
them from establishing a local donkey population on this remote island. Despite their
common use as agricultural and pack animals, donkeys were never strongly associated
with Roman culture. Neither donkeys nor mules were used exclusively by the Romans and,
therefore, they lack the uniqueness to represent Rome compared to the Aquila in the
Roman legion or the she-wolf associated with the founding of the city. To most Romans,
donkeys were low status labour animals with no outstanding quality to make them
indispensable (Tonybee, 2013). Extremely hilly terrains and the narrow paths in vineyards
are the only circumstances that can truly demonstrate the donkey’s virtue of sure-
footedness and its petite but durable body. Neither were common features of Roman
Britain. Without any noticeable benefit, in the addition to the extra cost of keeping donkeys
and possible taxes for their importation, there would have been no immediate urge to
introduce the donkey and establish a stable local breeding population of the species in a

region with a sufficient supply of other domestic equids.

A foreign species may also be introduced if they have other social implications. Fallow
deer (Dama dama) is an example. Recent studies have demonstrated the complexity of

introducing this species into Britain (Sykes, 2004, 2007, 2010; Sykes et al., 2013).
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Originally, scholars believed that this taxon was introduced by the Romans (Chapman and
Chapman, 1975; Lister 1984, Yalden, 1999). However, a thorough examination of the
archaeological data reveals that several cases of early Dama identification were either
misidentifications or were possible intrusive (Sykes, 2004). Based on the available material,
it was concluded that the present fallow deer populations in Britain descend from the
introduction of this species — possibly from Sicily — by the Normans (Sykes, 2004, 2010).
Later, a further confirmed identification of fallow deer from the Fishbourne Roman Palace
with a local isotopic signature (Sykes et al., 2006) clearly demonstrated that the Romans
did in fact introduce fallow deer when they occupied Britain and managed to establish
local breeding population (Sykes et al., 2006; Madgwick et al., 2013; Miller et al., 2014).
Nevertheless, the species seems to have died out after the end of Roman rule in Britain
(Sykes, 2010). Based on the material gathered for the current thesis, the number of Roman
fallow deer in Britain exceeds the suspected number of donkeys in the same period.
Although fallow deer are not a domestic labour animal and do not seem to have any well-
recognised economic importance, this wild species was closely associated with Diana, the
goddess of healing (Sykes, 2014; Miller et al., 2014), and its antlers may have been used
for medical purposes (Sykes, 2010). The religious symbolism in combination with the
medical value of its body parts (i.e. antlers and bones) induced the Romans to either bring
part of their remains to Britain (Miller et al., 2014) or keep them alive in the country
(Sykes et al., 2006) despite the costs. After all, it is difficult to put a price on religious
belief and health. Unfortunately, the only religious tie for donkey is as one of the sacred
animals of Dionysus, who is not known to have been widely worshipped in this part of the
Roman Empire. Interestingly, although fallow deer — in contrast to donkeys — can survive
under British climatic conditions without human management, they do not seem to have
developed a feral population after the Roman occupation on the scale of the present

population in southern England. This may imply that the number of fallow deer introduced
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alive was very limited, even though fallow deer remains in Roman faunal assemblages

seem to have been more abundant than donkeys.

Even though similar arguments can be made for mules as for donkeys, it should be noted
that while mules are the offspring of donkeys, they command a much higher social prestige
as labour animals, which was reflected in their price. Mules were as insignificant as were
donkeys as a religious symbol since they were not sacred animals representing any deities,
but perhaps, they were able to signal their owners’ superior social ranking in a more subtle
way. For instance, the implication of a higher social ranking can be drawn from the fact
that mules are more commonly depicted on Roman coins (Figure 8.1) than donkeys, and
this hybrid creature is also often associated with kings in Old Testament stories (e.g. King
Solomon in 1 Kings: 1:33-34, King David in Kings: 1:38). Moreover, as mules were
expensive and mostly, if not exclusively, employed by military and government officials,
the presence of mules in large urban settlements and military sites implies that they were
imperial property and were either still working on official duties or retired into the hands
of affluent civilians as a sign of their connections to government officials. Either case
would have indicated that the cost of importing this foreign species was not a major
concern. In contrast, for the local gentry, it may have been an extreme privilege to own a
two-wheeled carriage pulled by imported mules just as people today own limited edition
luxury cars. As a result, the local breeding of this hybrid would have undermined the sense
of “superiority” of their owners, and, as the only social group that had the financial power
to establish local breeding, they might even have deliberately maintained the rarity of

mules in Britain.
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Figure 8.1 — Roman coins showing mules pulling two-wheeled carriage (carpentum).
Images from Josh lllingworth, NGC Ancients Grader.
(https://www.ngccoin.com/news/viewarticle.aspx?NewsletterNewsArticle|ID=1340)
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8.4 — Mule Supply in Roman Britain

Results in this study indicate that mules were significantly more abundant than donkeys in
Roman Britain, and thus point to two seemingly conflicting facts: (i) mules were found to
have been more closely associated with military sites and large urban settlements; and (ii)
both donkeys and mules were not locally bred, at least not in any significant numbers.
While the former suggests there was a definite demand for mules in Roman Britain, the
latter rejects the possibility of a local supply. Therefore, without a sufficient local source,
the demand for mules, which existed in Roman Britain, would have to have been satisfied
through other means. Before addressing the issue directly, it would be useful to first look at

the example of the domestic equid market in late Victorian Britain.

Moore-Colyer (1995) published an article reviewing the breeding and supply of horses in
Victorian Britain, which summarised the rise and fall of the horse-breeding industry in
Britain. According to his review, Britain did not develop as a major horse-breeding region
for two reasons. First, the risk involved in horse breeding for individual breeders (i.e. local
farmers) was too high. Horses can only be branded and sold by three years of age. Prior to
that, they exploit the same pasture and land space that can be used to raise livestock, such
as sheep, pigs, or even cattle, which can be sold for profit in a relatively shorter time span.
Second, in the 1860s, in order to decrease maintenance costs, the British military, the
biggest buyer of local horses, began purchasing only horses that had reached four years of
age. This act further increased the costs for horse-breeders and, therefore, the number of
individual breeders decreased. The remaining breeders started to focus on the quality of the
horses instead of the quantity. Fortunately, according to Moore-Colyer, the successful
introduction of exceptional horse breeds such as Clydesdale Suffolk, and Shires, pushed

British local horse breeding into its golden age; in their heyday, horse breeders in Britain
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made glittering profit from exporting these horses to foreign countries. However, the
British government did not react to the high demand from foreign markets, and due to the
excessive exporting of local horses, not only did the selling price for horses within Britain
increase dramatically but also the production of ordinary horses no longer met local
demand. As a result, local farmers (who required horses as draught and pack animals for
agricultural production), as well as the transport industry (which needed horses to pull their
carts) were forced to use inferior breeds or broodmares, and even to import second-rate
foreign horses, many of which were descendants of exported British breeds. The British
horse market for these specific breeds soon crashed due to the rise in American mule
production and the introduction of lighter carriage horses, and finally, the development of

the railway system further crushed any hope of a revival of local horse breeding.

However, the demand for horses and mules from the British military never decreased; as a
matter of fact, it increased between the last quarter of the 19th century and the first half of
20th century. By the mid-19th century, Britain had earned its reputation as “the empire on
which the sun never sets”, with colonies all over the world. To maintain order within the
empire, settling local disputes and rebellions had become a common issue for the British
military. Many of these battles were fought in regions where the use of horses and mules
was essential to victory. Even when facing such crucial demands from its own military,
British officials were still optimistic about the falling horse supply from the British

homeland, simply because

“... as long as our navy is efficient we can draw our supply of remounts in wartime
from all over the world at prices with which the English farmer cannot possibly

compete, and it is hardly worth their while to breed horses in order to be in the
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market in the event of our navy failing to keep the waterways open.” (Eden, 1900,

as quoted in Moore-Colyer, 1995)

As a result, Britain spent a substantial amount of money purchasing mules from the United
States and Canada to cover the demand in battlefields abroad. It is difficult to judge from
partial evidence how beneficial it would have been for the British administration at the
time to change its policy and support the local breeding of horses and mules. It may have
saved the money spent on purchasing foreign equine supplies, but it may have equally
caused losses in other agricultural production, which was more essential for most local

citizens.

For the Romans, although mule breeding was probably operated mainly by affluent estate
owners, the government’s attitude might have considerably affected the decision regarding
its production since the Roman military was the largest buyer of mules. A military
campaign to conquer the whole of Britain was never a top priority of Roman emperors.
After the initial “invasion” by Caesar and the following Claudian conquest campaign, most
military operations were related to the pacification of local rebellions and there was nearly
no further expansion in Britain after the construction of Hadrian’s and Antonine Wall. This
suggests that Roman emperors had little interest in aggressively taking over the whole of
Britain and therefore, there might have been a smaller demand for domestic equids in
Roman Britain, which could be sufficiently met by the local supply. In addition, the
Roman trade network, utilising both the road networks and maritime routes, was well
established; regardless where the mules were bred, they could be quickly sent to the
frontier. Were a Roman official to have made a statement regarding a situation similar to

that expressed by the British official above, it might have been as follows:
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As long as our army is efficient, we can draw our supply of remounts in wartime
from all over the empire of a quality with which the British breeds cannot possibly
compete, and it is hardly worth anyone’s while to introduce donkeys to breed local
mules in order to supply the military in the event of our legions failing to keep the

trade networks open.

8.5 — Conclusion

The current thesis has examined the procurement strategies of domestic equids within
Roman Britain first by comparing the ratio of different species used in different site types
and their localness. In order to achieve this research aim, the current thesis evaluated
current methods for the determination of equid species, suggested modifications to some of
them, and suggested new alternatives. It also utilised, in a pilot study, aDNA analysis in an
attempt to validate the qualitative criteria and quantitative analyses used in taxonomic
determinations. Furthermore, isotopic analyses were utilised to investigate the localness of

domestic equids.

While previous studies have argued that some qualitative features, such as the slenderness
of long bones, can be useful for the separating the different domestic equid species, the
subtle differences between taxa can be distinguished only through quantitative analyses. As
a result, several biometric and geometric morphometric analyses have been developed to
provide the basis for species determination of the archaeological material used in the
present study. Although previous studies have employed similar methods, none has cross-
validated its determinations using additional methods. The current thesis has demonstrated

that there are significant inconsistencies not only different between methods, but also
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between different elements of the same individual. Therefore, it is important to consider
the reliability of the method(s) being applied and the skeletal element under investigation

before a taxonomic determination of an equid specimen is made.

The results from different analyses in the current thesis reveal that donkeys were almost
absent from Romano-British sites and, while mules were small in numbers but not
uncommon, the evidence suggests that they were more likely to have been imported
instead of locally bred. Available evidence indicates that the Romans did in fact introduce
donkeys and mules into the British Isles, but there is not sufficient evidence to support the

case that they established a significant local tradition for the breeding of these animals.

The current thesis does not argue, however, that local breeding never occurred in Roman
Britain; instead, as indicated by the result of the oxygen isotopic analyses, it argues that
mules from other parts of the Roman Empire were bred from regions with similar oxygen
isotopic range to that of Britain. However, based on both economic and cultural
considerations, the local breeding of these newly “introduced” animals must not have been
intentional or systematic. The effort and cost required for keeping donkeys would have
exceeded the benefit of keeping them in an unsuitable habitat. Local ponies, which were
more familiar to the local population, could have easily been used to replace donkeys as
beasts of burden for nearly all local agricultural activities. Furthermore, unlike fallow deer,
donkeys and mules are not known to have had any important religious significance or
practical medical use, and thus they lacked intimate ties with Roman civilians in Britain.
Although their abilities as pack animals may have been appreciated by the military, the
decision regarding logistics of supplies was often made by a few officials who had other

considerations. As a result, when the Romans began their occupation of the British Isles,
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donkeys were not included as part of the “Roman package” that was systematically

introduced into the newly conquered land.

Unquestionably, the Romans left a rich legacy that has extended beyond their time in the
form of infrastructure (e.g. road networks) or cultural behaviours (e.g. diet), but localised
donkey and mule breeding in Britain was not likely to be a tradition that they should be
credited with. While numbers of donkeys and mules are recorded in the Doomsday Book,
these animals were still little known throughout the medieval period. Scattered literary or
graphic evidence and a confirmed archaeological donkey finding (Baxter, 2002) indicate
that these two species were of meagre importance, contradicting their popularity in
Victoria times either as a tourist attraction (i.e. the beach donkey-ride) or as labour animals
(Dent, 1972). From the case of European fallow deer mentioned above, it is clear that the
“introduction” of a species may not be a clear single event. The value of animals changes
through time, cultures, and technological innovations. Whilst there is no doubt that people
in Britain were acquainted with these animals through a Christian context, in addition to
their low “social status”, it would also have been impractical for peasants to replace sturdy
local ponies with a high-maintenance foreign species. However, the value of the humble
donkey seemed to have shifted after Henry V111 declared his ambition to improve the size
of horses in England. While the law seemingly affected only horses, it may actually have
altered the decision regarding the choice of labour animals. For peasants, small local
ponies were an excellent choice for cheap labour animals because they did not require as
much food as larger horses and could carry nearly as much as a donkey. However, if
ponies were no longer an option because they were excluded from the commons since the
Horse Act 1540 forbid stallions under 15 hands (about 152 cm) and mares under 13 hands
(about 132 cm) to graze in common land, donkeys would have been the next most suitable
option as cheap labour animals. As non-caballine equids, no size restriction would be
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forced on donkeys. There was no need for any concern that they would affect the size of
horses because these two species are not naturally attracted to each other. More
importantly, even in the unlikely event of a natural cross-breeding occurring, the offspring
may have been an even more valuable creature: the mule. As a result, while the main
purpose for setting up a minimum size limit was to improve the quality of horses, it may
have encouraged peasants to seek out solutions in other species. Moreover, this seems to
have coincided with the increase in the number of donkey remains from British

archaeological sites after the 17" century (Baxter, 2002).

Through carefully reviewing the existing methodologies on species determination of
domestic equids, the current study has developed more objective and accessible approaches
for future work. It has also utilised aDNA analysis to explore the validity of qualitative
criteria used in the identification of domestic equid taxa and isotopic analysis to explore in
a systematic manner the probable importation of domestic equids. The outcomes obtained
from these analyses can be regarded as the foundation upon which future research into

procurement strategies for domestic equids in Roman Britain can be based.

The current thesis provides a first overview of how domestic equids were procured in
Roman Britain. Nonetheless, it also points out potential directions for further studies, such
as the use of aDNA to test the reliability of both qualitative and quantitative identification
methods. The purported simplicity of the domestic equid procurement pattern hypothesised
for Britain is mostly due to the isolated island setting, which limits supply sources from
continental Europe. The oxygen isotopic values for four horses from Velim-Velistak, a
Croatian early Medieval site (Lightfoot et al., 2004), indicate a relatively diverse supply

source compared to the Romano-British sites. Thus, the data from continental Europe may
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reveal a different procurement pattern. In addition, the proposition made in this study
which uses Henry VIII’s Horses Act of 1540 as the dividing point for the actual
localisation of donkey production requires further evidence both from further historical and
archaeological studies. Considering the lack of records regarding these humble beasts, it
may also be possible to tackle this question using molecular approaches and to test their

genetic diversity despite the lack of any well-established local donkey breed in Britain.

Scholars have long questioned whether the lack of donkeys and mules in Romano-British
faunal assemblages was due either to the difficulties of separating domestic species or to
not being sufficiently aware of their possible presence. However, while subtle differences
may pose a challenge for distinguishing mules from horses, this research both donkeys and
mules do not appear to have been present in significant numbers during the Roman
occupation. This was probably due to the substantial efforts that would have been required
to establish a local donkey breeding population and the practicalities of replacing the local
ponies. Through the use and development of quantitative methods and the utilisation of a
number of isotopic analyses, it is hoped that the current thesis provided a different
perspective to interpret past human-animal (equid) relationship that go beyond the historic

evidence, which might only depict a part of the bigger picture.

330



Appendices






Appendix I.I - Measurements of Modern Control Data (Humerus)

%6E 6T %66'2T %¢29°/9 9SI0H 22 G'29 6°0L 8'8¢ L'1G2 Auod | 220D
659’8 %.G'T %6/'68 9SI0H 29¢ 'S 1°€8 29¢ 882 Auod | 920D
%Y’ %99°C %266 9SI0H 9'GE 1L 118 ve G'G/2 Auod | 620D
%ZE Y %.0°'S %T9'TS 9NN ¥'9¢ 12 608 e 862 Auod | ¥20D
%819 %ET'LT %6E°9. 9SI0H g'cs £'G9 €8 T.E 2'89¢ Auod | €200
%Z0'ET %GE'E %E9°'E8 9SI0H 8'Ge 9'¢, 8'08 9'9¢ 82 Auod | 220D
%I6°0 %St 9 %5929 9SI0H v'es 9'/9 92, v'ee 9'/52 Auod | 120D
%TS 0 %05'T %66°LG 9SI0H 29¢ 6. 8'08 €8¢ 882 Auod | 020D
%202 %2S' TP %995 AxuoQ £0¢ 8'09 6'99 1.2 ve Auod | 670D
0 0 0

%TI00 %9206 %Y.'6 AxuoQ 9'8¢2 8'G5 129 9'9¢2 £6TC Auod | 810D
%69'6 %ZY'C %68°/8 9SI0H L€ 9'¢l €8 G'8g 2'€8¢ IS[emazid | 210D
%220 %€E9'S %9T 76 9SI0H 6'7E 26. 18/ v'vE 62,2 I¥S|emazid | 910D
%E6'9 %60, %86'S8 9SI0H 62 8'89 an 6'7E 10.2 IMS[emazid | GT0D
0 0 0 !

%6.L'T %/G'9T %€E9'T8 9SI0H o A 19/ G'GE ¥'792 IS[emazid | £T0D
%G00 %¢28'9 %ET'E6 9SI0H g'ee £'89 v'6. 9'TE L'SS¢ IS|emazid | Z10D
0 0 0 !

%880 %2E'8 %0806 9SI0H L'SE '89 8./ 6'TE 2'€9¢ IYS[emazid | 010D
0 0 0 !

%t 02 %02'8 %GET. 9SI0H 1€ TT. 8. 6'C€ 19/2 IS|emazid | 600D
%92'€T %.ETT %.E'GL 9SI0H v'ee 69 €9/ 'S €12 IYS[emazid | 800D
0 0 0 :

%S L %0ELT %9T'G/ 9SI0H 928 9 vl 128 8'19¢ IS|emazid | 200D
0 0 0 H

%b2Z 0T %G8°LE %I6'TS 9SI0H 1€ 6'G9 8TL 8've G'592 IS[emazid | 900D
0 0 0 H

%EE'ET %8G°0 %6098 9SI0H ¥'9¢ 8T, 878 € 1282 IS[emazid | G000
%800 %b8°9 %80°€6 9SI0H 6'GE 96/ 98/ GZe L'€l2 IS[emazid | 00D
%GG'C %02 0Y %92°LS 9SI0H G'1E '99 169 9'0¢ ¥'95¢ IMS[emazid | £00D
%650 %6512 %28'L. 9SI0H 12€ ¥'99 T L'€E 9'/52 IS|emazid | Z00D
%020 %Ll %€E0°'S6 9SI0H z'€s 9'69 8. 282 8'29¢ IS[emazid | 100D

3NN

AaxuoQ

9SI0OH uoljeulwlsled

sanI|Iqeqold

Vv4id

J1H

SlusWwalinses|A

(snaawinH) e1eq |041U0D UIBPOIA JO SquBWBINSEaN — |'| XIpuaddy

paaig/ds

333



%GZ'0 %05 6V %GZ'0G 9SI0H L8 2'99 0L G'8Z 8'0G¢ Aaxuoq | z10a
%20°0 %2696 %90°€ AaxuoQ "9 IR 1G5 8'6¢ Tv12 Axuoq | TT0A
%260 %bS' LT %bS18 9SI0H 8'GEe z0L L'yl 6TE v'29¢ Aaxuoq | 010G
%G0°0 %9026 %06°'C Aaxuog €82 G'GG Z'.S 6.2 zee Aaxuoqd | 600
%L.T0 %TZ'S6 %E9'Y AaxuoQ 9'vC T'1S .S 89 9'81¢ Aaxuoq | 800a
%IT'0 %.8'V8 %20°GT Aaxuog A 8.5 2'€9 '8¢ 1122 Asxuoq | L00a
%6E°0 %G9'€8 %96°GT Aaxuog G'TE L'T9 629 8¢ zore Aaxuoq | 9004
%000 %26°L6 %80°C Aaxuog 892 LTS 0 ve 1202 Aaxuoqd | 50040
%000 %8066 %26°0 AaxuoQ 'GC erS '8S '8¢ G'0TZ Axuoq | 7004
%T0°0 %b8'C6 %GT'9 AaxuoQ 192 6'€S G'09 1.2 ST Asxuoq | £00a
%EL'T %G8'89 %2y 62 AaxuoQ 912 L'ZS G'09 872 G'TE Asxuoq | zood
%90°0 %ZE'68 %29°0T AaxuoQ 762 2’85 19 6.2 RTA Asxuoq | 100
%000 %8686 %Z0'T Aaxuoq £'GZ 9'1G £5°2S 66°22 vE'€02 Ua| 09 puefiays | 8600
%69°E %8T 'SP %P1 TS 9SI0H 16°LE £5'el 98'%7) 88'/€ ¥5'GL2 LET Auod AN | 260D
%66y %IE0 9%0.,°9G 3ININ 8G°cY 9£°68 96°96 GL'TY 8ve 137 £2T 8SI0H 328y | 9600
%LLVE %.LY'T %.LL'E9 3ININ [¥a% 9'6. /8 8'9¢ AR qelv | L£0D
%698 %6.'T %2S 68 9SI0H 2'9¢ G'/8 2’18 gee TTE qelv | 9500
%02°S6 %200 %6L'Y 3ININ v'ey 8'Z8 9'68 9'8¢ 8z¢ qelv | S£00
%TS 06 %T0°0 %616 3ININ VoY 2'8. 9'88 153 9TE qelv | #£020
%296 %61'€S %88°9¢ AsxuoQ 6T 9'T9 99 9'0¢ G'0G2Z Auod | z£0D
%EE0 %62 L. %8E'22 9SI0H AR 8'19 v'/9 8'GZ €62 Auod | 1£0D
%GT'Z %2l %ET'E6 3SI0H 6€E T. 8/ '8¢ G'99¢ Auod | 0£0D
%GT V6 %G20 %09°S SINIA L€ 6L 8L 9'GE 00€ Auod | 620D
%6E°6 %.'T %9888 9SI0H L'6€ v'GL 1'8. 9Z¢ G/Z Auod | 8200

334

Appendix I.I - Measurements of Modern Control Data (Humerus)

pasig/ds

AayuoQ

3NN 9SI0H  UONRUIWILIRG

Sanl|1qeqo.d v4d

J1H

Sjuswainsesin

(PU02 ‘sniswnH) e1eq |041U0D UIBPOIA JO SIUSWSINSEIN



Appendix I.I - Measurements of Modern Control Data (Humerus)

9ININ

AayuoQ

9SIOH uoljeulwlslsd
sa|1qeqoid

Vv4d

SlusWwalinses|N

(PU02 ‘snisWNH) 1R |041U0D UISPOIA 10} SIUSUSINSLIIN

pasig/ds

%8902 %S00 %L2'6¢ SINN v'Ey ¥'06 L6 19y 1443 9ININ | OTON
%0666 %000 %0T°0 SINN eoy 18 168 LE 144> 9ININ | 600N
%6¢'.9 %T1€0 %0¥°'C€ 9SI0H 6 0¥ 808 L'Y¥8 ¢ oy ¥0€ 9INIA | 800N
%6€'¢8 %cC'T %6€°9T SINN €9¢€ 169 v'9L G'Ee €98¢ 9ININ | LOOW
%.8'96 %000 %ET'Y SINN 314 68 9101 99y 421> 9INIA | 900N
%¢Z8'18 %CT0 %90'8T SINN G€ 80, €08 [ 662 9ININ | YOO
%5618 %97 %cr el SININ 6'G€ 60, 99/ ¢'S€ 88¢ 9ININ | E00N
%95°¢6 %890 %9.°9 SININ 6'vE 1°99 |22 ¢0€ 9¢8¢ 9ININ | 00N
%cCE 66 %c0°0 %.9°0 SININ 8ve 169 Gl v'ce €6¢ 9INIA | TOON
%vT0 %9788 %09°TT AMuoQ ¢0€ 8665 ¢S€9 GLT€ GEEEC Yol ¢eT Auod | #90d
%500 %LL'L6 %8T°¢ Axuog ¥2'G¢e 1661 S91S 99°€¢ 14 Yo TET Axuod | €904
%800 %/.9'18 %S¢ 8T Aaxuog 8'1¢€ T%9 ST/ 6€ v'9v¢ A»uod | €104

335






Appendix LIl - Measurements of Modern Control Data (Radius)

3SI0H
senI|Iqeqoid

uoneulwlIgRg
vdd

pad

P44

JusWainses|A

(snipey) ereq |041U0D UIBPOIA JO SJUBWIBINSEIIA — |1'] XIpuaddy

paalg/-ds

%LLL | %S9°CT | %6564 9SI0H 1€ 6'1S ¢19 S'0€ S'€9 ¥'69 96¢ Auod | 2200
%LS°LC | %SY'TT | %86°09 9SI0H L'GE 79 €L 0% vl 8 443 Auod | 9200
%YS'E€ | %60 | %0S'S6 9SI0H 9¢ 7'09 €0L 1T°GE 6°0L 6'LL 0TE Auod | 6200
%YS'T | %9C°LS | Nll'Ty AuoQ L'9€ 129 8'G. L'TE 1°0L L'6. LTE Auod | ¥202
%6LEY | %8V ET | EL'CY 9ININ G'Ee 8'GS 9'/29 6'LE 199 €L 4% Auod | €200
%STYS | %020 | %99Sy SININ L'VE G'29 9. 9'LE v'GL 6°08 6T¢ Auod | 22020
%L9Y | %6E9 | %¥6'88 9SI0H 42 L'YS 9'89 L'VE 9'89 v'S. 96¢ Auod | 120D
%569 | %00°C | %8¥'8¢ 9ININ ¢9¢ €99 €8L 6°0F €L €18 6¢E Auod | 0202
%0ECT | %SEYY | %SEEY Asxuog 1€ 1°¢S L'¢9 v'1€ 19 1.9 ¥8¢ Auod | 6100
%9S9°C | %196V | %EB'LY Ajuoq 9'/L¢ Ly SYvS 8'8¢ TvS €69 Leve Auod | 8100
%92°9¢ | Tvr'€ | %EE0L 9SI0H G'9¢€ G99 9L Ty G€L 8'¢8 443 Ps|emazid | /100
%80°0T | %SY'TE | %.¥'8S 9SI0H 9¢ 1°89 1. 6'LE 8'89 6'LL [44 S|emazid | 9100
%v0'9¢ | %T¥'S | %SS9'89 9SI0H 8'Ee 9'/S 8'69 9'8¢ 69 99/, 0T€ S|emazld | 910D
%.99T | %05'S | %¥8'LL 9SI0H ¢9€ L09 L'TL LE ¢'69 99/ v1¢e PiS|emazld | #1090
%92°ST | %96°LZ | %8L°9G 9SI0H 9'qE 869 TT. ¢'S€ 899 cEL ¢0€ PiS|emazid | €100
%0L°8T | %T/L'8S | %65°¢C AxuoQ 9'qE v'1S TV, 8¢ v'0L L'l 8T¢e PiS|emazld | ¢100
%0€CT | %P0'T | %2998 9SI0H L9€ €19 LcL ¢'S€ 6T, 8L 9T¢ {S|emazid | 7100
%STTL | %650 | %L2'8¢ SININ €Ee 7’65 S0L G'/lE S0L c9. 6T¢ PiS|emazid | 0109
%8Y'6Y | %6EY | %vT 9V °INN 9ve 09 9T, 8'6€ 689 v'9L v1¢e P{S|emazid | 6000
%ET'L | %C96C | %GCE9 9SI0H ¥'GE €99 99 Eve 99 LEL LTE {S|emazid | 80090
%1597 | %8T'8T | %IE'SE °INN [43 99 v',9 1°9€ ¢'99 €L S0€ S|emazid | /000
%ECY | %IYr'0 | %LE'S6 9SI0H ¢'8€ €19 9T, €aE €l €6. Gce P{S|emazid | 9000
%.LTC | %8ETE | %P 99 9SI0H L'8€ L'29 €aL 8¢ 60, 918 8¢t {S|emazid | 5000
%vEY | %8S0T | %80°S8 9SI0H 6'EE 99 G'q9 L'EE 199 L'EL S0€ S|emazid | #0090
%EY'LT | %EV'C | %P1 08 9SI10H v'GE 8'LS 169 4% €69 LY. 1453 PIS|emazid | ¢000

337



Appendix LIl - Measurements of Modern Control Data (Radius)

%88 | %200 | %2ZTT 3INIA og 99 G/l L€ 6. 8 8G¢ agelv | 9/00
%E9°ZT | %000 | %.LE.8 9SI0H o 6. Z'16 15 €6 T0T 08¢ JanouueH | 8900
%GL'8 | %PZ0 | %TOT6 9SI0H 6v Z8 66 0S 6 v0T G6E JanouueH | /900
%8Y'EL | %lV'T | %S0'Ge 3ININ vor | 09 G'08 o 8/ 8 8G¢ (8s10H) | 6500
%.8'8G | %800 | %90 TY 3ININ ov 69 €8 A% 8 88 GGE puess | 8500
%bS'LZ | %LTTZ | %62 TG 8SI0H 6¢ ZS €9 zZ€ €9 69 68z Aauod | 2500
%G90 | %TSCT | %898 8SI0H G'Ge GY 0S Y4 0S g v6T Aauod | 9500
%62C | %T6'E6 | %IB'E Aaxuog 8¢ 6v 09 0 95 €9 0.2 UsisM | G500
%Y8T | %YT6T | %E0'6.L 9SI0H 12 Gy | VS vz 95 09 i Asuod | 500
%20 | %2r6T | %208 3SI0H Y4 a4 g8y | S¢ 8 TS /8T Asuod | 0500
%6SL | %.20 | %hT'Z6 9SI0H of m G6 8Y 68 T0T 8/¢ puels | 6¥00
%90'S | %.L°SZ | %.LT69 3SI0H € 95 9 Ggze | €9 T. 182 pueplsys | 8700
%b6°02 | %0EC | %S.9L 9SI0H v 89 8 v 18 16 T/€ (8s10H) | 9700
%SS78 | %E0°0 | %Zi'ST 3NN v 9/ 6 Gy 06 66 807 (8s10H) | S¥0D
%02 | %289T | %808 9SI0H 6¢ Y 85 0 19 .9 0.2 puepsys | ¥v00
%GL9 | %.9°69 | %8G €T Aaxuog Gg 1S 89 og 9 el GTE uedsel | T¥0D
%08°0T | %6E0 | %T8'88 3SI0H G'6E L9 |€o08 6.6 |v6L |98 67 qesv | Z£0D
%L6°T6 | %.T0 | %98, 3ININ L've |89 |8l z9¢ |99, |¢€8 ¥GE qelv | 9€00
%GZ'S | %IST | %626 3SI0H T | ¥.9 | S€8 76 | 8728 2°¢6 11§ gelv | €00
%O0E' LY | %P2 0 | %9t'ZS 9SI0H TOr |29 [¢g8. L'le |86L [598 |wie qesv | ¥€00
%ZSTC | %690 | %08 LL 9SI0H zey | vTL | 8728 112 2’18 6 98¢ gelv | ££00
%YEEE | %20°2T | %09 1S 9SI0H 6'2€ Gzs | S29 9°¢e 229 119 962 Auod | z€00
%9%'82 | %0T 0T | %< 19 8SI0H L'YE 995 | ¥99 AR L'99 | vl | wee Auod | T€0D
%99'G | %26'EL | %20z AaxuoQ@ L'82 €78 |19 8'8Z 129 |v'69 98¢ Auod | 0£0D
%0902 | %.8'S | %ESEL 8SI0H eee  |g29 [T9L og vy, | €8 zes Auod | 8200

9SI0H

sanI|Igeqold

uoneulwlisleg
v4dd

pP4d

P19

Pd

JusWiainSes|A

pasIg/ds

(PU09 ‘snipey) vreq |041U0D UIBPOIA 10) SJUSLIRINSEI|N

338
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Appendix L.III - Measurements of Modern Control Data (Metacarpal)
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Appendix L.IV - Measurements of Modern Control Data (Femur)
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Appendix 1.V - Measurements of Modern Control Data (Tibia)
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Appendix I.V - Measurements of Modern Control Data (Tibia)
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Appendix 1.V - Measurements of Modern Control Data (Tibia)

AaxuoQ

3SI0H

sanljigeqold

uoneulwliseg
v4d

lusWalinses|N

pasig/ds

%Z6'T | %9t L6 | %EI0 AsxuoQ 9Zy 709 L G'TE €782 Aaxuoq | 200@
%88'T | %L.6.6 | %9T0 AaxuoQ [ ¥4 8'T9 1L £'Ze 86¢ Asaxuoq | 900a
%I6'T | %SE'E6 | %rl'v AaxuoQ T'€e 125 £/9 8.2 8592 Asxuoq | 500Q
%vLZ | %LZT9 | %009 AxuoQ 9'GE 6'€S TTL Z'1¢ 252 Aaxuoq | 700a
%06'T | %8796 | %29'T AsxuoQ 9'GE £9G 8'69 60E £9/2 Aaxuoq | £00@
%08'T | %20'86 | %6T0 AaxuoQ 2'9¢ 8'GG 0L 982 162 Aaxuoq | 200d
%G6'C | %9676 | %0T'T AaxuoQ 9°/¢ 9'9G L2l 7'€e G8e Asxuoq | 100Q
%GTY | %560 | %T6V6 9SI0H ey 8£°99 28'88 67'GE G'0TE W9| /G0 8SI0H | TOTD
%GT'T | %ET'8Z | %E90L 8SI0H /STE 18°TS 6€'29 9¢°/2 9G'/¥¢C Us| S09 puepays | 8600
%er'L | %.S0 | %2026 9SI0H 9T’ LY 1,72, /8'G6 89'GE ovE ua| LT Auod 4N | 260D
%E8'8 | %000 | %.LT'T6 8SI0H 60°LS 87’16 L9°8TT 66°8t G LTY W3] £2T 8SI0H 39ey | 9600
%E0'E | %89T | %62'G6 8SI0H 19'8€ 9%'6S G0'Z8 98'1¢ 81'€6¢ bL 85TE Auod | S600
%ISE | %I00 | %8796 9SI0H 82°0S 29'8. 1.°G0T 90t Gog 002 YSI3M | 60D
%I8Z | %SS0 | %7996 8SI0H 8LZy 699 GE'88 12'8¢ G'v0¢ Ua| Joowx3 | €600
%L.LY'0V | %000 | %ES6S 9SI0H 09 6 Y45 £g 8ey (8s10H) | 9800
%ZY'6E | %9L'T | %ES'8S 9SI0H Ly 9. 96 v 09¢ (8s10H) | ¥80D
%G6'9T | %Zv'0 | %E9Z8 3SI0H 0S g8l 10T o £9¢ agely | 2800
%66'87 | %EG0 | %67 05 3SI0H 4% 0L G6 o 69€ uedsel | 1800
%06'0T | %9T°0 | %E6'88 3SI0H 6¥ 9/ 00T e 0S€ |oBUO | 080D
%89'T | %S00 | %.2'86 8SI0H 5% T. €6 8¢ eee |oBUO | 6200
%IS6 | %00 | %6T 06 8SI0H LY vl 16 6€ 8y |oBUO | 820D
%69'8T | %0TY | %TCLL 8SI0H 6 €9 8 G'GE eze Asuod | 2,00
%099 | %9LT | %¥9'TS 3SI0H 8t m 86 6E elg agelv | 9,00
%698 | %T00 | %IETY 9SI0H /S 68 LTT g GTY lanouueH | 8900
%EY' YT | %000 | %.5°G8 8SI0H €9 66 12T G GEY JanouueH | /900

(p<u02 ‘eigll) eleq |041U0D UIBPOIA 40) SJUBLUBINSEIIA

359



Appendix I.V - Measurements of Modern Control Data (Tibia)
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Appendix 1.V - Measurements of Modern Control Data (Tibia)

9SJ0H | uoljeulw.slad
sanl|Iqeqold

Vv4d

JusWalinses|A

paaig/ ds

%CTE9 | %SL'GE | NET'T SININ G09S 0L €6 (14 4% GHWTH | ECON
%€ECCY | L€ | %0TvE SININ 814 8L L6 14 65€ 69-€92 39 | ¢CON
%6798 | %L6°TT | %¥S'¢ SININ 09 8L L6 144 98¢ 999T ZOW | 0¢ON
%VrTT9 | %VE0T | %CS'8¢ SININ 44 L9 JAS) 144 6€E GS99T ZOW | 6TON
%9¢'88 | %0L°0T | %10'T SININ 19 08 86 144 €6E 99/86 VV | STON
%6911 | %000 | %TE'S8 9SI0H €9 96 Syl 19 6TV YEST VV | ¥TON
%r8YE | %ET'0 | %EO0'S9 9SI0H 514 8L c0T 314 ¢LE 9TT¥T AN | ETON
%G5°L6 | %9T°0 | %6Z°¢ 9ININ q9 €8 Y 314 1444 TTZv0Z AN | CTON
%9€°€8 | %T90 | %EO'9T 91NN 809 L'Z8 9'€0T GGy T°Eoy 9ININ | TTOW
%YT¢L | %020 | %99°/¢ 31NN 9'€9 L'l6 86711 118 8Ty 9INIA | OTOIN
%.8°G8 | %IT0 | %c0vl SININ vS G'¢c8 T°0TT 1% LTy SINIA | 600N
%5919 | %800 | %LC'SE 31NN v'6v 9'q. v'v0T €ay 41 SINIA | 800IN
%0T°69 | %SL°CT | %ST8T 31NN 1% €cL S'16 ¢'8€ T9€ SINIA | ZOOIN
%8L°E8 | %0T'0 | %cT 9T SININ €69 9'88 L'GTT v'6v 144 SINIAL | 900N
%S¥'9¢ | %607 | %.LV'69 9SI0H vy 80 16 G'LE 4% 9INIA | SOOIN
%cC' L8 | %66°'S | %089 31NN 89y [ 76 A% 89¢€ SINIA | ¥00IN
%¥0°0€ | %1669 | %S00 Ajuoq 8'1S ¢l v'c6 ¥'6€ v9€ 9INIA | E00N
%9L°LS | %L6°SE | %l29 °INN [44 ¢'l9 LS8 143 9g¢€ eINIA | CO0N
%TV'SC | %8S'v. | %100 AuoQ A% 299 698 LE 89¢€ SININ | TOOIN
%EE6 | NISTES | %I9T'L AuoQ 9aT'Ty ¢6'09 G8'8L 86°€EE (4444 Y3l zeT Asvuod | #90Q
%18E | NICE6 | %86°C AxuoQ 80°¢E qT 09 v L9 vE' L ¢86.¢ b TeT Aexuod | £90Q
%009 | %ES'C6 | %lV'T AuoQ L0°LE v1°85 v'EL 8L¢E €e'86¢ Y3l 9%G Asxuod | z90d
%NYEC | NEELE | NEE0 AsyuoQ L8EE ¥5°09 AR 88'6¢ 60'18¢ 6rEE Aduod | 1904

(pu0d “eigll) ereq [041U0D UASPOIA J0) SJUBLIBANSLIIA

361






Appendix 1.Vl - Measurements of Modern Control Data (Metatarsal)
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Appendix I.VIl - Measurements of Modern Control Data (Anterior PH1)
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Appendix L.VII - Measurements of Modern Control Data (Anterior PH1)
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Appendix L.VIII - Measurements of Modern Control Data (Posterior PH1)
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Appendix L.VIIl - Measurements of Modern Control Data (Posterior PH1)
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Appendix I.IX - Measurements of Modern Control Data (the Davis Method)
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Appendix I.IX - Measurements of Modern Control Data (the Davis Method)
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Appendix I.IX - Measurements of Modern Control Data (the Davis Method)
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Appendix I.IX - Measurements of Modern Control Data (the Davis Method)
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Appendix I.IX - Measurements of Modern Control Data (the Davis Method)
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Appendix I.IX - Measurements of Modern Control Data (the Davis Method)
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Appendix I.IX - Measurements of Modern Control Data (the Davis Method)
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Appendix I.IX - Measurements of Modern Control Data (the Davis Method)
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Appendix Il.I - Measurements and Species Determination using DFA (Radius)
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Appendix Il.Il - Measurements and Species Determination using DFA (Metacarpal)
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Appendix IL.Il - Measurements and Species Determination using DFA (Metacarpal)

76Z106°0 | %CEVC | %6261 | %0V 9G *H T9°0€ | 6T TV | C9°/C | €6'8C | C9'TV T0¢C 191890V | /G0Z
98Y9TE'E | %009T | %P¥'S | %958L H 9,¢E | LLEY | 8T'0E | ¥8°'LC | /8EV | 9'G0C abpug wepesH | 9507
¢l8V'Y %.9'6 %SL'T | %6588 H TTvE | CT9Y | 8L'TE | 8C¢'8C | 64°GV | G'0T¢C abpuig wepesH | 5507
G8609€'T | %8E'BE | %¥Z'E | %BEBG *H TG9€ | 9,6V | LL'TE | B0'GE | 6E'TS | 99°LEC abplig wejesH | ¥50Z
TOSETO'C | %8E'8C | %08'L | %C8'E9 *H 6EVE | 9V | GT'CE | 96'6C | ¢L'8V | GV TTC abpug wepesH | £50Z
€9G/90°C | %¥0'SY | %CL'SC | %l 6C (N L'GE | GE'6V | ¢C'EE | 98'TE | 90'VS | €C'EEC xx00plLIg WepesH | 2607
199¢6°L %8¢ %190 | %2596 H LTEE | ¥T'vv | €9°8C | 92°8C | GL°¢v | L0°00C 191SaYaUIM | TS0Z
T6S99G8°C | %88°CT | %9T'S | %9618 H 99°€E | 69V | 6L°6¢ | 68'8C | GL'GY | 60°80¢ 191SaYauIM\ | 0S0Z
CSCTTEC | %SELC | %C80C | %EB'TS *H 1CVE | ¥9'vY | €9°6C | 89'8C | 8V /v | EO'LTC 131S3UIM | 6107
¢80¢r6'9 | %il'Vv %020 | %80°56 H GZ'8E | €9°¢G | 9¢'VE | ¥1°CE | ¢L°CS | LC'TEC xI31S8YOUIMN | 8107
8298.°0T | %8E'T %600 | %€S'86 H 8E'BE | ¥C'EG | €E8'EE | 6'TE | €6'CS | 8T'0EC #I31SSYJUIMN | /107
69€998°C | %i'0C | %S6°0T | %1989 *H GZ'CE | C9¢y | ¢v'6C | 9¢'8C | LOVY | ET'66T piojired | 9v0Z
TOEETY'8 | %6S°C %0€C | %116 H Tv'0€ | 99'Tv | 8L°LC | ¥9°9¢ | GG0F | 80'98T piojired | Gy0Z
TGC996°'C | %9G9°CT | %CZ'9 | %Cl'18 H H vve | €8y | 9TE | 8TE | 609 9T¢ piojaised | ¥v0Z
9G009°0T | %S0'C | %c00 | %E€696 | ¢H H ¥'GE | 6'T9 | 9VE | ¢VE | V'GP (A4 piojapised | E¥0Z
9ETVYL'9 | %8EYV | %8V'0 | %P1 'S96 H H 9¢¢E 144 86C | 86¢ | v'ev | CV61 piojaised | ¢v0Z
€VC809'T | %E9 VY | %VI'6T | %EL'GE H ¢N 8GE | ¥’y | TCE | 9¢CE | ¥'€ES | G9T¢C Bal|jiIseq syreg Js1eX0IM | TH#0Z
886CCT'T | %02°ES | %V6'C | %.8EY | ¢H N\ vE Q'ly | 6€E | 9CEE | L8V 9T¢ eal|iseq syleg J919X0IM | 0707
60TTL'GT | %620 %EY'0 | %.,266 | «H H 60E | ¢¢v | 89¢ | 6VC | OV 08T MIemyinos | 6072
€86908'6 | %SV'E | %c00 | %ESG96 | xH H 6€ [A°] GE €e 0S 9¢¢ weH |[eH uouQ | 8€0Z
9¢8YC'E€ | %BE'GC | %CE0 | %0EVL | xIN *+H ot [A°] GE 9¢ 0S 8€¢ wJed jjeH uouQ | LE0Z
CETESY' YV | %0CL V8 | %6.°S %616 ) N vE *14 €e LE TS 0T¢ wed jjeH uouQ | 9€0Z
VEVLIVY'G | %EO'8Y | %EOD | %V6'TS | ¢(H *H 144 Gg 6€ 8¢ 14°] YA wed |jeH uouQ | €07
Q 3 MUOQ  8SIO 0 99 PQ p4¢g Q d@ dg : Q

paJenb sanl|Iqeqoid v4Q JUBLLIBINSEIIA

"Aa1b U1 payybrybiy aJe (7T0z) suolsUyor WOy suolreulwlRad (2 [enPIAIPUL) «x PUB (T [ENPIAIPUI) » AQ PaledIpUI 8B S[enpIAIpul dWwes 8y L

(pu09 ‘fedaeseisiN) Y4 Buisn uoireuIwa81aq $a199dS pue SJUsWINSLaN

404



Appendix LI - Measurements and Species Determination using DFA (Femur)
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Appendix Il.IV - Measurements and Species Determination using DFA (Tibia)

1S1d-N
palenbs

31NN

AayuoQ

Sa1|10eg0Id

3SI0H

uolreuiwialeg
Vv4d

Pd

Pd

dg

lUsWaINSea|N

€CEOTC'T | %cSve | %EEYT | %ST'T9 xH ¢1'8¢ | 9/T9 | 9T'T8 | 99vE | LIE 19180V | ¥80Z
TEOVPT'T | %9€°LS | %L0'8C | %LSVT xN 9% L9 /8 g€ 1% 9SNOH 18dneyn | €802
YT1S6E€00 | %.86 %.0T | %90°68 H G8'GY | ¥9'¢L | 98°¢6 | 8C'TV | [8LCE abplg weresH | z80Z
9002¢9'T | %cL0v | %¥S9S | %G.L'°¢ xd 9%'¢5| ¢0L | 6Tv6 | TS8E | T8'OEE +93pug weedy | 180Z
€C06T8'0 | %E0CY | %Sv'¢ | %ES'SS xH 9'¢S | ¢¢'¢8|9¢¢c0T | LTy | ¥L'69€ »x00pLIg We[esH | 080Z
TTSOVT'T | %6967 | %90°L | %VZEy (N 86'Lv | ¢Z'SL | ¥0'S6 | 9¥'6E | SVGE LL1015000q1y | 6L0Z
€81669°0 | %l¥d %CT'0 | %lV'.[6 H 8T¢v | 1¢99 | 1806 | /8PE | ¥CE 191S8YaUIM\ | 8.07
€909¢T0 | %86'6 %c9'T | %0188 H 8y'¢y | 9219 | ¢/'88 | [99€ | 9'GCE 18ISAYIUIM | LL0Z
veeery'e | %6v'9 | %60°'GC | %lt'89 xH 6TvE | 6¢85 | 99°€L | T'¢E | ¢0°/8¢C plopred | 9.0Z
9¢G0S.°0 | %ESVYT | %0T0 | %8E'S8 H 4% 69 €6 1% A% w.ed JJleH uouo | G.0Z
88EY0L'0 | %5C'68 | %8T'8 %LSC N 4% L9 68 1% 4513 w.ed |JeH uouo | v.0Z
G88869'0 | %80T9 | %GLL | %LT'TE *\ 9% L9 88 144 433 w.ed |JleH uouo | €.0Z
TGE990°C | %6918 | %.l8.LT | %S¥0 N 14 0. 68 09 95€ wJed ||eH uolQO | ¢L0Z
T16E€CSL'E | %LG968 | %8BT 0T | %SZ0 N Ly 99 16 14 09¢€ wJed |jeH uouo | 1.0Z
€T1899E€'0 | %ET0L | %909 | %ZBEC xN 4% 99 98 1% cee [1 adioyibuo | 0207
6708L00 | %.¥P'ST | %650 | %S6°E8 xH H v8y | €8, | 986 | ¥O¥ | 6SE Alelsws) gy puo Ise3 | 690Z
GS0€C9'0 | %¥0'8C | %LEOD | %6STL xH xH GGy | 889 | GG6 | S¢v | 9¥E Arelswis)d gy puoT ise3 | 890Z
EPITY90 | %EE9 %CCE | Y9106 H L9€ | ¢65 | 66, | 9CE | 6°66¢ sa|may L adioyl | £90Z
9G92000'T | %S6'Sy | %ICE | %P¥80S xH xH 9Ly | T08 96 Svy | CY9E 19X ewse J91seydlyd | 9907
TV9€C6'0 | %0CES | %65V | %lley xH =N 16y | 661 L6 9y | C'T9E 19Jews e J91seydlyd | G907
G8T.LT'¢C %cC8'T %100 | %/1°86 xH H 14 LL G'66 14 15€ 1S yaanyd 4sisaydll | ¥90Z

*Aaub ur paybrybiy
aJe (7T02) auoIsuyor Woiy suoeulwaq ‘(v fenpialpur) L4 pue ‘(€ renpiaipul) + ‘(2 renpIAIpul) xx AQ paredlpul ase sjenplAipul swes ay |

(e1g11) 4@ Buisn uoneulwaslaq sa10adsg pue sjuawiaanses|\ — Al'11 Xipuaddy

407






Appendix 1.V - Measurements and Species Determination using DFA (Metatarsal)
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Appendix 1.V - Measurements and Species Determination using DFA (Metatarsal)
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Appendix 1.Vl - Measurements and Species Determination using DFA (PH1)
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Appendix 1.Vl - Measurements and Species Determination using DFA (PH1)
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Appendix I.VIl - Measurements and Species Determination by Davis Method (PH1)
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Appendix I.VIl - Measurements and Species Determination by Davis Method (PH1)
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Appendix lll.I — Species Determinations by Site Types (Urban)

Appendix I11.1 — Species Determinations by Site Types (Urban)

Entries highlighted in grey are specimens from element with low accuracy (i.e. femur),
contain possible error, low probability (i.e. “possible” identifications), or from other time
period (i.e. Iron Age) and thus not included in interpretation. Entries are sorted by site

name.

Context

| Element | Det. |

Note

Z017 | Beddington Sewage Farm MC H

Z018 | Beddington Sewage Farm MC H

Z019 | Beddington Sewage Farm MC H?

Z020 | Beddington Sewage Farm MC H

Z093 | Beddington Sewage Farm MT M*

Z011 | Chichester Cattlemarket MC M*

Z065 | Chichester Cattlemarket Tibia M*

Z066 | Chichester Cattlemarket Tibia H*

Z089 | Chichester Cattlemarket MT H*

Z090 | Chichester Cattlemarket MT H*

Z200 | Chichester Cattlemarket PH1 H*

Z201 | Chichester Cattlemarket PH1 M

Z202 | Chichester Cattlemarket PH1 H

Z064 | llchester, Church St Tibia H

Z088 | llchester, Church St MT H | SD-Dd error?
Z001 | Winchester GR594 Sk. 682 Radius | D* Individual 1
Z002 | Winchester GR594 Sk. 682 Radius | H* Individual 1
Z047 | Winchester GR594 Sk. 682 MC H Individual 1
Z048 | Winchester GR594 Sk. 682 MC H Individual 1
Z049 | Winchester SXS79- 879 MC H*

Z050 | Winchester VR77-X11-2586 MC H

Z051 | Winchester HA72-11-21 MC H

Z060 | Winchester Victoria Road Femur | H*

Z077 | Winchester VR79 Ph. 152 Tibia H

Z078 | Winchester NR75 Ph. 24-11 Tibia H

Z114 | Winchester VR78-X1V-3838 MT H

Z115 | Winchester HA74- XI-257 MT H?

Z116 | Winchester HA74- XI-373 MT H*

Z117 | Winchester NR75-11-561 MT M* | Individual 5
Z150 | Winchester VR77 Ph. 73 PH1 H

Z151 | Winchester VR78 Ph. 51 PH1 H

Z152 | Winchester VR75 Ph. 276 PH1 H*

Z153 | Winchester VR75 Ph. 276 PH1 H

Z154 | Winchester HA74 Ph. 65 PH1 H

Z157 | Winchester VR78 Ph. 51-X PH1 H*

Z158 | Winchester VR77 Ph. 913 PH1 H?

Z159 | Winchester VR77 Ph. 202 PH1 H*
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Appendix lll.I — Species Determinations by Site Types (Urban)

Species Determinations by Site Types (Urban, cont’d)

Context Element | Det. Note

Z160 | Winchester VR77 Ph. 206 PH1 H*

Z161 | Winchester VR77 Ph. 206 PH1 M*

Z162 | Winchester HA72Ph. 7 TR | PH1 H

Z163 | Winchester HA72Ph.2 TR | PH1 M

Z164 | Winchester HA74 Ph. 76 PH1 H*

Z166 | Winchester NR75-477 PH1 H*

Z167 | Winchester VR74-449 PH1 H

Z168 | Winchester NR75-561 PH1 H* Individual 5
Z169 | Winchester HA74-401 PH1 H*

Z177 | Winchester GR594 Sk. 682 PH1 H* Individual 1
Z178 | Winchester GR594 Sk. 682 PH1 H* Individual 1
Z179 | Winchester VR72 Ph. 6-11-79 | PH1 H

Z040 | Wroxeter Baths basilica MC M*

Z041 | Wroxeter Baths basilica MC M?

Z110 | Wroxeter Baths basilica MT H*

Z111 | Wroxeter Baths basilica MT H*

Z197 | Wroxeter Baths basilica PH1 H*
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Appendix lll.Il- Species Determinations by Site Types (Military)

Appendix I11.11 - Species Determinations by Site Types (Military)

Entries highlighted in grey are specimens from element with low accuracy (i.e. femur),
contain possible error, low probability (i.e. “possible” identifications), or from other time
period (i.e. Iron Age) and thus not included in interpretation. Entries are sorted by site

Z042 | Castleford MC H

Z043 | Castleford MC H

Z044 | Castleford MC H

Z112 | Castleford MT M*

Z061 | Hayton Fort Femur M*

Z190 | Hayton Fort PH1 H*

Z191 | Hayton Fort PH1 H*

Z033 | Longthorpe Il MC M

Z070 | Longthorpe Il Tibia M*

Z101 | Longthorpe Il MT H*

Z102 | Longthorpe Il MT H*

Z103 | Longthorpe Il MT H

Z198 | Newstead fort PH1 H*

Z003 | Ribchester RB89 209 B22 Radius H

Z079 | Ribchester RB89 733-3663 Tibia M? | Individual 4
Z118 | Ribchester RB 100-1249 MT H

Z119 | Ribchester RB89 733-3663 MT M* | Individual 4
Z120 | Ribchester RB89 733-3663 MT M | Individual 4
Z121 | Ribchester RB89 124-7370 MT H

Z155 | Ribchester RB89 3663-733 PH1 H | Individual 4
Z156 | Ribchester RB89 3663-733 PH1 H | Individual 4
Z165 | Ribchester RB89 782 B13 PH1 M
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Appendix lll. lll- Species Determinations by Site Types (Rural)

Appendix I1. 111 - Species Determinations by Site Types (Rural)

Entries highlighted in grey are specimens from element with low accuracy (i.e. femur),
contain possible error, low probability (i.e. “possible” identifications), or from other time
period (i.e. Iron Age) and thus not included in interpretation. Entries are sorted by site

Z045 | Fairford FTF89 3019/4/3 MC H

Z046 | Fairford FTF86 201/C MC H*
Z076 | Fairford FTF88 2396/c Tibia H*
Z113 | Fairford FTF88 2391/A MT M*
Z149 | Fairford FTF88 703/A PH1 D*
Z004 | Healam Bridge 7613 Radius | H* | Individual 2
Z005 | Healam Bridge 5069 Radius | H*
Z006 | Healam Bridge 5069 Radius M
Z007 | Healam Bridge 2461 Radius | H*
Z008 | Healam Bridge 7306 Radius H
Z009 | Healam Bridge 5239 Radius H
Z010 | Healam Bridge 5028 Radius | M*
Z052 | Healam Bridge 7613 MC M? | Individual 2
Z053 | Healam Bridge 5069 MC H*
Z054 | Healam Bridge 5069 MC H*
Z055 | Healam Bridge 7130 MC H
Z056 | Healam Bridge 5561 MC H
Z062 | Healam Bridge 7294 Femur | H? | Individual 3
Z063 | Healam Bridge 6973 Femur | D*
Z080 | Healam Bridge 7613 Tibia H* | Individual 2
Z081 | Healam Bridge 7294 Tibia D* | Individual 3
Z082 | Healam Bridge 5045 Tibia H
Z122 | Healam Bridge 7613 MT M* | Individual 2
Z123 | Healam Bridge 7613 MT M* | Individual 2
Z124 | Healam Bridge 5069 MT H
Z125 | Healam Bridge 5027 MT H
Z126 | Healam Bridge 7924 MT H | Individual 3
Z170 | Healam Bridge 7613 PH1 M | Individual 2
Z171 | Healam Bridge 7613 PH1 M | Individual 2
Z172 | Healam Bridge 7294 PH1 H | Individual 3
Z173 | Healam Bridge 7294 PH1 H | Individual 3
Z174 | Healam Bridge 2850 PH1 H
Z175 | Healam Bridge 2837 PH1 H
Z176 | Healam Bridge 5042 PH1 H*
Z180 | Healam Bridge 7613 PH1 M | Individual 2
Z181 | Healam Bridge 5002 PH1 M
Z182 | Healam Bridge 6813 PH1 H
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Appendix lll. lll- Species Determinations by Site Types (Rural)

Species Determinations by Site Types (Rural, cont’d)

Z183 | Healam Bridge 5031 PH1 H*
Z184 | Healam Bridge 5042 PH1 H
Z185 | Healam Bridge 5045 PH1 H
Z186 | Healam Bridge 5251 PH1 H*
Z187 | Healam Bridge 5028 PH1 H
Z188 | Healam Bridge 5028 PH1 H*
Z189 | Healam Bridge 5561 PH1 H*
Z085 | Lutton/Huntingdon MT H*
Z086 | Lutton/Huntingdon MT H*
Z087 | Lutton/Huntingdon MT H
Z143 | Norman Cross PH1 H
Z199 | Thorley PH1 H
Z012 | Thorpe Thewles MC H
Z013 | Thorpe Thewles MC H
Z091 | Thorpe Thewles MT H
Z127 | Thorpe Thewles PH1 H*
Z128 | Thorpe Thewles PH1 H*
Z141 | Tort Hill West PH1 H*
Z142 | Tort Hill West PH1 H
Z212 | Tort Hill West PH1 H
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Appendix lll.IV — Species Determinations by Site Types (Small Town)

Appendix I11.1V — Species Determinations by Site Types (Small Town)

Entries highlighted in grey are specimens from element with low accuracy (i.e. femur),
contain possible error, low probability (i.e. “possible” identifications), or from other time
period (i.e. Iron Age) and thus not included in interpretation. Entries are sorted by site
name.

Bone 4‘—‘7

ID | Site | Context | Element | Det. | Note
Z057 | Alcester ALC-7048 MC H*
Z084 | Alcester ALC01176 Tibia H*
Z083 | Chaucer House ABMAP10840 Tibia M*
Z031 | Elms Farm MC H
Z032 | Elms Farm MC H
Z099 | Elms Farm MT H
Z100 | Elms Farm MT M?
Z130 | Elms Farm PH1 H
Z131 | Elms Farm PH1 H*
Z132 | Elms Farm PH1 H
Z133 | Elms Farm PH1 H
Z134 | Elms Farm PH1 H
Z135 | Elms Farm PH1 H
Z136 | Elms Farm PH1 H?
Z137 | Elms Farm PH1 H
Z138 | Elms Farm PH1 H
Z139 | Elms Farm PH1 H
Z140 | Elms Farm PH1 H
Z209 | Elms Farm PH1 H
Z210 | Elms Farm PH1 H
Z211 | Elms Farm PH1 H
Z034 | Scole-Dickleburgh MC H*
Z104 | Scole-Dickleburgh MT M*
Z144 | Scole-Dickleburgh PH1 H?
Z145 | Scole-Dickleburgh PH1 H*
Z146 | Scole-Dickleburgh PH1 H
Z147 | Scole-Dickleburgh PH1 H
Z148 | Scole-Dickleburgh PH1 H
Z213 | Scole-Dickleburgh PH1 H
Z214 | Scole-Dickleburgh PH1 H
Z039 | Southwark MC H | Bendrey, 1999
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Appendix IIl.V — Species Determinations by Site Types (Others)

Appendix 111.V — Species Determinations by Site Types (Others)

Entries highlighted in grey are specimens from element with low accuracy (i.e. femur),
contain possible error, low probability (i.e. “possible” identifications), or from other time
period (i.e. Iron Age) and thus not included in interpretation. Entries are sorted by site

Z021 | E London RB cemetery MC H* | Cemetary

Z059 | E London RB cemetery Femur M* | Cemetary
Z068 | E London RB cemetery Tibia H* | Cemetary
Z069 | E London RB cemetery Tibia H | Cemetary
Z094 | E London RB cemetery MT H | Cemetary
Z205 | E London RB cemetery PH1 H* | Cemetary
Z206 | E London RB cemetery PH1 H* | Cemetary
Z207 | E London RB cemetery PH1 H* | Cemetary
Z208 | E London RB cemetery PH1 H* | Cemetary
Z192 | Haddon PH1 H | Other
Z193 | Haddon PH1 H* | Other
Z194 | Haddon PH1 M | Other
Z204 | Winchester Palace PH1 H | Other
Z035 | Orton Hall Farm MC H* | Villa
Z036 | Orton Hall Farm MC M | Villa
Z037 | Orton Hall Farm MC H* | Villa
Z038 | Orton Hall Farm MC H | Villa
Z071 | Orton Hall Farm Tibia M | Villa
Z072 | Orton Hall Farm Tibia M | Villa
Z073 | Orton Hall Farm Tibia M* | Villa
Z074 | Orton Hall Farm Tibia M | Villa
Z075 | Orton Hall Farm Tibia H | Villa
Z105 | Orton Hall Farm MT H | Villa
Z106 | Orton Hall Farm MT M? | Villa
Z107 | Orton Hall Farm MT H* | Villa
Z108 | Orton Hall Farm MT M* | Villa
Z109 | Orton Hall Farm MT H | Villa, GL error?
Z014 | Coldharbour Farm MC H | Iron Age
Z015 | Coldharbour Farm MC H | Iron Age
Z016 | Coldharbour Farm MC H | Iron Age
Z022 | Danebury MC H | Iron Age
Z023 | Danebury MC H | Iron Age
Z024 | Danebury MC H | Iron Age
Z025 | Danebury MC H | Iron Age
Z026 | Danebury MC M* | Iron Age; MT?
Z027 | Danebury MC H* | Iron Age
Z028 | Danebury MC H | Iron Age
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Appendix lll.V — Species Determinations by Site Types (Others)

Species Determinations by Site Types (Others, cont’d)

Z029 | Danebury MC Iron Age
Z030 | Danebury MC H | Iron Age
Z095 | Danebury MT H* | Iron Age
Z096 | Danebury MT H | lIron Age
Z097 | Danebury MT H* | Iron Age
Z098 | Danebury MT H* | Iron Age
Z195 | Haddon PH1 H* | Iron Age
Z196 | Haddon PH1 H* | Iron Age
Z203 | La Sagesse PH1 H* | Iron Age
Z215 | Market Deeping PH1 H | Iron Age
Z216 | Market Deeping PH1 H | Iron Age
Z058 | Thorpe Thewles Femur D* | Iron Age
Z067 | Thorpe Thewles Tibia H | Iron Age
Z092 | Thorpe Thewles MT H* | Iron Age
Z129 | Thorpe Thewles PH1 H | Iron Age
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Appendix IVI.l — SD-GL Shape Indices (Modern Control Data — Humerus)
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Appendix IV.1l — SD-GL Shape Indices (Modern Control Data — Radius)
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Appendix IV.IlIl — SD-GL Shape Indices (Modern Control Data — MC)
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Appendix IV.IV — SD-GL Shape Indices (Modern Control Data — Femur)
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Appendix IV.V — SD-GL Shape Indices (Modern Control Data — Tibia)
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Appendix IV.VI — SD-GL Shape Indices (Modern Control Data — MT)
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Appendix IV.VII — SD-GL Shape Indices (Modern Control Data — PH1-All)
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Appendix IV.VIII — SD-GL Shape Indices (Archaeological Specimens)

Appendix IV.VIII — SD-GL Shape Indices (Archaeological Specimens)

Radius

2.5

2
1.5

O Predicted Horse

1 O Predicted Donkey*
0.5 - B Predicted Mule

0 T T T T T T T T 1

10 10.2 10.4 10.6 10.8 11 11.2 11.4 11.6
SD/GL x 100

* - This predicted donkey is from a near complete skeleton (Winchester SK-682) which is determined as a
horse basede on other elements. Note the other radius of this individual has similar SD-GL shape index.

MC

I O I O O Predicted Horse

N N N BN B Predicted Mule

: B ENEEN 1

13 13.213.413.6 13.8 14 14.2 144 146 148 15 15.2 154 15.6 15.8 16
SD/GL x 100

BN W R U O N

The predicted mules turns out to be more robust than most predicted horses in MC.
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Appendix IV.VIII — SD-GL Shape Indices (Archaeological Specimens)

Appendix IV.VIII — SD-GL Shape Indices (Archaeological Specimens. cont’d)
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* - This predicted donkey is from a partial skeleton (HB 7294) and is determined as horse based on its MT.
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Appendix IV.VIIl — SD-GL Shape Indices (Archaeological Specimens)

Appendix IV.VIII — SD-GL Shape Indices (Archaeological Specimens. cont’d)
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Appendix V — Isotopic Outcomes

Appendix V — Isotopic Outcomes

Site Context Tooth  Sp. | ®Osmow (%0)  Cupos(%0)  2'St/®Sr  ®O0pw™ (%o)
VR-3136 P, H 26.13 -12.95 0.709777 -6.34156
VR-440 P, H 25.18 -13.78 0.711864 -7.60363
HA-75 P, H 25.63 -14.27 0.708448 -7.01193
NR-495 P2 H 25.78 -12.48 0.708609 -6.81314
VR-410 My | H 25.41 -13.90 0.708296 -7.29906

- VR-2608 Py H 25.36 -12.66 0.709629 -7.36623

17 VR-1594 My, | H 24.33 -12.89 0.708485 -8.74609

S VR-1280 M, H 25.17 -12.88 - -7.62534

£ HA-99 My, | H 25.70 -13.60 0.709304 -6.92435

= HA-13 My, | H 25.87 -12.80 - -6.68812
NR-113 M, H 25.49 -13.15 0.709389 -7.19556
NR-557 My, | H 25.81 -12.49 - -6.77301
CT-225 My, | H 24.94 -13.00 0.709986 -7.92491
VR-481 P, PM 25.55 -13.58 0.715700 -7.1169
VR-405 My, | PM 25.14 -13.72 0.708550 -7.66036

. | ALC-5175 | Py H 25.35 -14.73 - -7.38897

% ALC-1020 P, H 25.21 -14.02 0.710272 -7.57094

S | ALC-1147 P, H 25.05 -14.18 0.710947 -7.78048

< [TALC-3002 My, | PM 26.38 -14.05 0.711513 -6.0192
RB-259 P, H 24.73 -13.01 - -8.2037
RB-743 P, H 25.20 -13.35 - -7.57798

i RB-989 My, | H 25.22 -13.17 - -7.55871

E RB-254 Ps H 25.38 -14.32 - -7.35103

S RB-9069 M, H 25.55 -14.38 - -7.11465

x RB-8078 P, H 25.67 -13.17 - -6.96288
RB-5053 Pas H 24.65 -12.59 - -8.30936
RB-728 P, PM 25.10 -13.19 - -7.72029
FTF-2052 Ps H 25.23 -13.54 - -7.54754
FTF-369 P, H 25.03 -13.62 - -7.80768
FTF-14 My, | H 24.66 -13.89 - -8.30361

2 FTF-857 My, | H 25.38 -13.82 - -7.34143

_"E FTF1039 My, | H 25.05 -13.65 - -7.78731

| FTF-2229 M, H 26.31 -13.68 - -6.10671
FTF-250 My, | H 25.18 -13.26 - -7.60571
FTF-3124 | My, | H 24.70 -13.61 - -8.24632
FTF-2459 | My, | PD 23.98 -13.97 0.710207 -9.20126

y SERB-01 P, H 21.91 -11.18 - -11.9601

'S | SERB-03 P, PD 23.60 -12.49 - -9.7149

g SERB-02 M, |PM 25.39 -12.70 - -7.3246
SERB-04 P, | PM 25.05 -11.08 : -7.78568

* - 80 value is estimated first from converting **Osmow into ®Opos and then into *0pw.
Detail of the conversions is explained in Section 7.4

445






List of References






List of References

List of References

Classical Sources:

Aristotle Historia Animalium (Hist. An.) — Thompson, D’Arcy W. (trans). 1910. A History
of Animals. Oxford: Clarendon Press.

Columella Rei rusticae (r.r.) - Forster, E. S. and Heffner, E. H. (trans). 1968. Columella on
agriculture 11: Books V-I1X. Loeb Classical Library 407. Cambridge, Mass.: Harvard
University Press.

Pliny the elder Historia Naturalis — William Henry S. Jones (trans). 1992. Historia
Naturalis: In Ten Volumes. Loeb Classical Library 393. Cambridge, Mass.: Harvard
University Press

Varro Rerum rusticarum (r.r.) - Hooper, W. D. and Ash, H. B. (trans). 1935. Cato and
Varro on agriculture. Loeb Classical Library 283. Cambridge, Mass.: Harvard
University Press.

Works Cited:

Abramofff, M.D., Magalhdes, P.J. and Ram, S.J., 2005. Image processing with ImageJ.
Biophotonics International, 11(7), pp.36-43.

Adams, D.C. and Otérola-Castillo, E., 2013. geomorph: an r package for the collection and
analysis of geometric morphometric shape data. Methods in Ecology and Evolution,
4(4), pp.393-399.

Albarella, U., 1999. “The mystery of husbandry”: medieval animals and the problem of
integrating historical and archaeological evidence. Antiquity, 73(282), pp.867-875.

Albarella, U., 1997a. Iron Age and Roman animal bones excavated in 1996 from Norman
Cross, Tort Hill East, Tort Hill West and Vinegar Hill, Cambridgeshire, Ancient
Monuments Laboratory Report 108/97. London: HBMC.

Albarella, U., 1997b. The Iron Age Animal Bone Excavated in 1991 from Outgang Road,
Market Deeping, Lincolnshire, Ancient Monuments Laboratory report, 5/97. London:
HBMC.

Albarella, U., Johnstone, C.J., and Vickers, K., 2008. The development of animal
husbandry from the Late Iron Age to the end of the Roman period: a case study from
South-East Britain. Journal of Archaeological Science, 35(7), pp.1828-1848.

Amorosi, T., 1989. A Postcranial Guide to Domestic Neo-Natal and Juvenile Mammals,
British Archaeological Reports Series 533.

Anthony, D. and Brown, D., 2000. Eneolithic horse exploitation in the Eurasian steppes:
diet, ritual and riding. Antiquity, 74(283), pp.75-86.

449



List of References

Anthony, D., Telegin, D.Y., and Brown, D., 1991. The origins of horseback riding.
Scientific America, 265(6), pp.94-100.

Armitage, P. and Chapman, H., 1979. Roman mules. London Archaeologist, 57(Part 1),
pp.339-359.

Arsuaga, J.L. and Carretero, J.M., 1994. Multivariate analysis of the sexual dimorphism of
the hip bone in a modern human population and in early hominids. American Journal
of Physical Anthropology, 93(2), pp.241-257.

Ayton, G., 2012. The Animal Bone. In N. Randall, ed. An archaeological watching brief at
St. John’s School , Garlands Road , Leatherhead , Surrey Client. Surrey County
Archaeological Unit, pp. 13-14.

Ayton, G., 2011. Animal bone. In J. Richardson, ed. Rothwell Haigh, Rothwell West
Yorkshire Excavation Report Rothwell Haigh , Rothwell Leeds. Archaeological
Services WYAS, pp. 55-78.

Baker, P., 1998. The vertebrate remains from Scole-Dickleburgh, excavated in 1993
(Norfolk and Suffolk), A140 andA143 road improvement project, Ancient
Monuments Laboratory Report 29/98. London: HBMC.

Baker, P. and Worley, F., 2014. Animal Bones and Archaeology: Guidelines for Best
Practice, English Heritage.

Barker, P. and Armour-Chelu, M., 1997. The Baths basilica Wroxeter: excavations 1966-
90, English Heritage.

Barrén-Ortiz, C., de la Riva—Hernandez, G., and Barron—Corvera, R., 2008. Morphometric
analysis of equid cheek teeth using a digital image processor: a case study of the
Pleistocene Cedazo local fauna equids, Mexico. Revista Mexicana de Ciencias
Geoldgicas, 25(2), pp.334-345.

Bartosiewicz, L. and Bartosiewicz, G., 2002. “Bamboo Spine” in a Migration Period Horse
from Hungary. Journal of Archaeological Science, 29(8), pp.819-830.

Baxter, 1., 2002. A Donkey (Equus asinus L.) Partial Skeleton from a Mid-Late Anglo-
Saxon Alluvial Layer at Deans Yard Westminster, London SW1. Environmental
Archaeology, 7(1), pp.89-94.

Baxter, 1., 1998. Species identification of equids from Western European archaeological
deposits: methodologies, techniques and problems. Current and recent research in
Osteoarchaeology, proceedings of the third meeting of the osteoarchaeological
research group., pp.3-17.

Bendrey, R., 2012. From wild horses to domestic horses: a European perspective. World
Archaeology, 44(1), pp.135-157.

Bendrey, R., 2009. Animal bone. In P. Clark, J. Rady, and C. Sparey-Green, eds.,
Wainscott Northern by-pass: archaeological investigations 1992-1997. Canterbury
Archaeological Trust Occasional Paper (5). Canterbury Archaeological Trust,
Canterbury, pp. 61-66

Bendrey, R., 1999. A note on the identification of donkey (Equus asinus L.) bones from
Roman Southwark. Organ, 22, pp.7-12.

450



List of References

Bendrey, R., Hayes, T.E. and Palmer, M.R., 2009. Patterns of Iron Age Horse Supply: an
Analysis of Strontium Isotope Ratios in Teeth. Archaeometry, 51(1), pp.140-150.

Bendrey, R., Vella, D., Zazzo, A., Balasse, M., and Lepetz, S., 2014. Exponentially
decreasing tooth growth rate in horse teeth: implications for isotopic analyses.
Archaeometry, 57(6), pp.1104-1124.

Bennett, D., 2008a. Forensic Sleuthing: Equine “CSI” in An Ancient Roman Fort.
http://www.equinestudies.org/vindolanda/vindolanda_equusmag_pdf.pdf

Bennett, D., 2008b. Timing and Rate of Skeletal Maturation in Horses: with comments on
starting young horses and the state of industry.
http://www.equinestudies.org/ranger_2008/ranger_piece_2008 pdfl.pdf
[accessed:08/2013]

Bentley, R.A., 2006. Strontium isotopes from the earth to the archaeological skeleton: A
review. Journal of Archaeological Method and Theory, 13, pp.135-187.

Bentley, R.A., Price, T.D. and Stephan, E., 2004. Determining the “local” ®'Sr/®*Sr range
for archaeological skeletons: a case study from Neolithic Europe. Journal of
Archaeological Science, 31(4), pp.365-375.

Berger, T.E., Peters, J. and Grupe, G., 2010. Life history of a mule (c. 160 AD) from the
Roman fort Biriciana/WeilRenburg (Upper Bavaria) as revealed by serial stable
isotope analysis of dental tissues. International Journal of Osteoarchaeology, 20(2),
pp.158-171.

Di Bernardo, G., Galderisi, U, Del Gaudio, S., D'Aniello, A., Lanave, C., De Robertis, M.
T., Cascino, A., and Cipollaro, M., 2004. Genetic characterization of Pompeii and
Herculaneum Equidae buried by Vesuvius in 79 AD. Journal of Cellular Physiology,
199(2), pp.200-5.

Bignon, O., Baylac, M., Vigne, J., and Eisenmann, V., 2005. Geometric morphometrics
and the population diversity of Late Glacial horses in Western Europe (Equus
caballus arcelini): phylogeographic and anthropological implications. Journal of
Archaeological Science, 32(3), pp.375-391.

Bonhomme, V., 2012. A Graphical Introduction to Momocs and Outline Analysis Using R,
Version 2012-10-17,

Bonhomme, V., Picq, S., Gaucherel, C., and Claude, J., 2014. Momocs : Outline Analysis
Using R. Journal of Statistical Software, 56(13), pp. 1-24.

Bookstein, F.L., 1997. Landmark methods for forms without landmarks: morphometrics of
group differences in outline shape. Medical image analysis, 1, pp.225-243.

Bookstein, F.L., 1991. Morphometric Tools for Landmark Data: Geometry and Biology,
Cambridge University Press.

Booth, P. and Evans, J., 2001. Roman Alcester: Northern extramural area, 1969-1988
excavations, CBA Research Report 127.

Bosworth, A.B., 2002. Vespasian and the slave trade. The Classical Quarterly, 52(1),
pp.350-357.

451



List of References

Bourdillon, J., 1990. The animal bones from La Sagesse (The Presbytery) 1988, Romsey,
Hampshire, Ancient Monuments Laboratory Report 106/90. London: HBMC.

Brown, D. and Anthony, D., 1998. Bit wear, horseback riding and the Botai site in
Kazakstan. Journal of Archaeological Science, 25, pp.331-347.

Brown, T.A. and Brown, K., 2011. Biomolecular Archaeology: An Introduction, Wiley.

Bryant, D., Froelich, N., Showers, W., and Genna, B., 1996. Biologic and climatic signals
in the oxygen isotopic composition of Eocene-Oligocene equid enamel phosphate.
Palaeogeography, Palaeoclimatology, Palaeoecology, 126(1-2), pp.75-89.

Bryant, D. and Froelich, N., 1995. A model of oxygen isotope fractionation in body water
of large mammals. Geochimica et Cosmochimica Acta, 59(21), pp.4523-4537.

Bryant, D., Luz, B. and Froelich, N., 1994. Oxygen isotopic composition of fossil horse
tooth phosphate as a record of continental paleoclimate. Palaeogeography,
Palaeoclimatology, Palaeoecology, 107, pp.303-316.

Buckely, M., Collines, M., Thomas-oates, J., and Wilson, J., 2009. Species identification
by analysis of bone collagen using matrix-assisted laser desorption/ionisation time-
of-flight mass spectrometry. Rapid Communications in Mass Spectrometry, 23(23),
pp.3843-3854.

Buxton, K. and Howard-Davis, C., 2000. Bremetenacum: Excavations at Roman
Ribchester 1980, 1989-90, Oxford Archaeological Unit.

Campana, G., Lister, L., Whitten, M., Edwards, J., Stock, F., Barker, G., and Bower, A.,
2012. Complex Relationships between Mitochondrial and Nuclear DNA Preservation
in Historical DNA Extracts. Archaeometry, 54(1), pp.193-202.

Cardoso, J., Vilstrup, J., Eisenmann, V., Orlando, L., 2013. First evidence of Equus asinus
L. in the Chalcolithic disputes the Phoenicians as the first to introduce donkeys into
the Iberian Peninsula. Journal of Archaeological Science, 40(12), pp.4483-4490.

Chapman, D. and Chapman, N., 1975. Fallow Deer: Their History, Distribution, and
Biology, Dalton.

Chapman, J., and Shanks, N., 1976. Animal and Bird Bone. In K. Crouch, ed., The
Archaeology of Staines and the Excavation at EImsleigh House, Transactions of the
London & Middlesex Archaeological Society, 27, pp. 131-133.

Chenery, C., Muldner, G., Evans, J., Eckardt, H., and Lewis, M., 2010. Strontium and
stable isotope evidence for diet and mobility in Roman Gloucester, UK. Journal of
Archaeological Science, 37(1), pp.150-163.

Chenery, C., Pashley, V., Lamb, A., Sloane, H., and Evans, J., 2012. The oxygen isotope
relationship between the phosphate and structural carbonate fractions of human
bioapatite. Rapid Communications in Mass Spectrometry, 26(3), pp.309-319.

Cieslak, M., Pruvost, M., Benecke, N., Hofreiter, M., Morales, A., Reissmann, M., and
Ludwig, A., 2010. Origin and history of mitochondrial DNA lineages in domestic
horses. PloS one, 5(12), p.e15311.

Clutton-Brock, J., 1992. Horse power: a history of the horse and the donkey in human
societies, Harvard University Press.

452



List of References

Collins, R.P. and Jones, M.B., 1986. The Influence of Climatic Factors on the Distribution
of C4 Species in Europe. Vegetatio, 64(2/3), pp.121-129.

Cool, H.E.M. and Bond, J., 2004. The Roman cemetery at Brougham, Cumbria:
excavations 1966-67, Society for the Promotion of Roman Studies.

Corti, M., 1993. Geometric Morphmetrics: An Extension of the Revolution. Tree, 8(8),
pp.302-303.

Coy, J.P. and Maltby, M., 1987. Archaeozoology in Wessex: Vertebrate remains and
marine molluscs and their relevance to archaeology. In H. C. M. Keeley, ed.
Environmental Archaeology: A Regional Review, Volume Il. pp. 204—-251.

Craddock-Bennett, L., 2008. Bleachfield Street, Alcester, Archaeological Investigations
LTD.

D’Angela, D. and Longinelli, A., 1990. Oxygen isotopes in living mammal’s bone
phosphate : Further results. Chemical Geology (Isotope Geoscience Section), 86,
pp.75-82.

Darling, W.G., Bath, A.H. and Talbot, J.C., 2003. The O and H stable isotopic composition
of fresh waters in the British Isles. 2 . Surface waters and groundwater. , 7(2),
pp.183-195.

Daulby, M. and Baker, P., 2003. An Early 20th Century Horse Skeleton from Whitby,
North Yorkshire.

Davis, S.J.M., 2000. The Effect of Castration and Age on the Development of the Shetland
Sheep Skeleton and a Metric Comparison between Bones of Males, Females and
Castrates. Journal of Archaeological Science, 27(5), pp.373-390.

Davis, S.J.M., 1988. Animal Bones From Dodder Hill, A Roman Fort Near Droitwich
(Hereford and Worcester), Excavated in 1977. Ancient Monuments Laboratory
Report, 140/88.

Davis, S.J.M., 1982. A trivariate morphometric method to discriminate between first
phalanges of Equus hydruntinus, asinus/hemionus and caballus, Unpublished report.

Davis, S.J.M., 1980. Late Pleistocene and Holocene equid remains from Israel. Zoological
Journal of the Linnean Society, 70(3), pp.289-312.

Davis, S.J.M., Gongalves, M.J. and Gabriel, S., 2008. Animal remains from a Moslem
period (12th/13th century AD) lixeira (garbage dump) in Silves, Algarve, Portugal.
Revista Portuguesa de Arqueologia, 11(1), pp.183-258.

DeGusta, D. and Vrba, E., 2003. A method for inferring paleohabitats from the functional
morphology of bovid astragali. Journal of Archaeological Science, 30(8), pp.1009—
1022.

Delannoy, D., 2007. « Baudet du Poitou ». Animaux de la ferme. Artemix. pp. 65-66.

Delgado Huertas, A., lacumin, P., Stenni, B., Sdnchez Chillén, B., and Longinelli, A., 1995.
Oxygen isotope variations of phosphate in mammalian bone and tooth enamel.
Geochimica et Cosmochimica Acta, 59(20), pp.4299-4305.

von den Driesch, A., 1976. A guide to the measurement of animal bones from
archaeological sites: as developed by the Institut fir Palaeoanatomie,

453



List of References

Domestikationsforschung und Geschichte der Tiermedizin of the University of
Munich, Peabody Museum of Archaeology and Ethnology, Harvard University.

Dent, A., 1972. Donkey; the story of the ass from east to west, Harrap.

Department of the Army, 2004. Special Forces Use of Pack Animals, FM 3-05.213 (FM
31-27), Headquarters, Department of the Army, U.S. Government.

DiMichele, D.L. and Spradley, M.K., 2012. Sex estimation in a modern American
osteological sample using a discriminant function analysis from the calcaneus.
Forensic science international, 221(1-3), pp.152.e1-5.

Dive, J. and Eisenmann, V., 1991. Identification and Discrimination of First Phalanges
from Pleistocene and Modern Equus, Wild and Domestic. In Meadow, Richard H.
and H.-P. Uerpmman, eds. Equids in the ancient world, VVol. 2. Wiesbaden: Reichert,
pp. 278-333.

Dixon, K.R. and Southern, P., 1997. The Roman Cavalry, Taylor and Francis.

Eckardt, H., Chenery, C., Booth, P., Evans, J., Lamb, A., and Muldner, G., 2009. Oxygen
and strontium isotope evidence for mobility in Roman Winchester. Journal of
Archaeological Science, 36(12), pp.2816-2825.

Eisenmann, V., 2009. VERA EISENMANN. Available at: http://www.vera-
eisenmann.com/.

Eisenmann, V., 1986. Comparative osteology of modern and fossil horses, half-asses, and
asses. In R.H. Meadow and H.-P. Uerpmann, eds. Equids in the ancient world. Vol. 1.
Ludwig Reichert Verlag, pp. 67-116.

Eisenmann, V. and Beckouche, S., 1986. Identification and Discrimination of Metapodials
from Pleistocene and Modern Equus, Wild and Domestic. In R. H. Meadow and H.-P.
Uerpmann, eds. Equids in the ancient world. Vol. 1. Ludwig Reichert Verlag, pp.
117-163.

Eriksson, G., Linderholm, A., Fornander, E., Kanstrup, M., Schoultz, P., Olofsson, H., and
Lidén, K., 2008. Same island, different diet: Cultural evolution of food practice on
0 land, Sweden, from the Mesolithic to the Roman Period. Journal of
Anthropological Archaeology, 27(4), pp.520-543.

Evans, J., Montgomery, J., Wildman, G., and Boulton, N., 2010. Spatial variations in
biosphere ®’Sr/%°Sr in Britain. Journal of the Geological Society., 167(1), pp.1-4.

Evans, J., Chenery, C., and Montgomery, J., 2012a. A summary of strontium and oxygen
isotope variation in human tooth enamel excavated from Britain over the last 6000
years,

Evans, J., Chenery, C., and Montgomery, J., 2012b. A summary of strontium and oxygen
isotope variation in archaeological human tooth enamel excavated from Britain.
Journal of Analytical Atomic Spectrometry, 27, pp.754-764.

Evans, J., Stoodley, N., and Chenery, C., 2006. A strontium and oxygen isotope
assessment of a possible fourth century immigrant population in a Hampshire
cemetery, southern England. Journal of Archaeological Science, 33(2), pp.265-272.

454



List of References

Evin, A., Dobney, K., Schafberg, R., Owen, J., Vidarsdottir, U., Larson, G., and Cucchi, T.,
2015. Phenotype and animal domestication: A study of dental variation between
domestic, wild, captive, hybrid and insular Sus scrofa. BMC Evolutionary Biology,
15(1), p.6.

Ewart, J.C., 1911. Animal Remains. In J. Curle, ed. A Roman Frontier Post and Its People:
The Fort of Newstead in the Parish of Melrose. J. Maclehose and sons.

Fischer, A., Olsen, J., Richards, M., Heinemeier, J., Sveinbjornsdottir, A ., and Bennike, P.,
2007. Coast—inland mobility and diet in the Danish Mesolithic and Neolithic:
evidence from stable isotope values of humans and dogs. Journal of Archaeological
Science, 34(12), pp.2125-2150.

Foster, A., 2012. 3 Driffield Terrace, York: Vertebrate remains analysis. York
Archaeological Trust.

Geigl, E-M, and Grange, T. 2012. Eurasian wild asses in time andspace: morphological
versus genetic diversity. Annals of Anatomy - Anatomischer Anzeiger 194, pp.88—
102.

Germonpré, M., Sablin, M., Stevens, R., Hedges, R. E.M., Hofreiter, M., Stiller, M., and
Despreés, V., 2009. Fossil dogs and wolves from Palaeolithic sites in Belgium, the
Ukraine and Russia: osteometry, ancient DNA and stable isotopes. Journal of
Archaeological Science, 36(2), pp.473-490.

Giblin, J., Knudson, K., Bereczki, Z., Palfi, G., and Pap, I., 2013. Strontium isotope
analysis and human mobility during the Neolithic and Copper Age: a case study from
the Great Hungarian Plain. Journal of Archaeological Science, 40(1), pp.227-239.

Grant, A., 1984. Animal husbandry. In B. Cunliffe, ed. Danebury: an Iron Age hillfort in
Hampshire. Volume 2: the excavations, 1969-78: the finds. London: CBA Research
Report 52, pp. 496-547.

Gregoricka, L., 2013. Residential mobility and social identity in the periphery: strontium
isotope analysis of archaeological tooth enamel from southeastern Arabia. Journal of
Archaeological Science, 40(1), pp.452-464.

Grigson, C., 1993. The Earliest Domestic Horses in the Levant?—New Finds from the
Fourth Millennium of the Negev. Journal of Archaeological Science, 20(6), pp.645—
655.

Grimm, J., 2009. Margate Animal Bone Report. In P. Andrews, K.E. Dinwiddy, C. Ellis, A.
Hutcheson, C. Philpotts, A.B. Powell, and J. Schuster, eds., Kentish Sites and Sites
of Kent - A miscellany of four archaeological excavations. Specialist Report 4.

Grimm, J., 2008. Animal Bone. In M. Trevarthen, ed., Surburban Life in Roman
Durnovaria. Excavations at the former County Hospital Site Dorchester, Dorset
2000-2001, Wessex Archaeology. Additional Specialist Report.

Groot, M., 2008. Animals in Ritual and Economy in a Roman Frontier Community:
Excavations in Tiel-Passewaaij, Amsterdam University Press.

Gross, B.L. and Rieseberg, L.H., 2005. The ecological genetics of homoploid hybrid
speciation. The Journal of Heredity, 96(3), pp.241-52.

455



List of References

Groves, C.P. and Mazak, V., 1967. On some taxonomic problems of Asiatic wild asses;
with the description of a new subspecies (Perissodactyla; Equidae). Zeitschrift flr
Saugetierkunde, 32(6), pp.321-355.

Gunz, P. and Bulygina, E., 2012. The Mousterian child from Teshik-Tash is a Neanderthal:
A geometric morphometric study of the frontal bone. American Journal of Physical
Anthropology, 149(3), pp.365-379.

Gupta, A.K., and Gupta U.D., 2014, Chapter 19 - Next Generation Sequencing and Its
Applications, In A.S. Verma. and A. Singh, eds. Animal Biotechnology, edited by,
Academic Press, San Diego, pp. 345-367.

Gurney, S.M.R., 2010. Revisiting ancient mtDNA equid sequences from Pompeii. Journal
of Cellular Biochemistry, 111(5), pp.1080-1.

Hair, J., Black, W., Babin, B., and Anderson, R., 2010. Multivariate Data Analysis,
Prentice Hall.

Hammer, @ ., Harper, D.A.T. and Ryan, P.D., 2001. Paleontological statistics software
package for education and data analysis. Palaeontologia Electronica, 4, pp.9-18.

Hamshaw-Thomas, J.F. and Bermingham, N., 1993. Analysis of faunal remains. In A.R.
Hands, ed., The Romano-British Roadside Settlement at Wilcote, Oxfordshire. 1.
Excavations 1990-1992. Oxford: British Archaeological Reports, British Series 232,
pp. 167-210.

Harcourt, R., 1979. The Animal Bones. In Wainwright G. J., ed. Gussage All Saints, An
Iron Age Settlement in Dorset (London: Department of the Environment,
Archaeological Report 10). pp. 150-160.

Henton, E., 2012. The combined use of oxygen isotopes and microwear in sheep teeth to
elucidate seasonal management of domestic herds: the case study of C atalhdyik,
central Anatolia. Journal of Archaeological Science, 39(10), pp.3264-3276.

Heslop, D.H., 1987. The excavation of an Iron Age settlement at Thorpe Thewles,
Cleveland, 1980-1982, CBA Research Report 65, [England]; London: Cleveland
County Archaeology ; Council for British Archaeology.

Higbee, L., 2006. Faunal Remains. In D. Garrow, S. Lucy, and D. Gibson, eds.
Excavations at Kilverstone, Norfolk: an Episodic Landscape History, East Anglia
Archaeology 113.

Hite, E., 2008. Morphological and Molecular Approaches to Species Identification in
Equid Cheekteeth from Godin: Terminology, Taxonomy, and Further Implications.
Unpublished MA dissertation. New York Univeristy.

Holinshed, R., 1587. Holinshed’s Chronicles of England, Scotland, and Ireland. Volume I,
Book 3.

Hoppe, K., Stover, S., Pascoe, J., and Amundson, R., 2004. Tooth enamel
biomineralization in extant horses: implications for isotopic microsampling.
Palaeogeography, Palaeoclimatology, Palaeoecology, 206(3-4), pp.355-365.

Hovens, H. and Rijkers, T., 2013. On the origins of the Exmoor pony: did the wild horse
survive in Britain? Visions of Nature, 56(2), pp.129-136.

456



List of References

Hughes, S., Millard, A., Lucy, S., Chenery, C., Evans, J., Nowell, G., and Pearson, D. G.,
2014. Anglo-Saxon origins investigated by isotopic analysis of burials from
Berinsfield, Oxfordshire, UK. Journal of Archaeological Science, 42(2014), pp.81—
92.

Hyland, A., 1990. Equus: The Horse in the Roman World, Yale University Press.

lacumin, P., Bocherens, H., Mariotti, A., and Longinelli, A., 1996. Oxygen isotope
analyses of co-existing carbonate and phosphate in biogenic apatite: A way to
monitor diagenetic alteration of bone phosphate. Earth and Planetary Science Letters,
142, pp.1-6.

Ifafiez, J., Bellucci, J., Rodriguez-Alegri, E., Ash, R., McDonough, W., and Speakman,
R., 2010. Romita pottery revisited: a reassessment of the provenance of ceramics
from Colonial Mexico by LA-MC-ICP-MS. Journal of Archaeological Science,
37(11), pp.2698-2704.

Iwata, H. and Ukai, Y., 2006. SHAPE: a computer program package for quantitative
evaluation of biological shapes based on elliptic Fourier descriptors. The Journal of
Heredity, 93(5), pp.384—385.

Jansen, T., Forster, P., Levine, M., Oelke, H., Hurles, M., Renfrew, C., Weber, J., and Olek,
K., 2002. Mitochondrial DNA and the origins of the domestic horse. Proceedings of
the National Academy of Sciences of the United States of America, 99(16),
pp.10905-10.

Janz, H. and Vennemann, T.W., 2005. Isotopic composition (O, C, Sr, and Nd) and trace
element ratios (Sr/Ca, Mg/Ca) of Miocene marine and brackish ostracods from North
Alpine Foreland deposits (Germany and Austria) as indicators for palaeoclimate.
Palaeogeography, Palaeoclimatology, Palaeoecology, 225(1-4), pp.216-247.

Jennings, D., Muir, J., Palmer, S., and Smith, A., 2004. Thornhill Farm, Fairford,
Gloucestershire: an Iron Age and Roman pastoral site in the upper Thames Valley,
Oxford Archaeology.

Johnstone, C., 2010. Donkeys and Mules. In T. O’Connor and N. Sykes, eds. Extinctions
and Invasions : A Social History of British Fauna. Oxbow Books, pp. 17-25.

Johnstone, C., 2008. Commodities or logistics?: the role of equids in Roman supply
networks. In S. Stallibrass and R. Thomas, eds. Feeding the Roman Army: the
Archaeology of Production and Supply in NW Europe. Oxford: Oxford Books, pp.
128-145.

Johnstone, C., 2005. Those elusive mules: investigating osteometric methods for their
identification. In M. Mashkour, ed. Equids in time and space. Proceedings of the 9th
Conference of the International Council of Zooarchaeology. Oxford: Oxbow, pp.
183-191.

Johnstone, C., 2004. A Biometric Study of Equids in the Roman World. PhD. Thesis,
University of York.

Johnstone, C., and Albarella, U., 2002. The Late Iron Age and Romano-British Mammal
and Bird Bone Assemblage from Elms Farm, Heybridge, Essex.

Johnstone, C. and Jaques, D., 1999. Vertebrate remains from Thorley, Hertfordshire,
Reports from the Environmental Archaeology Unit 99/9.

457



List of References

Jones, R., Sykes, N.J. and Miller, H., 2015, The Elemental (Re)turn: the Archaeology of
Elemental Philosophy and Humoral Principles. In Theoratical Archaeological Group.
Bradford.

Kiesewalter, L., 1888. Skelettmessungen am Pferde als Beitrag zur theoretischen
Grundlage der Beurteilungslehre des Pferdes. Leipzig: Phil. Diss.

Kimura, B., Marshall, F., Beja-Pereira, A., and Mulligan, C., 2013. Donkey Domestication.
African Archaeological Review, 30(1), pp.83-95.

King, A.C., 2001. The Romanization of diet in the western Empire: comparative
archaeozoological studies, in S. Keay and N. Terrenato, eds. Italy and the West:
comparative issues in Romanization, Oxford, Oxbow Books, pp. 210-223.

King, A.C., 1999. Diet in the Roman world : a regional inter-site comparison of the
mammal bones. Journal of Roman Archaeology, pp.168—-202.

King, A.C., 1996. The animal bones. In S. F. Mackreth, ed. Orton Hall Farm: A Roman
and Early Anglo-Saxon Farmstead, East Anglian Archaeology report 76. East
Anglian archaeology. Field Archaeology Division, Norfolk Museums Service, pp.
216-218.

King, A.C., 1987. The animal bones. In G. B. Dannell and J. P. Wild, eds. Longthorpe II:
The military works-depot: an episode in landscape history. Britannia Monograph
Series 8. London: Society for the Promotion of Roman Studies, pp. 185-193.

King, A.C., 1978. A comparative survey of bone assemblages from Roman sites in Britain,
Bulletin of the Institute of Archaeology, University of London, 15, pp. 207-232

Klingenberg, C.P., 2011. MorphoJ: an integrated software package for geometric
morphometrics. Molecular ecology resources, 11(2), pp.353-7.

Klingenberg, C.P., 1998. Heterochrony and allometry: the analysis of evolutionary change
in ontogeny. Biological Reviews, 73(1), pp. 79-123.

Kohn, M.J. and Cerling, T.E., 2002. Stable Isotope Compositions of Biological Apatite.
Phosphates: geochemical, geobiological, and materials importance. Reviews in
Mineralogy and Geochemistry, 48(1), pp.455-488.

Kohn, M.J., Schoeninger, M.J. and Barker, W.W., 1999. Altered states: Effects of
diagenesis on fossil tooth chemistry. Geochimica et Cosmochimica Acta, 63(18),
pp.2737-2747.

Konrad, H.W., 1980. A Jesuit Hacienda in Colonial Mexico: Santa Luci, 1576-1767,
Stanford University Press.

Kovécs, J., Moravcova, M., U jvéri, G., and Pintér, A., 2012. Reconstructing the
paleoenvironment of East Central Europe in the Late Pleistocene using the oxygen
and carbon isotopic signal of tooth in large mammal remains. Quaternary
International, 276-277(2012), pp.145-154.

Kovarovic, K., Aiello, L., Cardini, A., and Lockwood, C., 2011. Discriminant function
analyses in archaeology: are classification rates too good to be true? Journal of
Archaeological Science, 38(11), pp.3006-3018.

458



List of References

Kugler, W., Grunenfelder, H.P. and Broxham, E., 2008. Donkey breeds in Europe:
inventory, description, need for action, conservation. (Report 2007/2008). St. Gallen,
Switzerland: Monitoring Institute for Rare Breeds and Seeds in Europe/SAVE
FoundationLangdon, J., 1986. Horses, Oxen and Technological Innovation: The Use
of Draught Animals in English Farming from 1066-1500, Cambridge University
Press.

Laurence, R., 1999. The Roads of Roman Italy: Mobility and Cultural Change, Taylor and
Francis.

Lange, P., 1995., The Animal Bones. In G. Hey, ed., Iron Age and Roman Settlement at
Old Shifford Farm, Standlake. Oxoniensia, pp. 148-158.

Lee, H.Y., Chou, J.Y., Cheong, L.L., Chang, N.H., Yang, S.Y., and Leu, J.Y., 2008.
Incompatibility of nuclear and mitochondrial genomes causes hybrid sterility
between two yeast species. Cell, 135(6), pp.1065-73.

Leighton, A.C., 1969. The Mule as a Cultural Invention. Technology and Culture, 8(1),
pp.45-52.

Levine, M., 2004. The Faunal Remains. In D. Jennings et al., eds. Thornhill Farm, Fairford,
Gloucestershire: an Iron Age and Roman pastoral site in the upper Thames Valley.
Thames Valley landscapes monograph. Oxford Archaeology, pp. 109-133.

Levine, M., 1999. Botai and the Origins of Horse Domestication. Journal of
Anthropological Archaeology, 18(1), pp.29-78.

Levine, M., 1990. Dereivka and the problem of horse domestication. Antiquity, 64,
pp.727-740.

Levitan, B.M., 1994. The vertebrate remains. In P. Leach, ed. llchester VVolume 2:
Archaeology, excavations and fieldwork to 1984. Sheffield, pp. 173-93 and 233-48.

Levitan, B.M., 1990. Vertebrate Remains from Bancroft Villa, Milton Keynes, Bucks.,
1983-86. Ancient Monument Laboratory Report 58/90

Levitan, B., 1989. The vertebrate remains from Chichester cattlemarket. In A. Down, ed.
Chichester Excavations V1. Chichester: Phillimore, pp. 242—-267.

Lightfoot, E., Slaus, M. and O’Connell, T.C., 2014. Water consumption in Iron Age,
Roman, and Early Medieval Croatia. American Journal of Physical Anthropology,
154(4), pp.535-543.

Lira, J., Linderholm, A., Olaria, C., Brandstrom Durling, M., Gilbert, M.T., Ellegren, H.,
Willerslev, E., Lidén, K., Arsuaga, J., and Goétherstrom, A., 2010. Ancient DNA
reveals traces of Iberian Neolithic and Bronze Age lineages in modern Iberian horses.
Molecular ecology, 19(1), pp.64-78.

Lister, A.M., 1984. Evolutionary and ecological origins of British deer. Proceedings of the
Royal Society of Edinburgh, 82(4), pp.205-229.

Lomas, K., 1996. Roman Italy, 338 BC - AD 200: A Sourcebook, UCL Press.

Luff, R., 1993. Animal bone from excavations in Colchester, 1971-85. Colchester
Archaeological Report, 12.

459



List of References

MacFadden, B., Cerling, T., Harris, J., and Prado, J., 1999. Ancient latitudinal gradients of
C3/C4 grasses interpreted from stable isotopes of New World Pleistocene horse
(Equus) teeth. Global Ecology and Biogeography, 8, pp.137-149.

Madgwick, R., Sykes, N., Miller, H., Symmons, R., Morris, J., and Lamb, A., 2013. Fallow
deer (Dama dama dama) management in Roman South-East Britain. Archaeological
and Anthropological Sciences, 5(2), pp.111-122.

De Maesschalck, R., Jouan-Rimbaud, D, and Massart, D.L., 2000. The Mahalanobis
distance, Chemometrics and Intelligent Laboratory Systems, 50(1), pp. 1-18.

Mallet, J., 2005. Hybridization as an invasion of the genome. Trends in Ecology and
Evolution, 20(5), pp.229-237.

Maltby, M., 2010. Feeding a Roman Town: Environmental Evidence from Excavations in
Winchester 1972-1985, Winchester City Museum.

Maltby, M., 2001. Faunal remians (AES 76-7). In P. Booth and J. Evans, eds. Roman
Alcester: northern extramural area : 1969-1988 excavations. CBA Research Report
127, pp. 265-290.

Maltby, M., 1988. The animal bones from the 1984/85 excavations at Alington Avenue,
Dorchester, Dorset. Ancient Monuments Laboratory Report 182/88

Mannocci, L., Zhang, Y., Scheuermann, J., Leimbacher, M., De Bellis, G., Rizzi, E.,
Dumelin, C., Melkko, S., and Nerib, D., 2008. High-throughput sequencing allows
the identification of binding molecules isolated from DNA-encoded chemical
libraries. Proceedings of the National Academy of Sciences of the United States of
America, 105(46), pp. 17670-17675.

Mays, S., Taylor, G.M., Legge, A.J., Young, D.B., and Turner-Waler, G., 2001.
Paleopathological and Biomolecular Study of Tuberculosis in a Medieval Skeletal
Collection From England. American Journal of Physical Anthropology, (114),
pp.298-311.

McClure, J., 1997. Strategies for prevention of neonatal isoerythrolysis in horses and mules.
Equine Veterinary Education, 9, pp.118-122.

McCormick, M., Buntgen, U., Cane, M.A., Cook, E.R., Harper, K., Huybers, P., Litt, T,
Manning, S.W., Mayewski, P.A., More, A.F.M., Nicolussi, K., and Tegel, W., 2012.
Climate Change during and after the Roman Empire: Reconstructing the Past from
Scientific and Historical Evidence. Journal of Interdisciplinary History, 43(2), pp.
169-220

McLellan, T. and Endler, J., 1998. The Relative Success of Some Methods for Measuring
and Describing the Shape of Complex Objects. Systematic Biology, 47(2), pp.264—
281.

Miles, D. and Palmer, S., 1990. Claydon Pike and Thornhill Farm. CurrentArchaeology,
(121), pp.19-23.

Miller, H., Carden, R., Evans, J., Lamb, A., Madgwick, R., Osborne, D., Symmons, R., and
Sykes, N., 2014. Dead or alive? Investigating long-distance transport of live fallow
deer and their body parts in antiquity. Environmental Archaeology, pp.1-14.

460



List of References

Mills, D.S. and McDonnell, S.M., 2005. The Domestic Horse: The Origins, Development
and Management of Its Behaviour, Cambridge University Press.

Minniti, C., Valenzuela-Lamas, S., Evans, J., and Albarella, U., 2014. Widening the
market: Strontium isotope analysis on cattle teeth from Owslebury (Hampshire, UK)
highlights changes in livestock supply between the Iron Age and the Roman period.
Journal of Archaeological Science, 42(2014), pp.305-314.

Montgomery, J., Evans, J., Chenery, C., and Muldner, G., 2009. Stable isotope analysis of
bone. In M. Carver, C. Hills, and J. Scheschkewitz, eds. Wasperton: A Roman,
British and Anglo-Saxon Community in Central England. Boydell and Brewer, pp.
48-49.

Moore-Colyer, R., 1995. Aspects of Horse Breeding and the Supply of Horses in Victorian
Britain. The Agricultural History Review, 43(1), pp. 47-60.

Mullin, S.K. and Taylor, P.J., 2002. The effects of parallax on geometric morphometric
data. Computers in Biology and Medicine, 32, 455-464.

Mildner, G., Chenery, C., and Eckardt, H., 2011. The “Headless Romans”: multi-isotope
investigations of an unusual burial ground from Roman Britain. Journal of
Archaeological Science, 38(2), pp.280-290.

Noddle, B., 1985. The animal bones. In G. Webster et al., eds. The excavation of a
Romano-British rural establishment at Barnsley Park, Gloucestershire, 1961-1979:
Part I11. Transactions of the Bristol and Gloucestershire Archaeological Society 103,
pp. 73-100.

Noddle, B., 1979. The animal bones. In H. S. Gracie and E. G. Price, eds. Frocester Court
Roman Villa. Second report 1968-77: The courtyard. Transactions of the Bristol and
Gloucester Archaeological Society 97, pp. 51-60.

O'Regan, H., Chenery, C., Lamb, A., Stevens, R., Rook, L., and Elton, S., 2008. Modern
macaque dietary heterogeneity assessed using stable isotope analysis of hair and
bone. Journal of Human Evolution, 55(4), pp.617-626.

Orhan, Y., Boztepe, S., Ertugrul, M., 2012. The Domesticated Donkey: Il — Types and
Breeds. Canadian Journal of Applied Sciences, 2(2), pp. 260-266.

Orlando, L., Ginolhac, A., Zhang, G.J., Froese, D., Albrechtsen, A., Stiller, M., Schubert,
M., Cappellini, E., Petersen, B., Moltke, I., Johnson, P., Fumagalli, M., Vilstrup, J.,
Raghavan, M., Korneliussen, T., Malaspinas, A.-S., Vogt, J., Szklarczyk, D.,
Kelstrup, C., Vinther, J., Dolocan, A., Stenderup, J., Velazquez, A., Cahill, J.,
Rasmussen, M., Wang, X.L., Min, J.M., Zazula, G., Seguin-Orlando, A., Mortensen,
C., Magnussen, K., Thompson, J., Weinstock, J., Gregersen, K., Rged, K.,
Eisenmann, V., Rubin, C., Miller, D., Antczak, D., Bertelsen, M., Brunak, S., Al-
Rasheid, K., Ryder, O., Andersson, L., Mundy, J., Krogh, A., Gilbert, M.T.P., Kj&r,
K., Sicheritz-Ponten, T., Jensen, L.J., Olsen, J., Hofreiter, M., Nielsen, R., Shapiro,
B., Wang, J., and Willerslev, E., 2013. Recalibrating Equus evolution using the
genome sequence of an early Middle Pleistocene horse. Nature, 499(7456), pp.74—78.

Owen, J., Dobney, K., Evin, A., Cucchi, T., Larson, G., and Strand Vidarsdottir, U., 2014.
The zooarchaeological application of quantifying cranial shape differences in wild
boar and domestic pigs (Sus scrofa) using 3D geometric morphometrics. Journal of
Archaeological Science, 43, pp.159-167.

461



List of References

Passey, B.H. and Cerling, T.E., 2006. In situ stable isotope analysis (§°C, 5'%0) of very
small teeth using laser ablation GC/IRMS. Chemical Geology, 235(3-4), pp.238-249.

Payne, S., 1991. Early Holocene equids from Tall-i-Mushki (Iran) and Can Hassan |11
(Turkey). In R. H. Meadow and H.-P. Uerpmann, eds. Equids in the ancient world,
Vol. 2. Wiesbhaden: Reichert, pp. 132-177.

Pearson, J.A., Buitenhuis, H., Hedges, R.E.M., Martin, L., Russell, N., and Twiss, K.C.,
2007. New light on early caprine herding strategies from isotope analysis: a case
study from Neolithic Anatolia. Journal of Archaeological Science, 34(12), pp.2170-
2179.

Peddie, J., 1997. Conquest: The Roman Invasion of Britain, St. Martin’s Press.

Peter, B.M., 2015. Admixture, Population Structure and F-statistics. bioRxiv.
[http://biorxiv.org/content/biorxiv/early/2015/10/09/028753.full.pdf]

Peters, J., 1998. Romische Tierhaltung und Tierzucht: eine Synthese aus
archaozoologischer Untersuchung und schriftlich-bildlicher U berlieferung, M.
Leidorf.

Phillips, C., Baxter, I.L. and Nussbaumer, M., 2009. The application of discriminant
function analysis to archaeological dog remains as an aid to the elucidation of
possible affinities with modem breeds. Archaeofauna, 18, pp.51-64.

Pizarro, C., Pérez-del-Notario, n., Sdenz-Gonzélez, C., Rodriguez-Tecedor, S., and
Gonzélez-Séiz, J. M., 2012. Matching Past and Present Ceramic Production in the
Banda Area (Ghana): Improving the Analytical Performance of Neutron Activation
Analysis in Archaeology Using Multivariate Analysis Techniques*. Archaecometry,
54(1), pp.101-113.

Powell, J.H., 1969. General Washington and the jack ass: and other American characters in
portrait, T. Yoseloff.

Price, E., 2000. Frocester: A Romano-British Settlement, Its Antecedents and Successors,
Gloucester and District Archaeological Research Group.

Price, T.D., Burton, J.H. and Bentley, R., 2002. the Characterization of Biologically
Available Strontium Isotope Ratios for the Study of Prehistoric Migration.
Archaeometry, 44(1), pp.117-135.

Prowse, T. and Schwarcz, H., 2007. Isotopic evidence for age-related immigration to
imperial Rome. American journal of physical anthropology, 132(4), pp.510-519.

Pryor, A., Stevens, R., Connell, T., and Lister, J., 2014. Quantification and propagation of
errors when converting vertebrate biomineral oxygen isotope data to temperature for
palaeoclimate reconstruction. Palaeogeography, Palaeoclimatology, Palaeoecology,
412, pp.99-107.

Pyankov, V., Ziegler, H., Akhani, H., Deigele, C., and Lttge, U., 2010. European plants
with C 4 photosynthesis : geographical and taxonomic distribution and relations to
climate parameters. Botanical Journal of the Linnean Society, (163), pp.283-304.

Rackham, D.J., 1995. Appendix: skeletal evidence of medieval horses from London sites.
In J. Clark, ed. The Medieval Horse and Its Equipment, ¢.1150-c.1450. London:
Museum of London, pp. 169-174.

462



List of References

Rackham, D.J., 1987. The Animal Bone. In D. H. Heslop, ed. The excavation of an Iron
Age settlement at Thorpe Thewles, Cleveland, 1980-1982, CBA Research Report 65,
[England]; London: Cleveland County Archaeology ; Council for British
Archaeology.

Rackham, D.J., 1985. An analysis and interpretation of the sample of animal bones from
Thorpe Thewles, Cleveland, Ancient Monuments Laboratory Report 4567. London:
HBMC

Rackham, D.J. and Gidney, L.J., 2008. The animal bone report. In H.E.M. Cool and D.J.P.
Mason, eds., Roman Piercebridge: Excavations by D.W. Harding and Peter Scott,
1969 — 1981. Durham: Architectural and Archaeological Society of Durham and
Northumberland, Research Report 7

Reed, H.C.B., 1982. Artificial insemination, in D.J.A. Cole, G.R. Foxcroft (eds.), Control
of pig reproduction, Butterworth Scientific, London, pp. 65-90.

Reilly, K., 2010. Appendix 2: The animal bone. In A. MacKinder, ed. A Romano-British
Site at Swanscombe, Kent. Museum of London Archaeology.

Ronhlf, F.J., 2004. tpsDig2. Ecology and Evolution. Stony Brook, NY: SUNY.

Rong, R., Chandley, A.C., and Song, J., 1988. A fertile mule and hinny in China.
Cytogenet Cell Genet, 47, pp. 134-139.

Ros, J., Evin, A., Bouby, L., and Ruas, M.P., 2014. Geometric morphometric analysis of
grain shape and the identification of two-rowed barley (Hordeum vulgare subsp.
distichum L.) in southern France. Journal of Archaeological Science, 41, pp.568-575.

Rossel, S., Marshall, F., Peters, J., Pilgram, T., Adams, M., and O'Connor, D., 2008.
Domestication of the donkey: timing, processes, and indicators. Proceedings of the
National Academy of Sciences of the United States of America, 105(10), pp.3715-20.

Roth, J.P., 1999. The Logistics of the Roman Army at War: 264 B.C. - A.D. 235, Brill.

Sanchez Chillén, B., Alberdi, M., Leone, G., Bonadonna, F., Stenni, B., and Longinelli, A.,
1994. Oxygen isotopic composition of fossil equid tooth and bone phosphate: an
archive of difficult interpretation. Palaeogeography, Palaeoclimatology,
Palaeoecology, 107, pp.317-328.

Schmittbuhl, M., Rieger, J., Le Minor, J.M., Schaaf, A., and Guy, F., 2007. Variations of
the mandibular shape in extant hominoids: Generic, specific, and subspecific
quantification using elliptical fourier analysis in lateral view. American Journal of
Physical Anthropology, 132: 119-131.

Schneider, C., Rasbhand, W.S. and Eliceiri, K.W., 2012. NIH Image to ImageJ: 25 years of
image analysis. Nature Methods, 9(7), pp.671-675.

Schroeder, H., O'Connell, T., Evans, J., Shuler, K., and Hedges, R.E.M., 2009. Trans-
Atlantic slavery: isotopic evidence for forced migration to Barbados. American
Journal of Physical Anthropology, 139(4), pp.547-57.

Schwarcz, H., White, C. and Longstaffe, F., 2010. Stable and Radiogenic Isotopes in
Biological Archaeology: Some Applications. In J. B. West et al., eds. Isoscapes.
Springer Netherlands, pp. 335-356.

463



List of References

Seetah, K., Cucchi, T., Dobney, K., and Barker, G., 2014. A geometric morphometric re-
evaluation of the use of dental form to explore differences in horse (Equus caballus)
populations and its potential zooarchaeological application. Journal of
Archaeological Science, 41, pp.904-910.

Shackelford, L., Marshall, F. and Peters, J., 2013. Identifying donkey domestication
through changes in cross-sectional geometry of long bones. Journal of
Archaeological Science, 40(12), pp.4170-4179.

Sidnell, P., 2006. Warhorse: Cavalry in Ancient Warfare, Hambledon Continuum.
Simpson, M.G., 2010. Plant Systematics, Elsevier Science.

Skrzypek, G., Wi, A. and Grierson, P.F., 2011. How cold was it for Neanderthals moving

to Central Europe during warm phases of the last glaciation ? Quaternary Science
Reviews Journal, 30, pp.481-487.

Slice, D.E., 2007. Geometric Morphometrics. Annual Review of Anthropology, 36(1),
pp.261-281.

Slovak, N.M. and Paytan, A., 2012. Applications of Sr Isotopes in Archaeology. In M.
Baskaran, ed. Handbook of Environmental Isotope Geochemistry. Springer-Verlag
Berlin Heidelberg, pp. 743-768.

Smith, D.C., 2008. The Book of Mules: Selecting, Breeding, and Caring for Equine
Hybrids, Lyons Press.

Stallibrass, S., 2000. Dead dogs, dead horses: site formation processes at Ribchester
Roman fort. In P. Rowley-Conwy, ed. Animal bones, human societies. Oxbow Books,
pp. 158-165.

Stallibrass, S. and Nicholson, R., 2000. Animal and Fish Bone. In K. Buxton and C.
Howard-Davis, eds. Bremetenacum: Excavations at Roman Ribchester 1980, 1989-
90. Oxford: Oxbow Books, pp. 375-386.

Steiner, C.C. and Ryder, O., 2013. Characterization of Prdm9 in equids and sterility in
mules. PloS One, 8(4), p.e61746.

Svensson, E., Telldahl, Y., Sj6ling, E., Sundkvist, A., Hulth, H., Sjevold, T., and
Gotherstrom, A., 2012. Coat colour and sex identification in horses from Iron Age

Sweden. Annals of anatomy = Anatomischer Anzeiger : official organ of the
Anatomische Gesellschaft, 194(1), pp.82—7.

Sykes, N.J., 2014. Beastly Questions: Animal Answers to Archaeological Issues,
Bloomsbury Academic.

Sykes, N.J., 2010. European Fallow Deer. In T. O’Connor and N. Sykes, eds. Extinctions
and Invasions : A Social History of British Fauna. Oxbow Books, pp. 51-58.

Sykes, N.J., 2007. The Norman Conquest: a zooarchaeological perspective, Archaeopress,
BAR International Series 1656.

Sykes, N.J., 2004. The introduction of fallow deer to Britain: a zooarchaeological
perspective. Environmental Archaeology, 9(1), pp.75-83.

464



List of References

Sykes, N.J., White, J., Hayes, T., and Palmer, M., 2006. Tracking animals using strontium
isotopes in teeth: The role of fallow deer (Dama dama) in Roman Britain. Antiquity,
80(310), pp.948-959.

Sykes, N.J., Carden, R.F. and Harris, K., 2013. Changes in the size and shape of fallow
deer-evidence for the movement and management of a species. International Journal
of Osteoarchaeology, 23(1), pp.55-68.

Tegetmeier, W.B. and Sutherland, C.L., 1895. Horses, asses, zebras, mules, and mule
breeding. London. H. Cox.

Thiemann, A. and Rickards, K., 2013. Donkey hoof disorders and their treatment. In
Practice, 35(3), pp.134-140.

Thirsk, J., 1984. The Rural Economy of England, Bloomsbury Academic.

Thornton, E. K., Defrance, S. D., Krighaum, J., and Williams, P. R., 2011. Isotopic
evidence for Middle Horizon to 16th century camelid herding in the Osmore Valley,
Peru. International Journal of Osteoarchaeology, 21(5), pp.544-567.

Towers, J., Jay, M., Mainland, 1., Nehlich, O., and Montgomery, J., 2011. A calf for all
seasons? The potential of stable isotope analysis to investigate prehistoric husbandry
practices. Journal of Archaeological Science, 38(8), pp.1858-1868.

Towers, J., Montgomery, J., Evans, J., Jay, M., and Pearson, M.P., 2010. An investigation
of the origins of cattle and aurochs deposited in the Early Bronze Age barrows at
Gayhurst and Irthlingborough. Journal of Archaeological Science, 37(3), pp.508-515.

Toynbee, J.M.C., 2013. Animals in Roman Life and Art. Pen and Sword Archaeology.

Trow-Smith, R., A History of British Livestock Husbandry, to 1700. Routledge Library
Editions. Taylor & Francis.

Trujillo, J., Stenius, C., Christian, L., and Ohno, S., 1962. Cromosomes of the horse, the
donkey, and the mule. Chromosoma, 13(3), pp.243-248.

Twiss, K. C., Wolfhagen, J., Madgwick, R., Foster, H., Demirergi, G. A., Russell, N.,
Everhart, J. L., Pearson, J., and Mulville, J., 2016. Horses, Hemiones, Hydruntines?
Assessing the Reliability of Dental Criteria for Assigning Species to Southwest
Asian Equid Remains. International Journal of Osteoarchaeology

Uerpmann, H.-P. and uerpmann, M., 1994. Maultiere in der romischen Armee zur Zeit der
Eroberungsfeldzuge in Germanien. In L. Boessneck, J., Kokabi, M., Wahl, J. and
Baden-Wirttemberg, ed. Beitrage zur Arch&ozoologie und prahistorischen
Anthropologie: 8. Arbeitstreffen der Osteologen, Konstanz 1993 im Andenken an
Joachim Boessneck. Kommissionsverlag, K. Theiss Verlag.

Upex, S., 1994. Excavations at a Roman and Saxon site at Haddon, Cambridgeshire, 1992-
1993. Northampton,

Voerkelius, S., Lorenz, G., Rummel, S., Quétel, C., Heiss, G., Baxter, M., Brach-Papa, C.,
Deters-ltzelsberger, P., Hoelzl, S., Hoogewerff, J., Ponzevera, E., Van Bocxstaele,
M., and Ueckermann, H., 2010. Strontium isotopic signatures of natural mineral
waters, the reference to a simple geological map and its potential for authentication
of food. Food Chemistry, 118(4), pp.933-940.

465



List of References

Warmuth, V., Eriksson, A., Bower, M., Barker, G., Barrett, E., Hanks, B.K., Li, S.C.,
Lomitaschvili, D., Ochir-Goryaeva, M., Sizonov, G.V., Soyonov, V., and Manica, A.,
2012. Reconstructing the origin and spread of horse domestication in the Eurasian
steppe. Proceedings of the National Academy of Sciences of the United States of
America, pp.1-5.

Wilson, B., and Allison, E., 2010. Appendix 16 — Animal Bones and Marine Shells. In G.
Lambrick, ed. Neolithic to Saxon Social and environmental change at mount Farm
Berinsfield, Dorchester-on-Thames. Oxford Archaeology & English Heritage.

Wood, J.W., Milner, G.R., Harpending, H.C., and Weiss, K.M., 1992. The osteological
paradox: problems of inferring prehistoric health from skeletal samples. Current
Anthropology, 33(4), pp.343-370.

Worley, F., 2013. The animal bones from the excavations of 2008-10°. In B. Cunliffe, ed.
The Roman Villa at Brading, Isle of Wight, Oxford: Oxford University School of
Archaeology Monograph, 77, pp. 239-248.

Wright, L.E. and Schwarcz, H.P., 1998. Stable carbon and oxygen isotopes in human tooth
enamel: identifying breastfeeding and weaning in prehistory. American Journal of
Physical Anthropology, 106(1), pp.1-18.

Yalden, D., 1999. The History of British Mammals, Academic Press Inc.

Yang, F.T., Fu, B.Y., O'Brien, P., Nie, W.H., Ryder, O., and Ferguson-Smith, M., 2004.
Refined genome-wide comparative map of the domestic horse, donkey and human
based on cross-species chromosome painting: insight into the occasional fertility of
mules. Chromosome research : an international journal on the molecular,
supramolecular and evolutionary aspects of chromosome biology, 12(1), pp.65-76.

Yeomans, L., 2005. Appendix 7: Animal bone assessment. In J. Taylor ed., Assessment of
an archaeological evaluation and excavation at land adjacent to 17 St Andrew’s Road,
Lower Coombe Street, London Borough of Croydon, Pre-Construct Archaeology
unpublished report, pp. 71-72.

Yule, B., 1989. Excavations at Winchester Palace, Southwark. London Archaeologist, (6),
pp.31-39.

Zazzo, A., Bendrey, R., Vella, D., Moloney, A.P., Monahan, F.J., and Schmidt, O., 2012.
A refined sampling strategy for intra-tooth stable isotope analysis of mammalian
enamel. Geochimica et Cosmochimica Acta, 84, pp.1-13.

Zhao, C.J., Han, G.C., Qin, Y.H., and Wu, C., 2005. Differentiating among horse (Equus
caballus), donkey (Equus asinus) and their hybrids with combined analysis of
nuclear and mitochondrial gene polymorphism, Journal of Animal Breeding and
Genetics, 122(4), pp. 285-288

466



