An Investigation into the Ecology of Trypanosomiasis in
Wildlife of the Luangwa Valley, Zambia

Author - Neil Euan Anderson

Submitted in fulfilment of the requirements of the degree of
Doctor of Philosophy

PhD – The University of Edinburgh, 2008

I

Declaration

I declare that the research described within this thesis is my own work and that this
thesis is my own composition and certify that it has never been submitted for any
other degree or professional qualification.

Neil Euan Anderson
Edinburgh, 2008

PhD – The University of Edinburgh, 2008

II

Contents
1

Chapter I General introduction........................................................................ 1
1.1

Introduction .................................................................................................. 2

1.2

The ecology of wildlife disease.................................................................... 3

1.2.1

Ecological concepts in disease ecology ............................................... 3

1.2.1.1

The ecosystem.................................................................................. 3

1.2.1.2

Ecological succession and climax.................................................... 4

1.2.1.3

Ecological interfaces and mosaics ................................................... 4

1.2.1.4

Regulation of population size........................................................... 5

1.2.1.5

Biodiversity and ecosystem health................................................... 6

1.2.2

Epidemiological concepts in disease ecology ...................................... 6

1.2.2.1

Reservoirs of infection ..................................................................... 6

1.2.2.2

Disease thresholds............................................................................ 7

1.2.2.3

Application to multi-host pathogens ................................................ 8

1.2.3

Disease ecology and the study of disease emergence .......................... 9

1.2.3.1

Land use or ecosystem changes ....................................................... 9

1.2.3.2

The role of wildlife in disease emergence...................................... 10

1.2.4

Landscape ecology and epidemiology ............................................... 10

1.2.5

The evolution of conservation medicine ............................................ 11

1.3

The wildlife / livestock / human interface.................................................. 12

1.3.1

Definition ........................................................................................... 12

1.3.2

Types of contact and methods of disease transmission...................... 12

1.3.3

Impacts of disease .............................................................................. 14

1.3.4

The wildlife / livestock/ human disease interface in Zambia and the

Luangwa Valley ................................................................................................. 15

PhD – The University of Edinburgh, 2008

III

1.3.5

Important diseases of the wildlife / livestock interface in Zambia .... 16

1.3.5.1

Transboundary or trade-sensitive diseases..................................... 16

1.3.5.2

Diseases causing significant pathology in wildlife ........................ 16

1.3.5.3

Endemic diseases ........................................................................... 17

1.4

Tsetse transmitted trypanosomiasis ........................................................... 18

1.4.1

Parasite biology.................................................................................. 18

1.4.1.1

Classification.................................................................................. 18

1.4.1.2

Life Cycle....................................................................................... 20

1.4.2

Vector biology.................................................................................... 21

1.4.2.1

Classification.................................................................................. 21

1.4.2.2

Life cycle........................................................................................ 21

1.4.2.3

Distribution and population dynamics ........................................... 22

1.4.2.4

Ageing techniques.......................................................................... 24

1.4.2.5

Host preferences............................................................................. 25

1.4.2.6

Trypanosome infection dynamics in tsetse flies ............................ 26

1.4.3

Human African trypanosomiasis........................................................ 28

1.4.3.1

Clinical features ............................................................................. 28

1.4.3.2

Epidemiology ................................................................................. 29

1.4.4

African animal trypanosomiasis in domesticated animals ................. 31

1.4.4.1

Clinical features ............................................................................. 31

1.4.4.2

Epidemiology and host range......................................................... 32

1.4.5
1.5

Diagnosis............................................................................................ 32
Trypanosomiasis in wildlife....................................................................... 34

1.5.1

Historical evidence for a reservoir in wildlife.................................... 34

1.5.2

Overall infection rates in wildlife species.......................................... 35

PhD – The University of Edinburgh, 2008

IV

1.5.3

Transmission of trypanosome infections to wildlife species ............. 37

1.5.4

Individual species susceptibility ........................................................ 37

1.5.4.1

Bovidae .......................................................................................... 37

1.5.4.2

Giraffidae ....................................................................................... 40

1.5.4.3

Hippopotamidae ............................................................................. 40

1.5.4.4

Suidae............................................................................................. 40

1.5.4.5

Equidae........................................................................................... 41

1.5.4.6

Rhinocerotidae ............................................................................... 41

1.5.4.7

Elephantidae................................................................................... 42

1.5.4.8

Felidae ............................................................................................ 42

1.5.4.9

Hyaenidae....................................................................................... 42

1.5.4.10
1.5.5

Isolations of human-infective T. b. rhodesiense from wildlife .......... 43

1.5.6

Pathogenicity of trypanosomes in wildlife......................................... 43
Ecology of the Common Warthog, Phacochoerus aethiopicus ................. 46

1.6
1.6.1

Classification...................................................................................... 46

1.6.2

Behaviour and Ecology ...................................................................... 46

1.6.3

Association with tsetse....................................................................... 48

1.7

2

Crocodilidae ............................................................................... 43

Summary of the thesis................................................................................ 49

1.7.1

Objectives........................................................................................... 49

1.7.2

Study areas ......................................................................................... 51

1.7.3

Work undertaken................................................................................ 52

Chapter II The history of protected area management in the Luangwa

Valley with particular reference to trypanosomiaisis........................................... 53
2.1

Introduction ................................................................................................ 54

PhD – The University of Edinburgh, 2008

V

2.1.1
2.2

Aims of the chapter ............................................................................ 56
Description of the Luangwa Valley ........................................................... 57

2.2.1

Geography .......................................................................................... 57

2.2.2

Climate ............................................................................................... 57

2.2.3

Flora and fauna................................................................................... 58

2.3

Historical settlement and general administration in the Luangwa Valley . 60

2.3.1

Early migration into the Luangwa Valley.......................................... 60

2.3.2

Portuguese, Arab and British influence in the valley......................... 61

2.3.3

The post-independence period ........................................................... 64

2.4

Historical management of protected areas in the Luangwa Valley............ 66

2.4.1

The pre-colonial era ........................................................................... 66

2.4.2

The colonial era.................................................................................. 66

2.4.3

The post-independence era................................................................. 69

2.5

Historical review of human sleeping sickness in the Luangwa Valley...... 71

2.5.1

The first identification of Trypanosoma brucei rhodesiense and the

initiation of the sleeping sickness commission .................................................. 71
2.5.2

Subsequent patterns of infection in the Luangwa Valley................... 72

2.5.3

Investigations into the wildlife reservoir for trypanosomiasis........... 75

2.5.4

Historical control measures................................................................ 78

2.5.4.1

Localised control measures ............................................................ 78

2.5.4.2

Regional control measures ............................................................. 80

2.6
2.6.1

Land use and development programmes in the Luangwa Valley .............. 83
Early community involvement in natural resources management in the

Luangwa Valley ................................................................................................. 83
2.6.2

United Nations land use and development projects ........................... 84

PhD – The University of Edinburgh, 2008

VI

2.6.3

Community based natural resources management (CBNRM)

programmes........................................................................................................ 84
2.6.3.1

The Lupande development workshop ............................................ 84

2.6.3.2

Luangwa Integrated Resource Development Project (LIRDP)...... 85

2.6.3.3

Administrative Management Design for Game Management Areas

(ADMADE) ................................................................................................... 86
2.7

3

The current state of protected area management in the Luangwa Valley .. 88

2.7.1

The protected areas of the Luangwa Valley....................................... 88

2.7.2

Community based natural resources management programmes........ 92

2.7.3

Agricultural development .................................................................. 93

2.7.4

Public private partnerships................................................................. 95

2.7.5

Nyika Transfrontier Conservation Area............................................. 96

2.8

Discussion .................................................................................................. 99

2.9

Conclusion ............................................................................................... 103

Chapter III The generation of a land cover classification of Luambe

National Park using remotely sensed imagery .................................................... 105
3.1

Introduction .............................................................................................. 106

3.1.1

Land cover mapping......................................................................... 106

3.1.2

Remotely sensed data....................................................................... 107

3.1.3

NASA Landsat satellite series.......................................................... 108

3.1.4

Geographical information systems (GIS)......................................... 110

3.1.5

Applications of remote sensing data and GIS .................................. 110

3.1.5.1

Image Classification..................................................................... 111

3.1.6

Vegetation studies of the Luangwa Valley ...................................... 112

3.1.7

Objectives......................................................................................... 114

3.2

Materials and Methods............................................................................. 115

PhD – The University of Edinburgh, 2008

VII

3.2.1

Study area......................................................................................... 115

3.2.2

Software used ................................................................................... 116

3.2.3

Abbreviations and acronyms used for vegetation classes ................ 117

3.2.4

Preparation of topographical maps................................................... 117

3.2.4.1

Digitalisation of paper maps ........................................................ 117

3.2.4.2

Registration of the digital image .................................................. 118

3.2.4.3

Mosaicing of the image................................................................ 118

3.2.5

Ground-truthing study...................................................................... 119

3.2.5.1

Classification scheme................................................................... 119

3.2.5.2

Sampling scheme for reference data collection ........................... 121

3.2.5.3

Collection of ground control points for rectification of the Landsat

image

...................................................................................................... 123

3.2.6

Obtaining the Landsat satellite data set............................................ 123

3.2.7

Pre-classification processing of Landsat data sets ........................... 125

3.2.7.1

Layer-stacking.............................................................................. 125

3.2.7.2

Selection of a subset..................................................................... 126

3.2.7.3

Geometric correction of the data sets........................................... 127

3.2.8

Pre-classification processing of reference data ................................ 128

3.2.8.1

Preparation of polygons from ground-truthing data..................... 128

3.2.8.2

Selection of points from polygons to use as reference and test data..
...................................................................................................... 128

3.2.8.3
3.2.9

Creation of points for a water class.............................................. 129
Supervised classification of the Landsat data sets ........................... 130

3.2.9.1

Creation of spectral signatures for each class .............................. 130

3.2.9.2

Performing a maximum likelihood classification ........................ 131

PhD – The University of Edinburgh, 2008

VIII

3.2.10

Evaluation of signatures................................................................... 133

3.2.10.1

Graphical representation of spectral response patterns............ 133

3.2.10.2

Quantitative measures of class signature separability.............. 134

3.2.11

Qualitative evaluation of classified image accuracy........................ 134

3.2.12

Quantitative evaluation of image accuracy ...................................... 135

3.2.12.1

Error matrices........................................................................... 135

3.2.12.2

Descriptive measures of accuracy assessment ......................... 135

3.2.12.3

Discreet multivariate statistics ................................................. 136

3.2.13

Application of fuzzy set methodology to the maximum likelihood

classification..................................................................................................... 137
3.2.14

Statistical comparison of the classification algorithms.................... 139

3.2.15

Production of an output image for LNP........................................... 139

3.3

Results ...................................................................................................... 140

3.3.1

Visual assessment of the classified image ....................................... 140

3.3.2

Removal of wooded grassland class ................................................ 141

3.3.3

Evaluation of signatures................................................................... 142

3.3.3.1

Scatter diagrams (feature space images) ...................................... 142

3.3.3.2

Histograms ................................................................................... 144

3.3.3.3

Signature mean plots .................................................................... 148

3.3.3.4

Transformed divergence............................................................... 148

3.3.4

Quantitative image assessment ........................................................ 149

3.3.4.1

Error Matrices .............................................................................. 149

3.3.4.2

McNemar’s test for significance .................................................. 153

3.3.4.3

Class level accuracy parameters................................................... 154

3.3.5

Presentation of the classified image................................................. 155

PhD – The University of Edinburgh, 2008

IX

3.3.6

Description of the land cover classes of LNP .................................. 157

3.3.6.1

Thicket.......................................................................................... 161

3.3.6.2

Riverine woodland and thicket..................................................... 161

3.3.6.3

Combretum-Terminalia woodland ............................................... 162

3.3.6.4

Acacia woodland.......................................................................... 163

3.3.6.5

Mopane woodland........................................................................ 163

3.3.6.6

Mopane scrub woodland .............................................................. 164

3.3.6.7

Grassland...................................................................................... 164

3.3.6.8

Semi-permanent water / aquatic association grassland................ 165

3.3.6.9

Water ............................................................................................ 165

3.3.6.10
3.4

Termitaria................................................................................. 166

Discussion ................................................................................................ 167

3.4.1

Study Design .................................................................................... 167

3.4.1.1

Classification scheme................................................................... 167

3.4.1.2

Sampling scheme ......................................................................... 169

3.4.2

Relative performance of the two Landsat images ............................ 170

3.4.3

Accuracy Assesment ........................................................................ 171

3.4.3.1

Overall accuracy........................................................................... 171

3.4.3.2

Producers accuracy....................................................................... 171

3.4.3.3

User’s accuracy ............................................................................ 172

3.4.3.4

Kappa statistics and statistical tests of significance..................... 174

3.4.4

Benefits of an approach based on fuzzy logic.................................. 175

3.4.5

Area figures for LNP........................................................................ 176

3.4.6

Miscellaneous factors affecting the vegetation of LNP ................... 178

3.4.6.1

The effect of regular uncontrolled burning .................................. 178

PhD – The University of Edinburgh, 2008

X

3.4.6.2
3.4.7
4

The effect of browsing damage by large herbivores.................... 179
Conclusion ....................................................................................... 179

Chapter IV An investigation into the ecology of tsetse (Glossina species) in

the Luangwa Valley, Zambia ................................................................................ 181
4.1

Introduction .............................................................................................. 182

4.1.1

Aims ................................................................................................. 184

4.1.2

Null hypotheses................................................................................ 184

4.2

Materials and methods ............................................................................. 186

4.2.1

Tsetse surveys .................................................................................. 186

4.2.1.1

Study areas ................................................................................... 186

4.2.1.2

Study design ................................................................................. 188

4.2.1.3

Laboratory analysis ...................................................................... 192

4.2.1.4

Statistical analysis ........................................................................ 194

4.2.2

Host density survey in Luambe national park.................................. 200

4.2.2.1

Study area..................................................................................... 200

4.2.2.2

Study design ................................................................................. 200

4.2.2.3

Survey protocol ............................................................................ 201

4.2.2.4

Statistical analysis ........................................................................ 203

4.3

Results ...................................................................................................... 206

4.3.1

Pilot study in South Luangwa National Park ................................... 206

4.3.1.1

Data collected............................................................................... 206

4.3.1.2

Analysis of trypanosome prevalence ........................................... 209

4.3.2

Luambe national park trypanosome prevalence study ..................... 211

4.3.2.1

Data collected............................................................................... 211

4.3.2.2

Analysis of data for all trypanosome species combined .............. 216

PhD – The University of Edinburgh, 2008

XI

4.3.2.3

Analysis of data for Duttonella infections ................................... 218

4.3.2.4

Analysis of data for Nannomonas infections ............................... 219

4.3.3

Summary of trypanosome prevalence results .................................. 220

4.3.4

Luambe national park tsetse count data ........................................... 221

4.3.4.1

Data collected............................................................................... 221

4.3.4.2

Frequency distributions of the data .............................................. 224

4.3.4.3

Analysis of data for all tsetse species combined.......................... 225

4.3.4.4

Analysis of G. pallidipes data ...................................................... 228

4.3.4.5

Analysis of G. m. morsitans data ................................................. 230

4.3.4.6

G. brevipalpis............................................................................... 232

4.3.5

Summary of results for the presence / absence of tsetse in trap catches
.......................................................................................................... 233

4.3.6

Summary of the results for the apparent density of tsetse ............... 233

4.3.7

Tsetse host abundance...................................................................... 234

4.3.7.1
4.3.8

Data collected............................................................................... 234
Warthog burrow distribution............................................................ 242

4.3.8.1

Data collected............................................................................... 242

4.3.8.2

Warthog burrow density............................................................... 242

4.3.8.3

Warthog burrow distribution by vegetation type ......................... 243

4.4

Discussion ................................................................................................ 245

4.4.1

Study design and sampling bias ....................................................... 245

4.4.2

Statistical analysis ............................................................................ 246

4.4.3

Trypanosome prevalence ................................................................. 248

4.4.4

Presence / absence of tsetse.............................................................. 249

4.4.5

Apparent density of tsetse ................................................................ 249

PhD – The University of Edinburgh, 2008

XII

4.4.6

Variables under investigation........................................................... 250

4.4.6.1

Tsetse species ............................................................................... 250

4.4.6.2

Tsetse age ..................................................................................... 250

4.4.6.3

Bush fires ..................................................................................... 251

4.4.6.4

Vegetation type and NDVI .......................................................... 252

4.4.6.5

Odour baits ................................................................................... 254

4.4.6.6

Seasonal effects and temperature ................................................. 254

4.4.6.7

Other factors................................................................................. 256

4.4.7

Tsetse host densities......................................................................... 256

4.4.8

Warthog burrow density................................................................... 258

4.5
5

Conclusion ............................................................................................... 260

Chapter V The wildlife reservoir for trypanosomiasis in the Luangwa

Valley and role of the common warthog, Phacocoerus aethiopicus, as a reservoir
host ………………………………………………………………………………..261
5.1

Introduction .............................................................................................. 262

5.1.1

Aims ................................................................................................. 264

5.1.2

Null hypotheses................................................................................ 264

5.2

Materials and methods ............................................................................. 265

5.2.1

Study design ..................................................................................... 265

5.2.1.1

Outline of approach...................................................................... 265

5.2.1.2

Study areas ................................................................................... 265

5.2.1.3

Sampling scheme ......................................................................... 267

5.2.1.4

Collection and storage of samples................................................ 270

5.2.1.5

Collection of supplementary data associated with each sample .. 272

5.2.2

Laboratory techniques...................................................................... 272

PhD – The University of Edinburgh, 2008

XIII

5.2.2.1

Sample screening approach.......................................................... 272

5.2.2.2

Purification of samples for PCR analysis .................................... 273

5.2.2.3

Multispecies PCR......................................................................... 274

5.2.2.4

Trypanozoon-specific PCR .......................................................... 276

5.2.2.5

Multiplex PCR for T. b. rhodesiense ........................................... 276

5.2.2.6

Gel electrophoresis....................................................................... 277

5.2.2.7

DNA sequencing .......................................................................... 280

5.2.3

Statistical analysis ............................................................................ 281

5.2.3.1

Datasets used in the analysis ........................................................ 281

5.2.3.2

General approach used for the statistical analysis........................ 281

5.2.3.3

Software used in the analysis ....................................................... 282

5.2.3.4

Level of analysis .......................................................................... 282

5.2.3.5

Model building strategy used for the logistic regression analysis282

5.2.3.6

Factors under investigation in the logistic regression analysis .... 284

5.2.3.7

Grouping of categorical variables for multiple regression analysis
…………………………………………………………………..286

5.3

Results ...................................................................................................... 288

5.3.1

Samples collected............................................................................. 288

5.3.1.1

Summary of all areas.................................................................... 288

5.3.1.2

Professional hunter dataset........................................................... 289

5.3.1.3

NLNP dataset ............................................................................... 291

5.3.1.4

Miscellaneous samples................................................................. 292

5.3.2

Assessment of the ITS-PCR............................................................. 292

5.3.2.1

Sequencing results........................................................................ 292

5.3.2.2

Assessment of the elution protocol for the ITS-PCR................... 294

PhD – The University of Edinburgh, 2008

XIV

5.3.3

Investigation of warthogs as a reservoir of infection ....................... 295

5.3.3.1

Warthog dataset............................................................................ 295

5.3.3.2

Significance of warthog as a reservoir host ................................. 295

5.3.3.3

Age prevalence in warthog........................................................... 297

5.3.3.4

Presence of unidentified band at 650 base pairs in warthog ........ 297

5.3.4

Combined trypanosome species prevalence in all wildlife species
sampled ........................................................................................... .298

5.3.4.1

Overall prevalence ....................................................................... 298

5.3.4.2

Summary of results from the hunter dataset ................................ 300

5.3.4.3

Summary of results from the NLNP dataset ................................ 301

5.3.4.4

Univariate analysis of risk factors for infection........................... 301

5.3.4.5

Summary of effects of risk factors on overall trypanosome

prevalence at the univariate level................................................................. 312
5.3.4.6

Multivariate analysis of risk factors for infection ........................ 313

5.3.4.7

Summary of effects of factors on overall trypanosome prevalence at

the multivariate level.................................................................................... 318
5.3.5
5.3.5.1
5.3.6

T. congolense prevalence in all wildlife species sampled................ 319
Univariate analysis of risk factors for infection........................... 319
T. brucei s.l. prevalence in all wildlife species sampled.................. 321

5.3.6.1

Cumulative prevalence................................................................. 321

5.3.6.2

T. b. rhodesiense .......................................................................... 322

5.3.6.3

Black rhino samples ..................................................................... 322

5.3.6.4

Univariate analysis of risk factors for infection........................... 323

5.3.7
5.3.7.1

T. vivax prevalence in all wildlife species sampled ......................... 325
Univariate analysis of risk factors for infection........................... 325

PhD – The University of Edinburgh, 2008

XV

5.3.8

Summary of effects of risk factors on individual trypanosome species

prevalence at the univariate level..................................................................... 327
5.4

Discussion ................................................................................................ 329

5.4.1

Study design bias and statistical analysis......................................... 329

5.4.2

Application of novel molecular techniques...................................... 330

5.4.2.1

ITS-PCR....................................................................................... 330

5.4.2.2

SRA-PCR ..................................................................................... 331

5.4.2.3

The confounding effects of oversaturation of sample matrices ... 331

5.4.3

The prevalence of trypanosomiasis in warthog................................ 332

5.4.4

Hosts for T. b. rhodesiense............................................................... 334

5.4.5

Analysis of risk factors for infection with trypanosomes ................ 336

5.4.5.1

Overall trypanosomiasis prevalence ............................................ 336

5.4.5.2

T. congolense prevalence ............................................................. 339

5.4.5.3

T. brucei s.l. prevalence ............................................................... 339

5.4.5.4

T. vivax prevalence....................................................................... 341

5.5
6

Conclusion ............................................................................................... 342

Chapter VI General discussion ..................................................................... 343
6.1

Summary of work undertaken in this thesis............................................. 344

6.2

The reservoir for trypanosomiasis in wildlife .......................................... 344

6.2.1

The role of warthog in the trypanosomiasis reservoir...................... 344

6.2.2

The trypanosome reservoir community ........................................... 345

6.2.3

Factors influencing the epidemiology of trypanosomiasis............... 348

6.2.4

Application of novel molecular techniques...................................... 350

6.3

The wildlife / livestock / human interface in the Luangwa Valley .......... 351

PhD – The University of Edinburgh, 2008

XVI

6.4

Recommendations for the management of the protected areas of the

Luangwa Valley ................................................................................................... 352
6.5

Future work .............................................................................................. 356

Appendices .............................................................................................................. 358
Appendix I

Non-resident hunting quotas for the Luangwa Valley (Source:

ZAWA, 2007) ...................................................................................................... 359
Appendix II

Taxonomic classification of wildlife species

(Wilson and Reeder,

2005)

...................................................................................................... 361

References ............................................................................................................... 362

PhD – The University of Edinburgh, 2008

XVII

List of Tables
Table 1: Confirmed isolations of T. b. rhodesiense from wildlife. ............................ 44
Table 2: Exports from North Eastern Rhodesia from 1901-1903 recorded in BSA Co
reports. Adapted from Astle (1999). .................................................................. 63
Table 3: The resident human population recorded within game management areas
(GMAs) of the Luangwa Valley in 1969 ........................................................... 64
Table 4: Summary of trypanosomes detected in previous surveys of wildlife in the
Luangwa Valley ................................................................................................. 77
Table 5: Summary of animals shot as part of tsetse control measures in Fort Jameson
District from 1956 to 1961; adapted from Clarke (1964). ................................. 79
Table 6: Summary of the trypanosome infection rates recorded in tsetse by various
studies in the SLNP............................................................................................ 81
Table 7: Game management areas and the status of hunting blocks in the Luangwa
Valley (Source: ZAWA hunting quotas 2007)................................................... 92
Table 8: Agricultural census figures for Mambwe District 2006 and Mpika District
2007 (source: Ministry of Agriculture). ............................................................. 95
Table 9: Orbit and Acquisition Characteristics of Landsat 7................................... 109
Table 10: Summary of the radiometric characteristics of the Landsat ETM+ sensor.
.......................................................................................................................... 109
Table 11: Abbreviations and acronyms used for vegetation classes........................ 117
Table 12: Projection details of the topographical maps. .......................................... 118
Table 13: RMS error for the transformations........................................................... 119
Table 14: The physiognomic classification of vegetation presented by White (1983).
.......................................................................................................................... 120
Table 15: Table showing the land cover classes selected for the ground-truthing
survey and the numbers of reference polygons collected. ............................... 121
Table 16: Details of the Landsat 7 datasets used for the supervised classification.. 125

PhD – The University of Edinburgh, 2008

XVIII

Table 17: Control point error from the transformation. ........................................... 127
Table 18: Summary of the stratification of reference data points. ........................... 129
Table 19: Transformed divergence values for all land cover class signatures......... 149
Table 20: Error matrix for the classification using a maximum likelihood algorithm
with all classes.................................................................................................. 150
Table 21: Error matrix for the classification using a maximum likelihood algorithm
without the hill scrub miombo woodland class................................................ 151
Table 22: Error matrix for the classification using the fuzzy classifier. This
classification was used to create the final output image for Luambe National
Park. ................................................................................................................. 152
Table 23: 2 X 2 contingency table used to perform McNemar's Test...................... 153
Table 24: Producers accuracies, user's accuracies and conditional kappa values for
the selected classified image. ........................................................................... 154
Table 25: Area and perimeter figures for Luambe National Park............................ 156
Table 26: Summary of the relative composition of vegetation classes in Luambe
National Park.................................................................................................... 156
Table 27: The classification scheme used for the identification of trypanosome genus
based on the site of maturation in the tsetse fly. .............................................. 192
Table 28: The categories of the Normalised difference in vegetation index used for
the analysis. ...................................................................................................... 199
Table 29: Summary of tsetse flies caught over the first three days of the study...... 206
Table 30: Summary of tsetse flies dissected during the study in South Luangwa
national park..................................................................................................... 208
Table 31: Trypanosome prevalence recorded in G. pallidipes. ............................... 208
Table 32: Summary of the G. pallidipes data recorded for the variables under
investigation in the study in South Luangwa national park. ............................ 209

PhD – The University of Edinburgh, 2008

XIX

Table 33: Summary of the age related ORs for trypanosome infections in G.
pallidipes. ......................................................................................................... 210
Table 34: Summary of trypanosome prevalence by tsetse species, for the study in
Luambe national park....................................................................................... 212
Table 35: Summary of numbers of flies in each age category as estimated by ovarian
dissection.......................................................................................................... 213
Table 36: Summary of the variables used in the analyses of trypanosome prevalence.
.......................................................................................................................... 215
Table 37: Summary of the output from the multivariate model for all trypanosome
species combined. ............................................................................................ 217
Table 38: Summary of the output from the model for Duttonella infections. ......... 218
Table 39: Summary of the output from the multivariate model for Nannomonas
infections. ......................................................................................................... 219
Table 40: Summary of the variables under investigation in the analysis of tsetse
count data. ........................................................................................................ 223
Table 41: Adjusted odds ratios for the multivariate model for the presence of all
tsetse................................................................................................................. 226
Table 42: Summary of the adjusted incidence density ratios for the apparent density
of all tsetse species. .......................................................................................... 227
Table 43: Summary of the adjusted incidence ratios for the final model for apparent
density of G. pallidipes. ................................................................................... 229
Table 44: Summary of the output from the model for the presence of G. m. morsitans
in trap catches................................................................................................... 231
Table 45: Summary of the model output for the apparent density of G. m. morsitans.
.......................................................................................................................... 232
Table 46: Apparent densities of tsetse sampled from artificial refuges. .................. 233
Table 47: Summary of animals observed during the transect survey (rodents other
than squirrels were omitted from the above table)........................................... 235

PhD – The University of Edinburgh, 2008

XX

Table 48: Summary of the density estimates for the more abundant species in the
study area ......................................................................................................... 239
Table 49: Summary of the estimated densities for each vegetation type in the study
area. .................................................................................................................. 240
Table 50: Summary of warthog burrow observations recorded during the transect
survey. .............................................................................................................. 242
Table 51: Density estimates for warthog burrows that were recently used and for all
warthog burrows detected. ............................................................................... 243
Table 52: Summary of samples collected from NLNP. ........................................... 268
Table 53: Summary of drug doses used for chemical restraint of animals in the study.
.......................................................................................................................... 269
Table 54: Amplification conditions and expected products sizes for the ITS-PCR
(Cox et al 2005). .............................................................................................. 275
Table 55: Amplification conditions and expected product size for the TBR-PCR
(Moser et al., 1989).......................................................................................... 276
Table 56: Amplification conditions and expected band sizes for the SRA-PCR
(Picozzi et al., 2008). ....................................................................................... 277
Table 57: Comparison of methods of grouping species for multiple regression
analysis............................................................................................................. 287
Table 58: Summary of the samples collected from outside national parks.............. 288
Table 59: Summary of the samples collected from within national parks............... 289
Table 60: Summary of the age and sex distribution of animals in the professional
hunter dataset. .................................................................................................. 290
Table 61: Summary of samples where information regarding the method of collection
was missing. ..................................................................................................... 291
Table 62: Summary of the age and sex distribution of samples collected through
veterinary intervention in North Luangwa National Park................................ 291

PhD – The University of Edinburgh, 2008

XXI

Table 63: Summary table of samples collected that were not included in the datasets
above. ............................................................................................................... 292
Table 64: Summary of significant matches found for the cloned bands.................. 293
Table 65: Contingency table showing the agreement between the elution protocol and
the punch protocol using the ITS-PCR on a subset of 230 samples. ............... 294
Table 66: Summary of samples collected from warthog. ........................................ 295
Table 67: Summary table of trypanosome prevalence in warthog........................... 296
Table 68: Summary of the ORs for all species with a band at 650 bp..................... 297
Table 69: Cumulative prevalence of trypanosomes in the combined datasets......... 298
Table 70: Summary of the results from the hunter dataset. ..................................... 300
Table 71: Summary of the results from the NLNP dataset. ..................................... 301
Table 72: Summary table of the prevalence and odds ratios for overall trypanosome
prevalence in each species and taxonomy group. ............................................ 303
Table 73: Overall trypanosome prevalence and odds ratio for each area, without
adjustment for confounding. ............................................................................ 310
Table 74: Comparison of the residual deviances for the selected methods of grouping
the species factor, using the combined dataset................................................. 313
Table 75: Summary of the numbers of over-saturated and not oversaturated samples
for trypanosome negative and positive samples............................................... 314
Table 76: Summary of the model output using taxonomy subset 1......................... 315
Table 77: Risk factors and their adjusted odds ratios for the final regression model
using the hunter dataset.................................................................................... 316
Table 78: Risk factors and their adjusted odds ratios for the final regression model
using the combined dataset. ............................................................................. 318
Table 79: Summary T. congolense prevalence and odds ratios for all wildlife species
sampled, using the combined dataset. .............................................................. 320
Table 80: T. brucei infections detected by each PCR technique.............................. 322

PhD – The University of Edinburgh, 2008

XXII

Table 81: T. brucei s.l. prevalence and odds ratios for all wildlife species sampled,
using the combined dataset. ............................................................................. 324
Table 82: T. vivax prevalence and odds ratios for all wildlife species sampled, using
the combined dataset. ....................................................................................... 326

PhD – The University of Edinburgh, 2008

XXIII

List of Figures
Figure 1: Map of the predicted distribution of morsitans group of tsetse in Africa
produced using remotely sensed climatic predictor variables............................ 23
Figure 2: A digital elevation model of Africa (USGS) showing the geographical
divide in the distributions of known T. b. gambiense foci (yellow) and T. b.
rhodesiense foci (red) (Welburn et al., 2001a). ................................................. 30
Figure 3: Political map of Zambia and its regional neighbours. ................................ 55
Figure 4: Mean monthly rainfall and temperature recorded at the meteorological
station at Mfuwe airport for the years 1996 and 1997. ...................................... 58
Figure 5: Map showing the main districts of the Luangwa Valley ............................ 59
Figure 6: Early colonial map of Northern Rhodesia; accessed online from the
Northern Rhodesia Journal................................................................................. 62
Figure 7: Map showing the transit routes through the Luangwa Valley used by early
traders and settlers.............................................................................................. 73
Figure 8: Locations of the three main trypanosomiasis surveys conducted in the
Luangwa Valley. ................................................................................................ 78
Figure 9: Mean monthly counts for G. pallidipes sampled in the SLNP using Epsilon
traps .................................................................................................................... 82
Figure 10: Mean monthly counts for G. m. morsitans sampled in the SLNP using
Epsilon traps....................................................................................................... 82
Figure 11: Vegetation map of NLNP (Smith, 1998).................................................. 89
Figure 12: Map of the national parks and game management areas of the Luangwa
Valley ................................................................................................................. 91
Figure 13: Map of the Malawi / Zambia TFCA produced by the Peace Parks
Foundation (http://www.peaceparks.org/) ......................................................... 98
Figure 14: Map showing the distribution of reference polygons. ............................ 122

PhD – The University of Edinburgh, 2008

XXIV

Figure 15: The 2001 Landsat scene showing the boundary of the subset image in red
and LNP in yellow. .......................................................................................... 126
Figure 16: Flow chart illustrating the application of decision rules in the maximum
likelihood classifier (adapted from Pouncey (1999))....................................... 132
Figure 17: The original unclassified Landsat sub-scene captured in 2001. ............. 141
Figure 18: The classified image produced from the image above using the maximum
likelihood classifier with all vegetation classes included. ............................... 141
Figure 19: Feature space image of band 1 plotted against band 2 for the unclassified
image. ............................................................................................................... 142
Figure 20: Feature space image of band 3 plotted against band 4 for the unclassified
image. ............................................................................................................... 143
Figure 21: Scatter diagram for band 3 plotted against band 4 for the classified image
using the classes remaining after the removal of wooded grassland class....... 144
Figure 22: Scatter diagram of band 3 plotted against band 4 for the classified image
after removal of the hill scrub miombo woodland class. ................................. 144
Figure 23: Histograms of the spectral response pattern for band 3 (top) and band 4
(bottom) for the grassland land cover class...................................................... 145
Figure 24: Histogram of the spectral response pattern for band 3 (top) and band 4
(bottom) for the mopane woodland class. ........................................................ 146
Figure 25: Histogram of the spectral response pattern for band 3 (top) and band 4
(bottom) for the hill scrub miombo woodland class. ....................................... 147
Figure 26: Signature mean plot. ............................................................................... 148
Figure 27: Agreement plot providing a visual representation of the error matrix in
Table 22............................................................................................................ 153
Figure 28: Land cover classification of Luambe National Park. ............................. 155
Figure 29: Relative composition of vegetation classes in Luambe National Park... 157
Figure 30: Thicket (TH). .......................................................................................... 158

PhD – The University of Edinburgh, 2008

XXV

Figure 31: Riverine woodland and thicket (RWT) .................................................. 158
Figure 32: Combretum-Terminalia woodland (CTW)............................................. 158
Figure 33: Acacia woodland (AW). ......................................................................... 159
Figure 34: Mopane woodland (MW) ....................................................................... 159
Figure 35: Mopane scrub woodland (MSW) ........................................................... 159
Figure 36: Grassland (G).......................................................................................... 160
Figure 37: Semi-permanent water / aquatic association grassland (SPW/AAG)..... 160
Figure 38: Water (W) ............................................................................................... 160
Figure 39: A termite mound supporting the growth of a large tamarind tree. ......... 166
Figure 40: Hill scrub miombo woodland outside the south-eastern boundary of LNP.
.......................................................................................................................... 168
Figure 41: Fire-resistant Combretum-Terminalia woodland thrives in much of LNP
and the surrounding areas................................................................................. 178
Figure 42: Map showing the location of the study areas in South Luangwa national
park and Luambe national park........................................................................ 186
Figure 43: Study area in Luambe national park. ...................................................... 187
Figure 44: Location of the tsetse survey sites for the 2005 pilot study in South
Luangwa National Park.................................................................................... 188
Figure 45: An Epsilon trap in use in Lower Lupande Game Management Area..... 189
Figure 46: The use of an artificial refuge for sampling G. brevipalpis tsetse.......... 191
Figure 47: Example R-command lines for a univariate model with trap as the random
effect, wing fray as the fixed effect and all trypanosome infections as the
response variable.............................................................................................. 196
Figure 48: Example of R-command line for a univariate model with trap as the
random effect, tsetse species as the fixed effect and Duttonella infections as the
binary response variable................................................................................... 198

PhD – The University of Edinburgh, 2008

XXVI

Figure 49: Example of R code for a univariate quassi-Poisson regression model with
trap as the random effect, vegetation type as the fixed effect and tsetse count as
the response variable. ....................................................................................... 200
Figure 50: Example of R code for a univariate mixed effects model with trap as the
random effect, vegetation type as the fixed effect and a binary response variable
for the presence or absence of tsetse in a count. .............................................. 200
Figure 51: Map illustrating the placement and location of transect lines for the
transect survey and tsetse traps for the tsetse surveys...................................... 202
Figure 52: A typical warthog burrow observed during the transect survey............. 203
Figure 53: Age distribution, based on the physiological ovarian age, of G. pallidipes
sampled from South Luangwa national park (n=200). .................................... 207
Figure 54: Adjusted odds ratios and 95% confidence intervals for the wing fray
categories for all Duttonella infections detected.............................................. 211
Figure 55: Adjusted odds ratios and 95% confidence intervals for the wing fray
categories for all Nannomonas infections detected.......................................... 211
Figure 56: The prevalence of trypanosome species detected in the study in Luambe
national park..................................................................................................... 212
Figure 57: Frequency distribution of tsetse fly age in Luambe national park using
ovarian category. .............................................................................................. 214
Figure 58: R code for the final model for the combined trypanosome prevalence
detected. ........................................................................................................... 216
Figure 59: Adjusted odds ratios and 95% confidence intervals for the wing fray
categories for all trypanosome species detected. ............................................. 217
Figure 60: Adjusted odds ratios and 95% confidence intervals for the wing fray
categories for all Duttonella infections detected.............................................. 218
Figure 61: R code for the final model for Nannomonas infections detected. .......... 219
Figure 62: Adjusted odds ratios and 95% confidence intervals for the wing fray
categories for all Nannomonas infections detected.......................................... 220

PhD – The University of Edinburgh, 2008

XXVII

Figure 63: Box and whiskers plot showing counts of G. m. morsitans (GM) and G.
pallidipes (GP) recorded during the study in Luambe National Park.............. 221
Figure 64: Box and whiskers plots showing the counts recorded in each vegetation
type for the two tsetse species investigated...................................................... 222
Figure 65: Frequency distributions for the count data: (a) with species included as a
variable; (b) without species included as a variable......................................... 224
Figure 66: Frequency distributions for the count data: (a) G. pallidipes; (b) G. m.
morsitans.......................................................................................................... 225
Figure 67: R code for the final multivariate model for the presence of tsetse. ........ 226
Figure 68: R code for the final multivariate model for presence or absence of all
tsetse................................................................................................................. 227
Figure 69: R code for the final model for the apparent density of G. pallidipes. .... 228
Figure 70: R code for the final model for the presence of G. m. morsitans in trap
catches. ............................................................................................................. 230
Figure 71: R code used for the final model describing the apparent density of G. m.
morsitans .......................................................................................................... 231
Figure 72: An example of some of the transects followed and the observations
recorded............................................................................................................ 236
Figure 73: Plots of the global detection function without stratification: (a) before
truncation to remove outliers; (b) after truncation at 380m to remove outliers
and grouping into ten intervals......................................................................... 237
Figure 74: QQ-plot of the residuals for the fitted model without stratification, after
truncation at 380m............................................................................................ 237
Figure 75: Plots of the global detection function: (a) impala; (b) puku; (c) warthog;
(d) bushbuck..................................................................................................... 238
Figure 76: Plots of the global detection function stratified by habitat: (a) SPW/AAG;
(b) CTW; (c) G; (d) MS; (e) MW; (f) RWT; (g) TH; (h) AW......................... 241

PhD – The University of Edinburgh, 2008

XXVIII

Figure 77: Plots of the global detection function for the warthog burrow survey: (a)
all burrows observed; (b) used burrows only................................................... 243
Figure 78: Geographical distribution of warthog burrows in the study area. .......... 244
Figure 79: Adjusted IDR’s for G. pallidipes and G. m. morsitans plotted against
vegetation type ................................................................................................. 253
Figure 80: Adjusted IDR’s plotted against month for (a) G. pallidipes (b) G. m.
morsitans.......................................................................................................... 255
Figure 81: Location of hunting blocks used for sample collection. The inset figure
shows the approximate location of the Luangwa Valley in Zambia................ 266
Figure 82: Map of the distribution of sample collection sites for the North Luangwa
National Park dataset........................................................................................ 267
Figure 83: Example of a gel produced using the ITS-PCR...................................... 278
Figure 84: Example of a gel produced using the TBR-PCR.................................... 279
Figure 85: Example of a gel produced using the SRA-PCR.................................... 279
Figure 86: Example of R code used in initial univariate analysis............................ 283
Figure 87: Example of R code used in the multivariate regression analysis ........... 283
Figure 88: Prevalence of trypanosome species in warthog...................................... 296
Figure 89: Bar chart of cumulative trypanosome prevalence in the combined datasets.
Mixed infections also appear in the individual species prevalence. ................ 299
Figure 90: Bar chart of overall trypanosome prevalence in each wildlife species... 304
Figure 91: Bar chart of overall trypanosome prevalence for each taxonomy group.
.......................................................................................................................... 305
Figure 92: Trypanosome prevalence by habitat group showing significant differences
in prevalence as calculated using Tukey contrasts........................................... 307
Figure 93: Trypanosome prevalence by blood meal preference group showing
significant differences in prevalence as calculated using Tukey contrasts. ..... 308

PhD – The University of Edinburgh, 2008

XXIX

Figure 94: Maps of the distribution of positive samples for: (a) T. brucei s.l. and T. b.
rhodesiense; (b) T. congolense and T. vivax. ................................................... 311
Figure 95: R code for the final multivariate model using the hunter dataset ........... 316
Figure 96: R code for the final multivariate model using the combined dataset ..... 317
Figure 97: Bar chart of T. congolense prevalence in all wildlife species with at least
one positive sample. ......................................................................................... 321
Figure 98: Bar chart of T. brucei s.l. prevalence in all wildlife species with at least
one positive sample. ......................................................................................... 323
Figure 99: Bar chart of T. vivax prevalence in all wildlife species with at least one
positive sample................................................................................................. 327

PhD – The University of Edinburgh, 2008

XXX

Acknowledgements
I would like to thank my supervisors, Prof. Sue Welburn, Dr. Mark Eisler and Dr.
Eric Fevre for providing me with the opportunity to complete this thesis. I would also
like to thank Paul Bessel, Kim Picozzi, Beatrix von Wissmann, Jenna Fyffe, Ewan
Macleod, Joana Halliday, Mark Bronsvoort, Ian Handel, Tim Connelley and Darren
Shaw for additional support and help with preparing the thesis. Thanks also to Wilma
Robertson and the other library staff and to Stuart Lansley for help with the
numerous computing issues that have arisen over my time at Edinburgh.
In Zambia, I was very grateful for the assistance provided by the Director of the
Veterinary Department, Dr. Sinyangwe and by the Director of Research in ZAWA,
Dr. Siamudaala. Thanks also to Wilbroad Chansa, Kepson Chansa, Derrick
Simukanze, Lyson Phiri, John Mashili, Adrian Carr, Anna and Steve Tolan, Ian
Parsons, Kellie Leigh, Rod Tethers, Alistair Norton, PJ Fisher, Ian Asherwood,
Hartley Combrink, Derrick Von Staden, Stephen Henderson and the other
professional hunters and their staff who helped with sample collection. Thanks also
to Frank and Jessica, Hugo and Elsabe and all the staff of NLCP for their support.
Particular thanks must go to James Milanzi for all his enthuisiasm and positive
support for the project and to John Silutongwe, without whom the tsetse work would
not have been possible. I would also like to thank my friends and colleagues Joseph
Mubanga, Lucas Matemba and Kohei Makita.
I am very grateful for all the support I have received from The Royal Zoological
Society of Scotland and, in particular, to Rob Thomas for supporting the project and
providing so much logistical support. Thank you also to the DFID who co-funded the
study and to Jeremy Pope and Conservation Foundation Zambia for financial and
logistical support for the game capture operation.
Most importantly, however, I would like to thank my family for providing me with
so much support. Thank you, Louise for making the sacrifices necessary for me to be
able to fulfil my ambitions. Without you this would never have been possible.

PhD – The University of Edinburgh, 2008

XXXI

Abstract
The Luangwa Valley is recognised as a focus of endemic infection with human
sleeping sickness caused by Trypanosoma brucei rhodesiense. Extensive infection of
the wildlife population with many species of trypanosome has been identified and
livestock keeping is almost non-existent due to losses from trypanosomiasis and
predation by wild animals. The aim of this study was to investigate the ecology of
trypanosomiasis in this multi-host wildlife community, relatively free from
anthropogenic influences. Particular focus was to be applied to the role of the
common warthog, Phacocoerus aethiopicus, within the reservoir community.
The thesis initially reviews the history of protected area management in the Luangwa
Valley. Remotely sensed imagery is then used in a study of the vegetation units of
Luambe National Park. A supervised classification algorithm utilising fuzzy logic is
used to generate a land cover classification of the park with an overall accuracy of
71%. Surveys of the tsetse and wild mammal population in Luambe National Park
are then presented. Data collected from the tsetse survey are analysed using
generalised linear models with mixed effects to investigate factors influencing the
trypanosome prevalence in tsetse, as well as the distribution and apparent density of
tsetse. The density of the host mammal population is assessed using distance
sampling techniques and the distribution of warthog burrows mapped. Finally, a
cross-sectional survey of trypanosome prevalence in the wild animal population of
the Luangwa Valley is described, using novel molecular techniques for diagnosis.
Risk factors for infection are analysed using logistic regression analysis and the host
distribution for each trypanosome species described.
The analysis of the wildlife data identified species as the most significant risk factor
for infection (p<0.001) with most variation occurring at this level rather than at
groupings by sub-family, habitat preference or blood meal preference. Waterbuck
was the most significant overall host for trypanosomes (OR 10.5, 95% CI: 2.3646.71, p=0.002), with lion (OR 5.25, 95% CI: 1.40-19.69, p=0.014), greater kudu
(OR 4.67, 95% CI: 1.41-15.41, p=0.012) and bushbuck (OR 4.53, 95% CI: 1.5113.56, p=0.007 also more likely to be infected than warthog. A transmission cycle
predominantly involving the Bovidae is proposed for T. congolense with greater
kudu and lion the species most likely to be infected. The bushbuck appears to be
central to the transmission cycle for T. brucei s.l. with human infective T. b.
rhodesiense detetected in this species as well as the Cape buffalo. The waterbuck
was identified as the most significant host for T. vivax, but the bovinae subfamily
may be more important in its transmission. Glossina morsitans morsitans was
identified as a more significant vector for trypanosomiasis than G. pallidipes
(adjusted OR 2.13, 95% CI: 1.22-3.72, p<0.01) and apparent density estimates for G.
m. morsitans revealed a close ecological association with warthog.
Recommendations are made regarding the management of trypanosomiasis in the
protected areas of the Luangwa Valley and land use options for future development
programmes. The importance of maintaining ecological health through the
conservation of biodiversity is argued. The need to monitor the effects of the
expanding wildlife / livestock / human interface on disease transmission and the local
ecology in the central Luangwa Valley is emphasised.
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Chapter I

General introduction

1

1.1 Introduction
Worldwide economic growth and development during the last century has resulted in
a general loss of biodiversity and a consequential reduction in ecosystem services
provided. The dramatic growth in Africa’s population has also placed mounting
pressure on ever-decreasing natural resources (Kock, 2005a). At the local level this
pressure is often manifested as conflicts over land-use options and strongly held
opinions have polarised conservationists and agriculturalists. Against this
background, trypanosomiasis continues to be one of the main factors limiting
agricultural production in Africa today and has been estimated to result in the deaths
of over 100 people, and up to 10,000 cattle, every day (Hursey, 2001). The Luangwa
Valley has been associated with the disease ever since the Rhodesian form of human
sleeping sickness was first discovered there in 1910 (Stephens & Fanthom, 1910).
This finding, along with other cases of the disease in the area, resulted in an
investigation by the Sleeping Sickness Commission which identified widespread
infection of wildlife with trypanosome parasites (Kinghorn et al., 1913). The disease
has had a profound effect on the development of the valley and local inhabitants have
developed ways of subsisting in the arid environment without keeping livestock
(Marks, 1984). Recent cases of sleeping sickness in foreign tourists visiting wildlife
areas, including the Luangwa Valley, have raised concern about the economic impact
of negative publicity on the expanding tourism industry (Jones, 2000; Moore et al.,
2002).
The Luangwa Valley is unusual in that there is still an almost complete absence of
livestock throughout the majority of the watershed. The aim of this thesis, therefore,
was to investigate the ecology of trypanosomiasis within the wildlife population of
the Luangwa Valley, free from the influence of domestic livestock. It was hoped that
the improved understanding that resulted would assist with the management of this
disease in areas protected for conservation.
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1.2 The ecology of wildlife disease
In simple terms, ecology may be defined as the branch of biology concerned with the
relations of organisms to one another and to their physical surroundings. Initially the
discipline related only to animals and plants, but more recently several more
specialised, multi-disciplinary approaches have evolved. Of particular relevance to
this work is the emergence of disease ecology as a quantitative and qualitative
framework in which to study the interactions of microorganisms with their
environment. This framework allows the application of epidemiological principles to
the study of disease within a more holistic systems based approach. The sections
below outline some of the basic ecological and epidemiological concepts central to
the understanding of disease ecology.

1.2.1 Ecological concepts in disease ecology
1.2.1.1

The ecosystem

The term ecosystem was first coined by Tansley and is now widely used in the field
of ecology (Tansley, 1935). A variety of definitions have been proposed and the term
has often been used fairly loosely to describe a set of relationships between any
living organism and all the elements in its environment. The Convention on
Biodiversity (http://www.cbd.int/) defined an ecosystem as a dynamic complex of
plant, animal and micro-organism communities and their non-living environment
interacting as a functional unit. It is regarded by many as the basic fundamental unit
in ecology whereby all of the organisms (i.e. the ‘community’) in a given area
interact with the physical environment so that a flow of energy leads to a clearly
defined trophic structure, biotic diversity, and material cycles (i.e. exchange of
materials between living and nonliving parts) within the system (Odum, 1953).
An ecosystem may be broken down further into its component parts, including the
biotope and biocenosis. The biotope is the smallest spatial unit providing uniform
conditions for life, and an organism’s biotope therefore describes its location
(Thrusfield, 2007). This can include an area of thicket vegetation for a Glossina
pallidipes tsetse fly or the central nervous system (CNS) of a mammalian host for a
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trypanosome parasite. A biocenosis represents the collection of living organisms in
the biotope and may also be referred to as the biotic community.
1.2.1.2

Ecological succession and climax

On a larger scale, collections of climatically and geographically related ecosystems
may be referred to as biomes. A biome can be identified by a particular pattern of
ecological succession which is a process of orderly or more-or-less predictable
changes in the composition or structure of a community. This leads to what is
referred to as an ecological climax which has traditionally been said to occur when
the components of the ecosystems have evolved to a stable, balanced relationship
(Thrusfield, 2007). This view of a balanced and somewhat static state of ecosystems
in their ‘natural’ undisturbed state was put forward by Ford in his in depth review of
the role of trypanosomiasis in African ecology (Ford, 1971). He proposed the view
that prior to colonial rule in Africa the indigenous human communities lived in
harmonious balance with nature and it was the ecological changes associated with
development that lead to many new epidemics of disease. In terms of disease ecology
theory, if the biome has reached an ecological climax then any infections present
should also be stable and exist in an endemic state. An example would be the
endemic state of foot and mouth disease (FMD) in buffalo populations in Africa
(Anderson et al., 1979; Thomson et al., 2003).
1.2.1.3

Ecological interfaces and mosaics

An ecological interface occurs at the physical junction of two ecosystems. In disease
ecology this is particularly important where wildlife ecosystems exist alongside, or
overlap with, ecosystems containing domestic livestock (Bengis et al., 2002; Kock,
2005b; Wambwa, 2005). This important topic is discussed in more detail later in the
section on the wildlife / livestock / human interface.
Anthropogenic modifications of biomes that have reached ecological climax may
create what is known as an ecological mosaic (Thrusfield, 2007). With the world’s
population predicted to increase from 6.7 billion in 2006 to 9.2 billion by 2050
(United Nations, 2007), ecological mosaics are likely to become a more prominent
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feature on the earth’s landscape. Fragmentation of ecosystems can also result in
human-made ‘island ecosystems’ comparable to geographical islands with isolated
populations restricted to smaller areas (Deem et al., 2001). Some of these may be
intentional measures, for example the double fencing of wildlife conservancies in
Zimbabwe in order to allow the re-introduction of buffalo previously eradicated as
part of FMD control measures (Sutmoller et al., 2000). Others may be regarded as
the less desired by-products of human development and include many African wild
dog (Lycaon pictus) populations which are threatened with extinction (Deem et al.,
2001). Introduced disease may pose a much greater threat to island populations, a
point well illustrated by the severe population declines caused in the above example
by canine distemper virus (CDV) and rabies (Laurenson et al., 2005).
1.2.1.4

Regulation of population size

An important ecological principle relating to wildlife populations, and also to other
animal and plant populations, is that of regulation of population size. This is a
product of both birth rates and death rates within the population in question. Factors
that influence these processes may be density dependent ‘biotic’ factors, or density
independent ‘abiotic’ factors (Rogers & Randolph, 1985). Density dependent factors
include competition, parasitism and predation, while density independent factors tend
to be environmental factors such as rainfall and temperature. Competition is
recognised as an important mechanism in wildlife populations and is important when
attempting to understand the dynamics of disease transmission. Competition may be
both between and within species, and has lead to the concept known as the ecological
niche (Elton, 1927). An organisms’ niche relates to the particular position it occupies
which is in turn defined by its biological and physical attributes. Competitive
exclusion results in only one organism occupying a particular niche. It thus relates to
its functional position in contrast to the biotope which relates to its spatial location.
Competitive exclusion and the occupation of a niche may result in a phenomenon
known as epidemiological exclusion whereby a microorganism is unable to infect a
host as the niche is already occupied by another microorganism (Thrusfield, 2007).
An example of this is the delays in infection induced by different serodemes of
Trypanosoma congolense in domestic and laboratory animals (Dwinger et al., 1986).
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1.2.1.5

Biodiversity and ecosystem health

Biodiversity has been defined as the variety of all life, the genes it contains and the
ecosystems and habitats in which they live (http://www.pce.govt.nz/). It originates
from the term biological diversity and may be used to describe diversity at the
genetic level, the species level or the ecosystem level. Biodiversity is often used to
assess the conservation significance of an area and as an objective measure of the
health of ecosystems. Recognition of its importance led to the development of the
Convention on Biological Diversity (CBD) in 1992 (http://www.cbd.int/). Other
measures of ecosystem health include homeostasis (having balance between system
components), absence of disease, complexity, stability, resiliency, vigour and scope
for growth (Kock, 2005a).
Maintenace of healthy ecosystems is considerd critical in the provision of services
from the ecosystem for the benefit of both man and animals (Kock, 2005a).
Examples of such services include the decomposition of waste, provision of food and
water and the regulation of climate. As a vital component of a healthy ecosystem,
biodiversity is also critical to disease ecology as any alterations in the ecosystem will
have ecological consequences on the organisms occupying it. Maintenance of
biodiversity is believed to play a role in preventing emerging infectious disease
(EID) through competitive exclusion by ensuring that all available ecological niches
are utilised (Thrusfield, 2007). Biodiversity may also decrease the risk of disease
through an increase in host diversity and species richness which may cause a dilution
effect (Schmid & Ostfeld, 2001).

1.2.2 Epidemiological concepts in disease ecology
1.2.2.1

Reservoirs of infection

Understanding the transmission of disease in wildlife systems is central to disease
ecology theory. Many simple epidemiological concepts have been adapted to the
more complex relationships found in wildlife ecosystems. One such concept that is of
much importance to the present work is that of a reservoir of disease. A standard
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epidemiological definition of a reservoir is a host in which an infectious agent
normally lives and multiplies, and therefore is a common source of infection to other
animals (Thrusfield, 2007). However, strictly speaking the term should also refer to
any inanimate objects that are a common source of infection, for example soil as a
source of anthrax spores.
However, due to the complexity of modern theory regarding disease transmission
many new definitions of a reservoir have been proposed (Haydon et al., 2002).
Ashford suggested that a reservoir should be re-defined as an ecological system in
which the infectious agent survives indefinitely (Ashford, 1997). Haydon et al
observed that this definition did not reference a target population which is important
in the identification of reservoirs (Haydon et al., 2002). They also suggested that
non-essential hosts (hosts that are unable to maintain infection) should be included in
the definition as they may still be important in the transmission of infection to target
populations, even if they are not responsible for its maintenance. They proposed that
a reservoir should be defined as:
‘one or more epidemiologically connected populations or environments in which the
pathogen can be permanently maintained and from which infection is transmitted to
the defined target population. Populations in a reservoir may be the same or a
different species as the target and may include vector species. As long as a reservoir
constitutes a maintenance community and all populations within the maintenance
community are directly or indirectly connected to each other, the size of the reservoir
has no upper limit’
In putting forward this new definition they concluded that although a minimal
definition of a reservoir is clear, a fully inclusive one is less so.
Haydon et al also pointed out the difficulties in definitive identification of a reservoir
in complex wildlife systems (Haydon et al., 2002). They state that, although
evidence of transmission to the target population must exist, the critical issue is the
persistence of infection in the reservoir, which can only be determined through
longitudinal studies.
1.2.2.2

Disease thresholds

In classical epidemiological theory, for an outbreak of disease to occur in a new
population, a minimum density of susceptible animals is required. This represents an
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invasion threshold (Lloyd-Smith et al., 2005), and may be defined in terms of the
basic reproductive number Ro (Anderson & May, 1992; Woolhouse & GowtageSequeria, 2005; Woolhouse et al., 2005). This represents the expected number of
secondary cases caused by the first infectious individual in a wholly susceptible
population. If Ro<1, then each case does not replace itself on average and the disease
will die out. If Ro >1, then the invasion will be successful. However, as the invasion
proceeds, the number of susceptible animals will get less through the generation of
active immunity or mortality and the disease spread is then represented by the
effective reproductive number Reff. For a well mixed population sRo=Reff . Again, if
Reff <1, the disease will not persist. This concept gives rise to a second threshold,
known as the persistence threshold, which is determined by many factors including
the rate of contact amongst hosts, mixing patterns, factors affecting infectiousness
and susceptibility, and the length of the infectious period.
Disease may also disappear from a population due to random fluctuations in the
number of infected individuals (Lloyd-Smith et al., 2005). This may occur in a
relatively stable endemic state, in which case it is known as endemic fadeout
(Anderson & May, 1992). However, in the case of a major outbreak, the number of
available susceptible animals may be reduced to such a level that the disease cannot
persist, a phenomenon referred to as epidemic fadeout (Anderson & May, 1992).
1.2.2.3

Application to multi-host pathogens

However, a major problem with standard epidemiological theory in this field is that it
was constructed with single host pathogens in mind (Haydon et al., 2002; Fenton &
Pedersen, 2005; Lloyd-Smith et al., 2005). Many parasitic diseases infect multiple
hosts (Cleaveland et al., 2001; Woolhouse, 2002), a good example being
trypanosomiasis where a wide variety of hosts are capable of being infected
(Ashcroft, 1959a). This brings into question some of the standard threshold theory
related to disease transmission (Lloyd-Smith et al., 2005). Furthermore, vector-borne
diseases involve additional complexities that can exhibit additional or altered
thresholds that are poorly understood (Lloyd-Smith et al., 2005). In view of this,
Fenton and Pedersen presented a new conceptual framework to describe disease
emergence in host-pathogen communities rather than single host-parasite systems
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(Fenton & Pedersen, 2005). Their framework established thresholds for pathogen and
host persistence based on between- and within-species net transmission rates. In
addition to the density dependent invasion and persistence thresholds, their model
described a further host extinction threshold. The model was used to describe a
‘community-epidemiology continuum’ with four possible disease outcomes. Where
both between- and within-species transmission is low, spillover occurs resulting in a
transient infection in the target population. Where between-species transmission is
high, but within-species is low an apparent multi-host situation arises. A true multihost pathogen is represented by both high between- and within-species transmission.
Their final scenario represented by low between- and high within-species
transmission identifies potential emerging infectious diseases.

1.2.3 Disease ecology and the study of disease emergence
1.2.3.1

Land use or ecosystem changes

From the studies above, it would appear that multiple-host parasite systems are much
more complex than early epidemiological studies suggested. In conclusion to their
paper on the risk of emergence of human and domestic mammal pathogens,
Cleaveland et al concluded that there is ‘clearly a need to understand the dynamics of
infectious disease in complex, multihost communities’ (Cleaveland et al., 2001). The
classical view of nature and ecosystems as being in complete balance, and only
disrupted by human influences (Ford, 1971), also contrasts with modern views of
ecosystems as not only linked human-natural systems, but complex adaptive systems
that offer ecosystem services which may help to regulate pathogen outbreaks
(Horwitz & Wilcox, 2005).
Despite being a complex, dynamic system, changes in the structure of ecosystems
have been blamed for the emergence, or re-emergence, of many infectious diseases
(Daszak et al., 2000; Deem et al., 2001; Williams et al., 2002; Patz et al., 2004). Patz
et al described many land use changes that have driven a range of infectious disease
outbreaks and emergence events, but also, significantly, that have modified the
transmission of endemic infections (Patz et al., 2004). Factors causing ecosystem
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change are often a direct result of anthropogenic drivers of land use change, such as
deforestation, habitat fragmentation and increasing urbanisation, among many others
(Patz et al., 2004). However, there are also many indirect drivers of land use change,
such as global climate change (Daszak et al., 2000) that are having profound effects
on ecosystems. Many of the direct and indirect drivers may also be interlinked
(Deem et al., 2001), such as deforestation which has an impact both directly through
local ecosystem changes and indirectly via global climate change.
1.2.3.2

The role of wildlife in disease emergence

The role of wildlife in disease emergence has received particular attention with over
70% of all EID likely to have had a wildlife source (Jones et al., 2008). Bengis et al
identified two potential patterns of disease transmission from wild animals to humans
(Bengis et al., 2004). The first pattern was where disease was transmitted rarely to
humans and then well maintained in the human population, as in the case of HIV.
The second was where direct or vector-mediated animal-to-human transmission was
the usual source of infection, with human to human transmission being rare as in the
case of West Nile virus, rabies, and Lyme disease amongst others. With relatively
little known about disease in wildlife populations in comparison to human and
domestic animals, wildlife species present a large ‘zoonotic pool’ of potential
infection (Daszak et al., 2000).

1.2.4 Landscape ecology and epidemiology
It is clear that ecosystem changes have an important role to play within the study of
disease ecology. Many of these effects relate to the spatial heterogeneity of the
environment, and recognition of this fact gave rise to an additional branch of
ecology, known as landscape ecology (Kitron, 1998). When used in the study of
disease, this approach is referred to as landscape epidemiology (Thrusfield, 2007).
The origins of landscape epidemiology lie in the work of Pavlosky in which he
developed the concept of natural nidi (or foci) of disease whereby distribution is
limited to particular ecosystems (Pavlovsky, 1966). This is particularly true for many
vector-borne diseases, the distribution of which tends to commonly be limited by the
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geographical range of either vector or host (or both), and by their habitat preferences
(Kitron, 1998). The African trypanosomiases are a classic example of this (Ford,
1971). Many landscape changes will also have effects on ecosystems with potential
downstream effects on disease ecology.

1.2.5 The evolution of conservation medicine
In view of the recognition of the impacts of ecosystem health on disease ecology and
the cross-over between the many specialised disciplines involved in conservation,
human health and animal health, a new field known as conservation medicine has
evolved. Conservation medicine is a multi-disciplinary approach bringing together
human health, public health, epidemiology, veterinary medicine, toxicology, ecology
and conservation biology among others (Kock, 2005a). The primary goal has been
described as the pursuit of ecological health (Kock, 2005a).
In their review of the history of conservation medicine and its application today,
Deem et al illustrate how the current biodiversity crisis and alterations to landscapes
is affecting disease ecology (Deem et al., 2001). They identify the lack of critical
baseline data for wild animal species in comparison to the situation in domestic
animals and humans. They suggest that, as grazing lands designated for livestock
continue to expand into regions where wildlife exist, the opportunities for epidemics
in both livestock and wildlife populations increases. The importance of these areas,
which represent ecological interfaces, has long been recognised as a significant
source of cross-species disease transmission (Bengis et al., 2002) and current
knowledge is reviewed below.
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1.3

The wildlife / livestock / human interface

1.3.1 Definition
The concept of an ecological interface was introduced earlier in the section on
disease ecology. It was also suggested that changes in the landscape or the ecology of
pathogens and their host communities could have profound effects on the emergence
of infectious disease (Daszak et al., 2000; Deem et al., 2001; Williams et al., 2002;
Patz et al., 2004). However, this situation does not just apply to emerging or ‘novel’
diseases. The epidemiology of many endemic diseases is also closely related to the
ecology of the hosts, vectors and pathogens (Patz et al., 2004). In many areas of
Africa some form of contact occurs between domestic animals and wildlife through
shared utilisation of the same ecosystems, or at the junction of ecosystems. The
concept of a wildlife / livestock interface thus arose as an attempt to define this
ecological interface where differing land use systems border each other or overlap.
The physical nature of the interface may be difficult to define as direct contact
between wildlife and livestock is uncommon (Kock, 2005b). Bengis et al suggest
that it may be linear in the case of a fence line, or patchy in reflection of the habitat
preferences of hosts (Bengis et al., 2002). Additionally, it may also be focal, as in a
shared water point, or diffuse, as in shared grazing ground or resources. The interface
may also be modified by the effects of the environment, for example a drought. The
human population is rarely included within the definition of the interface despite the
close association between people and their livestock, and the frequency of zoonotic
diseases in the interface. The term wildlife / livestock / human interface used by
some authors (Kock, 2005b; Michel et al., 2006) might be considered to be more
complete.

1.3.2 Types of contact and methods of disease transmission
Direct physical contact between wildlife and domestic animal or human hosts is rare
(Kock, 2005b). Normally there is a temporal and often a spatial separation between
wildlife and livestock (Bengis et al., 2002). Contact therefore results more frequently
through environmental contamination with infected discharges from the hosts or
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through intermediate vectors. In classical epidemiology theory disease transmission
through infected discharges is still regarded as direct (Thrusfield, 2007), although in
the context of the disease interface is it sometimes described as indirect (Kock,
2005b). True indirect transmission involves an intermediate vehicle, living or
inanimate, that transmits infection between hosts. The intermediate vehicle is known
as a vector, although this term is sometimes only used to refer to living carriers
(Thrusfield, 2007).
The method of disease transmission is an important factor in the epidemiology of
disease at the wildlife / livestock / human interface. Many types of transmission
occur and affect the type of contact necessary for successful transmission of disease.
In their detailed reviews of the subject, Bengis et al and Kock describe the main
transmission mechanisms involved in the spread of disease at the interface (Bengis et
al., 2002; Kock, 2005b). Direct transmission via infectious discharges in aerosols or
via contaminated feed, water or range is characteristic of many diseases including
FMD, rinderpest, pestes des petits ruminants (PPR), bovine tuberculosis (bTB),
brucellosis, anthrax and bovine malignant catarrhal fever (MCF). Indirect
transmission by vectors may be divided into that by flightless vectors and that by
winged vectors (Bengis et al., 2002). Transmission via flightless vectors is
characteristic of the tick-borne diseases theileriosis, cowdriosis, lyme disease and
African swine fever (ASF). Winged vectors transmit disease across the interface,
both by way of biological transmission as in trypanosomiasis, rift valley fever
(RVF), west Nile virus (WNV) and salmonellosis, and mechanical transmission as in
anthrax. Winged vectors are commonly dipteran insects as in the case of
trypansomiasis, WNV and RVF, but may also be avian vectors as in salmonellosis
and anthrax (vultures have been implicated in the mechanical transmission of anthrax
(Clegg et al., 2007)).
Of the wildlife hosts involved with disease transmission at the interface, the
ungulates, and in particular the Bovidae, are over-represented possibly reflecting
their close phylogenetic relationship with ancestral cattle (Kock, 2005b). Although
the focus of disease transmission at the wildlife / livestock / human interface has
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historically been mostly directed at transmission from wildlife to livestock, Bengis et
al emphasise that transmission is possible in both directions (Bengis et al., 2002).

1.3.3 Impacts of disease
Many of the diseases of the wildlife / livestock interface fall into the category of
transboundary (Wambwa, 2005), or trade-sensitive (Kock, 2005b) diseases. They are
covered by international trade agreements or sanitary regulations and are therefore of
much economic significance. Control of disease in wildlife is much more difficult
than in livestock (Bengis et al., 2002) and many of the human populations living in
the interface areas are thus prevented from accessing lucrative markets (Kock,
2005b; Lewis, 2005b). Examples of transboundary diseases that are transmitted
across the interface include FMD (Anderson et al., 1979; Dawe et al., 1994), ASF
(Wilkinson et al., 1988; Anderson et al., 1998), RVF (Linthicum et al., 1987;
Anderson & Rowe, 1998) and rinderpest (Anderson, 1995; Kock et al., 1999).
Many of the endemic, or indigenous, diseases may also be categorised as interface
diseases. Although not affecting the export capacities of the commercial farming
sector, these diseases are a significant limiting factor on productivity from the small
scale farming enterprises (Nambota et al., 1994; Wambwa, 2005). They not only
adversely affect the communities themselves, but also affect the agricultural output at
the national level (Wambwa, 2005). Examples of endemic diseases where wildlife
may play a significant role include theileriosis (Bengis et al., 2002) , cowdriosis
(Peter et al., 1998), trypanosomiasis (Kinghorn et al., 1913; Ford, 1971), brucellosis
(Madsen & Anderson, 1995; Muma et al., 2006) among others.
However, many diseases of the wildlife / livestock / human interface can also have a
negative impact on wildlife populations (Bengis et al., 2002). The most famous
example of this is the great rinderpest pandemic of 1889-1897 (Plowright, 1982)
which resulted in widespread mortality of a large number of susceptible ungulate
species. The distribution of buffalo today is said to be largely a result of this
epidemic (Anderson, 1995). Other diseases which have adversely affected the health
of wildlife populations include anthrax (Gainer, 1987; Turnbull et al., 1991; Clegg et
al., 2007; Wafula et al., 2008), bTB (Kalema-Zikusoka et al., 2005; Renwick et al.,
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2007), rabies (Laurenson et al., 2005) and canine distemper virus (CDV) (Alexander
& Appel, 1994; Kock et al., 1998).
Many diseases of the interface are zoonotic, the incidence of which may be underreported (Knobel et al., 2005). These neglected diseases cause further human
suffering in already impoverished communities (Kock, 2005b). One of the best
known examples is that of African trypanosomiasis, the cause of human sleeping
sickness which has long been associated with the presence of wild animals
(Fairbairn, 1948). Numerous zoonotic agents have been detected in surveys of
wildlife populations (Turnbull et al., 1992; Anderson & Rowe, 1998; FischerTenhagen et al., 2000; Kalema-Zikusoka et al., 2005), and many emerging zoonotic
diseases have originated from wildlife (Cleaveland et al., 2001).

1.3.4 The wildlife / livestock/ human disease interface in Zambia
and the Luangwa Valley
Protected areas cover a large proportion of Zambia and this presents many challenges
in terms of disease control from a human, domestic animal and wildlife perspective.
The focus of this present work, however, is to study trypanosomiasis in the wildlife
population of the Luangwa Valley and emphasis in this review is therefore placed on
the wildlife side of the interface. In the majority of the Luangwa Valley itself, little in
the way of an interface exists due to low livestock and human densities present. An
exception to this occurs around the tourist centre of Mfuwe in Mambwe District and
in Msoro District where the interface is rapidly developing. The Luangwa Valley
therefore presents an ideal opportunity to further the understanding of this important
disease on the wildlife side of the interface, largely without influence from nonwildlife hosts. Good baseline data on the occurrence of wildlife disease is often
lacking and the importance of disease surveillance in wildlife populations has been
emphasised (Bengis et al., 2002). Relevant research into wildlife diseases in Zambia
is summarised below.
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1.3.5 Important diseases of the wildlife / livestock interface in
Zambia
1.3.5.1

Transboundary or trade-sensitive diseases

Of the transboundary diseases, the epidemiology of FMD in wildlife populations has
been well characterised. The history of the disease in Zambia has been reviewed
(Perry & Hedger, 1984) and all three of the serotypes prevalent in buffalo of southern
Africa have been isolated from wildlife of the Luangwa Valley (Munag'andu et al.,
2006). FMD presents many challenges to the livestock industry in areas where
livestock and wildife co-exist, as well as to the developing game ranching industry in
Zambia (Munag'andu et al., 2006).
Since its discovery in Eastern Province of Zambia in 1914, ASF has been identified
as one of the main factors limiting swine production (Wilkinson et al., 1988). Virus
has been isolated from Ornithodoros moubata ticks collected from animal burrows
from a widespread distribution of wildlife areas of Zambia, including the Luangwa
Valley. Both bushpig (Potamochoerus larvatus) and warthog (Phacochoerus
aethiopicus) have been shown to be susceptible to infection and capable of
transmitting infection to domestic pigs, although the epidemiological significance of
the bushpig has yet to be demonstrated (Anderson et al., 1998).
Newcastle disease is a highly infectious disease of poultry with high morbidity and
mortality rates. It is endemic in the Luangwa Valley with an annual incidence of up
to 60% and mortality rates of 80-90% (Lewis, 2005b). A vaccination programme has
vastly reduced the cost of this disease to local communities. RVF has also been
reported from Eastern province of Zambia, where several species of Aedes mosquito
act as a reservoir, breeding in the dambos (shallow depressions at the headwaters of
drainage systems) of the higher ground on the plateau (Davies et al., 1992).
1.3.5.2

Diseases causing significant pathology in wildlife

Of the diseases causing significant pathology in wildlife, both anthrax and bTB have
been reported in Zambia. Anthrax was first reported in Zambia in 1914 (Tuchili et
al., 1993) and is endemic in Western and North-western Provinces of Zambia
(Siamudaala et al., 2006). A large outbreak in the Luangwa Valley in 1987 was
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responsible for up to 4000 deaths in hippopotami, with other species including
buffalo and elephant also affected (Turnbull et al., 1991). Anthrax was also
anecdotally implicated in the decline in the African painted dog population in the
Luangwa Valley, most likely through the consumption of contaminated carcasses
(Mwanza, L., pers. com.).
A large variety of infectious diseases have been isolated from Kafue lechwe in the
Kafue flats ecosystem (Siamudaala et al., 2005), the most significant being bTB
(Gallagher et al., 1972; Zieger et al., 1998) and brucellosis (Pandey et al., 1999).
Cattle are grazed in relatively close proximity to wildlife during the dry season, and
tuberculosis is believed to have been introduced from cattle in what is now the
Lochinvar national park (Gallagher et al., 1972). bTB infection rates of up to 36%
have been recorded in wildlife on the Kafue flats (Gallagher et al., 1972) and the
disease represents a significant threat to the health of many wildlife species in a
number of African ecosystems. This is particularly the case because eradication has
not yet proved possible (Renwick et al., 2007).
1.3.5.3

Endemic diseases

Of the endemic diseases, the potential role of the buffalo in transmission of
theileriosis has been reviewed (Munag'andu et al., 2006). Several wildlife hosts have
been investigated for their role as potential reservoirs for cowdriosis in Zimbabwe
(Peter et al., 1999) and the disease has been found in Kafue lechwe in Zambia
(Siamudaala et al., 2005). Trypanosomiasis has been the subject of much research,
and is covered in detail in the next section. Wildlife rabies in Zambia was reviewed
by Rottcher, who identified the jackal as the main wildlife host, particularly in
remote farm areas (Rottcher & Sawchuk, 1978). No significant disease was identified
in intact wildlife populations, especially the national parks. Sporadic outbreaks of
rabies have occurred in the Luangwa Valley, and vaccination of the domestic dog
population is conducted in some areas to control this disease (personal observation).
Studies in Tanzania have suggested that although wildlife species are part of the host
community for rabies, domestic dogs make up the epidemiological reservoir (Lembo
et al., 2007).
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1.4 Tsetse transmitted trypanosomiasis
1.4.1 Parasite biology
1.4.1.1

Classification

Trypanosomes are unicellular, flagellated organisms belonging to the Protozoa
subkingdom. Their position within the systematic classification of protozoa,
following the review by Levine et al is described below (Levine et al., 1980).
Subkingdom PROTOZOA
Phylum

SARCOMASTOGOPHORA

Subphylum

MASTIGOPHORA

Class

ZOOMASTIGOPHOREA

Order

KINETOPLASTIDA

Family

TRYPANOSOMATIDAE

Genus

TRYPANOSOMA

Trypanosomes have traditionally been separated into two distinct groups by way of
their method of transmission (Hoare, 1972). The first group, the Stercoraria, are
transmitted by faecal contamination from the hindgut of the vector. The second
group, the Salivaria, is characterised by transmission through inoculation via the
anterior station of an intermediary vector. These groups may also be further subdivided into subgenera.
The

Stercorarian

trypanosomes

include

the

subgenera

Schizotrypanum,

Megatrypanum, and Herpetosoma. The Schizotrypanum subgenus contains the
pathogenic species Trypanosoma cruzi which is the causative agent of Chagas
Disease in South America. The non-pathogenic T. theileri found in many domestic
and wild ruminants worldwide is a member of the Megatrypanum subgenus.
The Salivarian trypanosomes are sub-divided into four subgenera based on their lifecycle in the intermediary vector. Duttonella species complete their development
entirely in the proboscis, the type species being T. vivax. Rapid movement in wet
blood films is characteristic of this species as is a large, generally terminally placed
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kinetoplast (Stevens & Brisse, 2005). T. vivax differs from many of the other
salivarian trypanosomes in that mechanical transmission is possible via
haemotophagous insects other than tsetse species (Mulligan & Potts, 1970). For this
reason it has a more widespread distribution in the world and is established in Latin
America as well as Africa.
Trypanosomes of the Nannomonas subgenus are distinguished by having a life-cycle
in the tsetse midgut and proboscis. Three species are currently recognised, namely T.
congolense, T. simiae and T. godfreyi (McNamara et al., 1994). Biochemical
isoenzyme characterisation of T. congolense species of trypanosome has identified
three further types or groups, T. congolense savannah, T. congolense Riverine /
Forest and T. congolense Kilifi / Kenya Coast (Stevens & Brisse, 2005). These
divisions have also been confirmed using intra-specific satellite DNA probes (Gibson
et al., 1988). An additional isolate from the Nannomonas subgenus, first identified in
Tsavo West National Park in Kenya, was thought to be a fourth division of the T.
congolense species. However, recent phylogenetic and infectivity studies have
suggested that this parasite would be more appropriately classified alongside T.
simiae as T. simiae Tsavo (Gibson et al., 2001). The final member of the subgenus,
T. godfreyi, has only ever been isolated naturally from tsetse and was first described
in West Africa (McNamara et al., 1994).
The third subgenus, Trypanozoon, contains three recognised species, T. brucei, T.
evansi and T. equiperdum. The former is characterised by a life-cycle involving
maturation in the salivary glands of tsetse and contains three sub-species which are
morphologically indistinguishable. They are separated into species by genetic,
pathological and epidemiological features (Stevens & Brisse, 2005). Of particular
importance is the T. brucei species of trypanosomes containing two sub-species
capable of infecting man, T. brucei rhodesiense (Stephens & Fanthom, 1910) and T.
brucei gambiense (Dutton, 1902). The third sub-species T. brucei brucei, is not
human-infective, but has a wide host range in other mammals. T. brucei s.l. parasites
are typically polymorphic occurring as either long slender forms, short stumpy forms
or intermediate forms.
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The other members of the subgenus are unusual for salivarian trypanosomes in that
they may be transmitted directly without the tsetse as a vector and hence have a more
widespread distribution (Mulligan & Potts, 1970). T. evansi is transmitted
mechanically via biting flies, and has a widespread distribution including Africa,
Asia, South America and parts of Europe. T. equiperdum is venereally transmitted
between equine hosts.
Trypanosomes of the fourth subgenera, Pycnomonas, are also believed to develop in
the midgut and salivary glands of tsetse flies, and are regarded as an evolutionary
stage between development in the proboscis and salivary glands (Hoare, 1972). The
only species, T. suis, is distinguished from Trypanozoon species in that the salivary
gland form is non-infective. However, this trypanosome has rarely been identified
and its exact identity remains the subject of debate (Stevens & Brisse, 2005).
1.4.1.2

Life Cycle

The life cycle of salivarian trypanosomes in vertebrate hosts is relatively simple and
has been well described (Mulligan & Potts, 1970). It is initiated by inoculation of a
mammalian host with metacyclic trypanosomes (trypomastigotes) by an insect vector
which, for most trypanosome species, is a tsetse fly. The trypomastigotes make their
way into the cardiovascular and lymphatic systems where they multiply rapidly by
equal binary division.
The life cycle in the invertebrate host (tsetse fly) begins after ingestion of
trypomastigotes in a blood meal. After ingestion the life-cycle may be divided into
an establishment phase and a maturation phase (Welburn & Maudlin, 1999). In the
case of Dutonella, both phases take place in the proboscis, whereas for all other
groups of trypanosomes there is an establishment phase in the intestinal tract. These
trypanosomes enter the ectoperitrophic space via the distal end of the peritrophic
matrix and a dividing population of procyclics is established. After this,
trypanosomes pass back through the peritrophic matrix and migrate up the intestinal
tract to the pharynx and proboscis. Nannomonas trypanosomes have a maturation
phase in the proboscis whereas the trypanozoon group of trypanosomes continue
their migration to the salivary glands and mature there. Development is complete
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once the trypanosomes have developed through the epimastigote stage to become
metacyclic trypomastigote forms which are once again capable of infecting a
vertebrate host. These development stages in the tsetse fly take approximately twenty
to forty days (Dale et al., 1995).

1.4.2 Vector biology
1.4.2.1

Classification

Tsetse flies are Dipteran insects belonging to the Hippoboscoidea superfamily, along
with other haematophagous families. Current classifications recognise 31 species and
sub-species, all of which are members of a single genus, Glossina (Leak, 1998). This
in turn is the only member of the Glossinidae family. Classification is based mainly
on biological characteristics, but is largely supported by DNA sequence data.
Glossina species are also subdivided into three subgenera based largely on
morphological differences in the structure of the genitalia, but also reflecting
ecological differences in habitat requirements (Mulligan & Potts, 1970). The fusca
subgenus thrives in forested areas, the palpalis subgenus in forest edges around water
(often described as riverine flies) and the morsitans subgenus in the savannah
regions. Their full classification has been described by McAlpine (McAlpine, 1989).
1.4.2.2

Life cycle

Tsetse flies have an unusual life-cycle amongst Dipteran insects (Leak, 1998).
Female flies release one egg every 9-10 days which is fertilised by sperm stored in
the spermathecae if the female has mated. This is then nurtured in the uterus through
to a third stage larva before being deposited in a shady place on the ground. The
larva pupates in light or sandy soil to emerge after a temperature dependent period of
three or more weeks (Rogers, 1991). The birth rate is consequently low and is closer
to that of small mammals than most other insects, but losses in the larval and pupal
stages are generally small. Insects such as these which invest more heavily in fewer
offspring with a resultant higher probability of surviving to adulthood are termed k
strategists. They differ from most insect species, which produce a large number of
offspring each with a relatively low probability of surviving to adulthood and are

Chapter I

21

termed r strategists. Larviposition may be considered an adaptation to survival in a
dry environment, in contrast to most insects which require a moist environment in
which their larvae feed and develop (Hargrove, 2005). The lifespan of tsetse flies is
very much dependent on environmental variables, but may be up to three or four
months (Leak, 1998).
1.4.2.3

Distribution and population dynamics

As has already been mentioned earlier, salivarian trypanosomes have a limited
distribution in Africa and this is governed by the distribution of the tsetse vector.
Tsetse flies have a distinct geographical range, the extent of which has been
accurately mapped for each tsetse subgenus (Ford & Katondo, 1977). It was clear
from this and other such studies that climatic, or environmental, factors were
important determinants for the distribution of tsetse. Consequently much research
into the understanding of tsetse distribution has focussed on these climatic features
(Rogers & Randolph, 1985). Leak considers the general distribution of tsetse flies to
be determined principally by climate and influenced by altitude, vegetation and the
availability of hosts (Leak, 1998). Altitude affects tsetse distribution mainly through
its affect on temperature (Ford, 1963). However, laboratory predictions of the
environmental limits of survivability of tsetse do not always agree with field
observations, and this is most likely because of the utilisation of microclimates in
order to avoid environmental extremes (Leak, 1998; Torr & Hargrove, 1999).
Anthropogenic modifications of the environment may also have profound effects on
tsetse distribution (Boid et al., 1999) and are considered by some to be responsible
for epidemics of human sleeping sickness (Ford, 1963).
More recently population regulation theory has been applied to wild tsetse
populations in order to try to improve understanding of the factors affecting
distribution and abundance. Natural regulation of populations depends on four
processes, namely the birth rate, death rate, immigration and emigration (Rogers,
1991; Hargrove, 2005). Much of the focus of research in this area has concentrated
on the way the abiotic density independent factors mentioned above affect these
processes, and consequently less is known about the density dependent processes.
Density independent mortality appears to often be vital in determining distribution
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limits, but plays no part in regulation of animal abundance within the distributional
limits (Rogers & Randolph, 1985). Rogers and Randolph also state that there must
also be some density dependent mortality somewhere in the life-cycle if there is to be
any characteristic level of abundance at all.

Figure 1: Map of the predicted distribution of morsitans group of tsetse in Africa produced
using remotely sensed climatic predictor variables. The colour indicates the probability of tsetse
presence. Adapted from PAATIS (Programme Against African Trypanosomiasis Information
System), http://www.fao.org/ag/AGAinfo/programmes/en/paat/maps.html

Of the abiotic factors, temperature seems to be the most important densityindependent factor governing growth rate (Hargrove, 2005). It directly affects the
birth rate through its influence on both the rate of larval production and puparial
development, and also affects both puparial and adult mortality rates. Measures of
dryness such as saturation deficit have been shown to correlate with mortality rates
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(Rogers, 1991), and it appears that the immature stages are particularly sensitive to
desiccation (Hargrove, 2005). Availability of hosts may also limit tsetse distribution
as evidenced by changes in tsetse distributions after the rinderpest epidemic in the
late 19th century (Buxton, 1955; Ford, 1965) and following game culling operations
(Cockbill, 1960). Of the biotic factors, Rogers and Randolph presented evidence that
puparial predation is strongly density dependent, but puparial parasitism is unlikely
to be (Rogers & Randolph, 1985).
Many modelling techniques based on the estimation of birth rates and mortality rates
have been used to predict tsetse distribution (Hargrove, 2005). Satellite imagery in
particular has attracted a lot of attention, especially after Rogers and Randolph
demonstrated correlations between normalised difference vegetation indices (NDVIs)
and density independent mortality (Rogers & Randolph, 1985). Robinson et al used a
maximum likelihood classification with both climate and remotely sensed vegetation
data to successfully predict tsetse distributions (Robinson et al., 1997a). However, to
date most techniques have aimed at predicting distribution (presence or absence)
rather than abundance.
1.4.2.4

Ageing techniques

The original technique for ageing tsetse flies using the progressive fraying of the
trailing edge of the wing as a marker for age was first described by Jackson in 1946
(Jackson, 1946). He devised six categories of wing fray that he believed gave a
reasonable estimate of the mean age of a sample of flies. The rate of wing fray is
related to activity and may therefore vary between sexes and seasonally (Allsopp,
1985).
A more reliable method of estimating the age of females flies based on cyclical
ovarian development was later described (Saunders, 1962). This enabled the
relatively accurate assessment of the age of individual flies, but was technically more
challenging. It also only provides an estimate of chronological age due to the
dependence of the ovarian cycle on temperature. This technique has largely
superseded the wing fray technique in female flies, but wing fray is still the
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commonest method used to age male flies and has the advantage of being much less
labour intensive.
Chemical techniques based on pteridine analysis have also been developed (Lehane
& Hargrove, 1988), but are less widely used due to the requirement for laboratory
analysis. Despite the reservations mentioned above, wing fray and ovarian analysis
remain the most widely used techniques for ageing flies and several studies have
demonstrated a correlation between wing fray and ovarian age (Allsopp, 1985; Leak
& Rowlands, 1997). Age data from wing fray or ovarian dissections may also be
used to estimate population mortality rates (Challier & Turner, 1985), but problems
with sampling bias (Rogers & Randolph, 1985) and very high standard errors
(Hargrove, 2005) mean that results must be interpreted cautiously.
1.4.2.5

Host preferences

It has already been mentioned that larviposition may be considered an adaptation
enabling survival of larvae in dry conditions. The dependence of both sexes of tsetse
flies on blood as the sole source of nutrition may also be viewed as an adaptation to
survival in a dry environment (Hargrove, 2005). Not only does it provide for their
nutritional requirements, but also all their water requirements.
The requirement for blood, however, also creates a dependence on host animals for
that blood. The rinderpest epidemic in the late 19th century provided the first
indication that wild ungulates may have been preferred as hosts by savannah species
of tsetse fly (Buxton, 1955; Ford, 1965). Tsetse often exist in areas with a wide
variety of hosts available to feed from, yet definite patterns of host selection in
individual tsetse species can be demonstrated (Weitz, 1963; Clausen et al., 1998).
There is some controversy over whether this is a true selectivity or whether tsetse
simply feed on the most readily available source. Allsopp demonstrated a correlation
between the distribution of G. pallidipes and the host it most readily fed on, the
bushbuck (Allsopp, 1972). However, selective elimination of warthog in tsetse
control operations in Zimbabwe induced a stress on the G. m. mositans population,
but had no drastic effect on numbers (Vale & Cumming, 1976). The flies adapted by
obtaining more blood meals from bovids and elephants once warthogs were

Chapter I

25

removed. Similarly, most feeds by tsetse in Katete district in the Eastern Province of
Zambia were from cattle (Van den Bossche & Staak, 1997), in contrast to the
dependence on warthog blood meals by the same species of fly in the nearby
Luangwa Valley (Clausen et al., 1998). In Uganda, as the densities of wild animals
have declined over recent decades, host preferences have switched from wild animal
hosts to mainly domestic animal hosts (Welburn et al., 2005). However, given a wide
choice of animals to feed on flies do demonstrate some selection as evidenced by the
original preference for warthog in the game elimination experiment above, and by
other studies suggesting that blood meals do not always reflect the abundance of
local hosts (Lamprey et al., 1962).
Several techniques for the identification of blood meals have been developed
including the precipitin test (Weitz, 1952), the agglutination inhibition test (Weitz,
1956) and the enzyme-linked immunosorbent assay (ELISA) (Clausen et al., 1998).
Using the ELISA method, Clausen et al were able to identify 44.9% of 29,245 blood
meals from wild caught flies from various ecological zones of Africa down to the
species level. Their findings suggested that G. morsitans species fed mainly on
Suidae (mostly warthog), although local variations occurred. G. pallidipes fed mainly
on ruminants (buffalo, bushbuck and cattle), but, depending on host availability and
location, Suidae were also important hosts. Hippopotamus was identified as the main
host for G. brevipalpis.
1.4.2.6

Trypanosome infection dynamics in tsetse flies

The dependence of tsetse on blood for all their nutritional needs also presents the
trypanosome with an opportunity for infection of the animal host. Indeed, it has been
postulated that trypanosomes were originally parasites of leeches and managed to
take advantage of the tsetse fly as a vector after pigs evolved as land-dwelling beasts
(Baker, 1963). Various methods of assessing the level of trypanosome infection of
tsetse flies within a population have been developed and the original dissection and
microscopy method (Lloyd & Johnson, 1924) was first used in 1924. Despite the
identification of some pitfalls in this technique (Godfrey, 1966; Njiru et al., 2004), it
offers some advantages over newer molecular techniques (Leak & Rowlands, 1997)
and its use is still widespread today.
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Trypanosome infection rates in tsetse are generally low, and in a large study of
dissection data from 110,000 flies in six countries rates varied from 0.2% to 18%
(Leak & Rowlands, 1997). In particular, infection rates of the Trypanozoon subgenus
tend to be very low with infection rates of only 0.1% common (Vanderplank, 1947;
Woolhouse et al., 1993; Woolhouse et al., 1994). Many factors are believed to
influence infection rates in the tsetse and these are reviewed by Molyneux and
Welburn and Maudlin (Molyneux & Ben, 1977; Welburn & Maudlin, 1999). One of
these factors is the host species most commonly fed on, and a positive correlation has
been identified between trypanosome infection rates in tsetse flies and the proportion
of blood meals taken from bovids (Jordan, 1965). Moloo also proposed that host
species fed on was an important determinant of infection rate, after finding a
decrease in the prevalence of T. vivax infections as the percentage of feeds came
from suids (Moloo et al., 1971). However, in a study where the authors concluded
that there was a definite host preference for suids, only T. vivax infections were
detected in flies (Okiwelu, 1977).
Age is an important factor and field studies have shown the rate of infection to
increase with age (Woolhouse et al., 1993; Woolhouse et al., 1994; Leak &
Rowlands, 1997). However, laboratory studies have suggested that it is very hard to
infect tsetse after their first blood meal (Welburn & Maudlin, 1992), although
Gooding was able to infect G. m. morsitans flies after four non-infected blood meals
(Gooding, 1988). Differences in the rate of infection in male and female tsetse have
also been recorded in many studies. Laboratory studies on trypanozoon
trypanosomes have reported an increased rate of maturation in male G. m. morsitans
(Welburn et al., 1995). Results from field studies are conflicting, however, with
increased rates of infection found in male flies in some studies (Ashcroft et al., 1959;
Maudlin et al., 1990; Moloo et al., 1992), and in female flies in other studies (Leak
& Rowlands, 1997; Njiru et al., 2004). Several studies have also reported no
significant difference between infection rates in the sexes (Gooding, 1988;
Woolhouse et al., 1994). Leak states that females normally have higher infection
rates due to the fact that they live longer and have more chance of picking up an
infection (Leak, 1998). In an analysis of data collected from six different countries,
Leak and Rowlands reported that infection rates with T. vivax were significantly
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higher in female flies compared with males in four tsetse species, including G.
pallidipes (Leak & Rowlands, 1997).
The role of lectins and rickettsia-like organisms in influencing trypanosome infection
rates has also been investigated (Maudlin & Welburn, 1987; Welburn et al., 1993;
Welburn et al., 1994) and more recently the role of oxidants (MacLeod et al., 2007)
and anti microbial peptides (Hu and Aksoy, 2006) have also been suggested as
possible trypanocidal agents in the tsetse fly.
Studies using molecular, rather than dissection, techniques have revealed that
concurrent infections with more than one species of trypanosome may be relatively
common (Majiwa & Otieno, 1990; Njiru et al., 2004). In a study of G. pallidipes in
Lambwe Valley in south western Kenya, Majiwa and Otieno recorded mixed
infections with T. congolense savannah and T. congolense Kilifi, T. congolense and
T. brucei, and T. congolense and T. simiae (Majiwa & Otieno, 1990). Njiru et al
found that 26.7% of 188 flies that were positive by dissection had mixed infections
when tested by polymerase chain reaction (PCR) with 10 sets of primers (Njiru et al.,
2004). Mixed infections were found between all three subgenera of trypanosome, and
they were all in G. pallidipes species of tsetse. Questions therefore arose over
whether the flies acquired their mixed infections from one feed from a host with a
mixed infection or from sequential feeds from different infected hosts. In an attempt
to answer this question in the laboratory, Gibson and Ferris concluded that it was
possible to infect flies with a second trypanosome species or stock at a later feed, but
that the presence of trypanosomes already in the tsetse gut did not aid in the
establishment of subsequent infections (Gibson & Ferris, 1992).

1.4.3 Human African trypanosomiasis
1.4.3.1

Clinical features

Human African trypanosomiasis, known commonly as sleeping sickness, is caused
by two sub-species of T. brucei (Cattand et al., 2001). The first, T. b. gambiense,
causes a chronic disease in much of western and central Africa. The second, T. b.
rhodesiense, causes a subacute disease in parts of eastern and southern Africa. In
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both cases infection is initiated from the bite of an infected tsetse fly and the course
of infection may be divided into two stages.
The first stage of infection is characterised by invasion of the cardiovascular and
lymphatic systems by trypanosomes resulting in an intermittent pyrexia and general
malaise. As the infection progresses lymphadenopaphy, skin rashes, pruritis, local
oedema, cardiovascular disturbances and endocrine disorders may be observed
(Buscher & Lejon, 2005). The second stage is characterised by invasion of the
central nervous system resulting in meningoencephalitis. This may result in
disturbances of consciousness and sleep, locomotor disturbances and mental changes.
Disease due to T. b. gambiense is chronic and may last for years with no major
clinical signs for several years (Cattand et al., 2001). In contrast, disease due to T. b.
rhodesiense is much more acute with disease lasting from a few weeks to a few
months (Cattand et al., 2001). Both forms of the disease are usually fatal if not
treated and death in over 80% of patients within six months of infection with T. b.
rhodesiense has been recorded (Odiit et al., 1997).
1.4.3.2

Epidemiology

As has been mentioned above the geographical distribution of the two forms of the
disease is quite different. The division follows the western edge of the Rift Valley
with disease due to T. b. gambiense to the west and disease due to T. b. rhodesiense
to the east (Welburn et al., 2001a). Within this broad geographical distribution,
occurrence is restricted to about 200 discreet foci of disease (Cattand et al., 2001;
Stich et al., 2002), due to the patchy distribution of the disease vector (Stich et al.,
2002). Over time the geographical extent of the foci may change due to
environmental changes and their affects on the ecology of the Glossina species
(Leak, 1998). Flare-ups of disease within larger endemic areas may also be observed
(Cattand et al., 2001).
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Figure 2: A digital elevation model of Africa (USGS) showing the geographical divide in the
distributions of known T. b. gambiense foci (yellow) and T. b. rhodesiense foci (red) (Welburn et
al., 2001a).

Control measures against the two forms of the disease are also quite different
because of the differing epidemiology. Due to the chronic nature of the disease, the
reservoir of infection for T. b. gambiense is the human population and therefore
effective control may be applied through active surveillance and treatment of the
human population (Welburn et al., 2001a). In contrast, T. b. rhodesiense has an
animal reservoir in both domestic livestock (Onyango et al., 1966) and in wild
animals (Heisch et al., 1958). Control therefore is applied via passive surveillance of
human cases and targeted control measures on the vector and animal reservoir where
possible (Welburn et al., 2001a). The role of wild animals as a reservoir has been
postulated as a possible reason for the persistence of disease foci in some areas
(Fairbairn, 1948).
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A major hindrance to the proper understanding of the epidemiology of sleeping
sickness in the past has been the difficulty in distinguishing the two human infective
trypanosome subspecies from the non-human infective T. b. brucei (Leak, 1998).
Both are identical morphologically and cannot be differentiated microscopically.
Initial differentiation methods involved the inoculation of human volunteers (Heisch
et al., 1958), and it was not until the development of the blood incubation infectivity
test (BIIT) in 1970 that there was a suitable method of differentiating T. b.
rhodesiense from T. b. brucei (Rickman & Robson, 1970). This test was later
modified (Awan, 1973) and involved incubating test samples in human serum and
then inoculating them into mice. The recent development of a genetic marker based
on the detection of a serum resistance associated (SRA) gene in T. b. rhodesiense
(Welburn et al., 2001b; Gibson et al., 2002) has enabled more accurate division of
the two T. brucei sub-species.

1.4.4 African animal trypanosomiasis in domesticated animals
1.4.4.1

Clinical features

All species of domestic livestock and companion animals are susceptible to infection
by at least one species of trypanosome, and mixed infections with more than one
species may occur (Van den Bossche et al., 2004). Clinical signs of the disease may
often be mild and non-specific, being difficult to differentiate from the tick-borne
diseases and other endemic diseases of livestock (Magona & Mayende, 2002). Signs
associated with acute bovine trypanosomiasis include anaemia, weight loss,
roughness of hair coat, enlargement of peripheral lymph nodes, pyrexia, abortion,
reduction of milk yield, and, in the absence of treatment, death (Eisler et al., 2004).
Signs of chronic disease may be characterised by anaemia, cachexia, poor
productivity and infertility. The chronic form is most common in areas of endemic
disease. Trypanosome infection results in immuno-depression and concurrent
infections are important in the pathogenesis of the disease.
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1.4.4.2

Epidemiology and host range

T . congolense is considered to be the most important cause of trypanosomiasis in
cattle in East Africa, and causes a chronic debilitating illness. T. vivax is considered
more important in West Africa and can cause an hyperacute haemorrhagic disease
which has been related to disseminated intravascular coagulation (DIC) (Taylor &
Authie, 2004). T. b. brucei causes mild disease in most African breeds of cattle, but
can cause severe disease in exotic breeds imported to improve production. T. b.
brucei will also cause severe disease in horses, camels and dogs. Suidae are resistant
to the effects of T. vivax but are moderately susceptible to T. congolense and T. b.
brucei infections (Jordan, 1986). T. simiae causes an acute fulminating disease that
can result in peracute deaths with few clinical signs (Taylor & Authie, 2004). Tsetsetransmitted disease is uncommon in camels, but mechanically transmitted T. vivax
causes a chronic infection in this species (Taylor & Authie, 2004). Infection due to T.
evansi (a condition known as Surra) is considered to be the most significant health
problem of camels and causes pyrexia, progressive emaciation, anaemia,
subcutaneous oedema, nervous signs and death in both camels and horses (Radostits
et al., 1994). T. equiperdum is the cause of Dourine (a notifiable disease of horses in
the UK) which results in genital and ventral oedema of affected horses, and
progressive emaciation (Svendsen, 1997).

1.4.5 Diagnosis
There are numerous diagnostic tests for animal trypanosomiasis, and these have been
refined over the years. Parasitological techniques are most commonly used in the
field and include wet blood smears, Giemsa-stained thick and thin blood smears, the
haematocrit centrifugation technique (HCT) (Woo, 1970) and the buffy coat
technique (Murray et al., 1977). Various immunological techniques exist including
the complement fixation test (CFT), the indirect fluorescent antibody test (IFAT)
(Luckins & Mehlitz, 1979), the card agglutination trypanosomiasis test (CATT)
(Magnus et al.), and the enzyme-linked immunosorbent assay (ELISA) (Luckins &
Mehlitz, 1979). The use of these has been reviewed by Eisler et al (Eisler et al.,
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2004). The indirect ELISA is the most widely used of these techniques, being a
useful tool in epidemiological surveys. Inoculation of samples into laboratory
animals has been widely used to improve the sensitivity of detection for T. brucei
s.l., but samples containing T. vivax will not be detected using this technique.
Molecular techniques such as gene probes (Gibson et al., 1988) and PCR (Moser et
al., 1989; Welburn et al., 2001b; Cox et al., 2005) are also well developed and are
widely used in research projects and epidemiological surveys. Unfortunately, the
relative cost of the molecular techniques has limited their uptake for the diagnosis of
disease in individual animals in the field. Another useful development has been the
release of automated haemoglobinometers that may be used in the field (Magona et
al., 2004), for example the HemoCue. This gives an indication of the presence of
anaemia which, although not specific for trypanosomiasis, is a consistent finding
with the disease in cattle (Eisler et al., 2004).
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1.5

Trypanosomiasis in wildlife

1.5.1 Historical evidence for a reservoir in wildlife
The possibility that wildlife species might act as a reservoir for human sleeping
sickness has been recognised almost since the inception of research into the disease
(Kinghorn et al., 1913). Bruce et al demonstrated that waterbuck, bushbuck and
reedbuck could all be infected with what they believed to be T. b. gambiense from
the bite of an infected G. palpalis fly (Bruce et al., 1911). However, attempts to
identify natural infections of wild animal hosts had been unsuccessful. A spate of
cases of human sleeping sickness amongst Europeans in Nyasaland and Rhodesia in
areas where the only known vector of the disease at the time, G. palpalis, was not
believed to occur lead to the instigation of a sleeping sickness commission to
investigate the cause of the disease (Kinghorn et al., 1913).
This investigation, based in the Luangwa Valley and on the plateau in Zambia
identified natural trypanosome infections in wild animals for the first time (Kinghorn
et al., 1913). Trypanosomes were identified in 33 of 127 wild animal samples
examined by a combination of direct parasitological examination and inoculation
into mice or rats. In their conclusion, Kinghorn et al stated that antelope are the chief
reservoir of the human trypanosome and that 50% represents a conservative estimate
of the proportion of big game infected with trypanosomes (Kinghorn et al., 1913).
These findings lead Bruce to propose game elimination as a method for the control of
trypanosomiasis, a proposal which lead to much controversy (Mulligan & Potts,
1970). Work on experimental infections of wildlife continued with Duke
demonstrating successful fly transmission of T. b. rhodesiense from a bushbuck 594
days after infection, and from a hyaena 19 months after infection (Duke, 1935).
Additionally, in the long-lasting experiment referred to as the Tinde experiment,
Ashcroft and his fellow researchers demonstrated that T. b. rhodesiense could be
passed through sheep and antelope for 23 years and still retain its infectivity to man
(Ashcroft, 1959b).
However, definitive evidence for the existence of a true animal reservoir for human
sleeping sickness under natural conditions was lacking and remained largely
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circumstantial. Fairbairn reported cases in Ugala district in Tanzania amongst
fisherman returning to their fishing grounds which had been uninhabited for six
months during the rains (Fairbairn, 1948). Jackson also identified wild animals as the
probable source of infection after cases in his tsetse research assistants while based in
camps away from permitted routes or human habitation (Jackson, 1955). It was not
until 1958, when Heisch et al finally managed to infect a human volunteer with
blood from an infected bushbuck, that definitive proof was provided (Heisch et al.,
1958). Heisch et al injected 25 ml of blood taken from a rat inoculated with infected
bushbuck blood into the volunteer who went on to develop human sleeping sickness.
Further proof of an animal reservoir was provided when Onyango et al demonstrated
that domestic livestock could also act as a reservoir for the human disease (Onyango
et al., 1966).
One of the greatest difficulties in the early days of research into human sleeping
sickness was the difficulty in differentiating T. b. brucei from its morphologically
identical sub-species T. b. rhodesiense and T. b. gambiense (Heisch et al., 1958). The
only definitive method before the development of the BIIT (Rickman & Robson,
1970) and molecular methods (Welburn et al., 2001b; Tilley et al., 2003; Picozzi et
al., 2008), was by the inoculation of human volunteers. Therefore records of T. b.
rhodesiense or T. b. gambiense from the early studies, for example that by Kinghorn
et al (Kinghorn et al., 1913) must be considered to be T. brucei s.l. rather than the
sub-species claimed at the time.

1.5.2 Overall infection rates in wildlife species
Infection with trypanosomes has been identified in a wide variety of wild animal
species. In South America, over 100 species and subspecies of wild animals have
been found to be infected with T. cruzi and the importance of wild animals as
reservoirs is well established (Woo & Soltys, 1970). In Africa a large number of
investigations were carried out in the early years after the discovery of wild animal
hosts for trypanosomiasis, but few studies have been published in the last thirty
years. Much of the research has been complicated by the lack of good diagnostic
tests for the human parasites, as described above, and by practical difficulties in
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collecting samples from wild species. A large proportion of studies into wildlife
diseases are opportunistic, the interpretation of which is complicated by small sample
sizes (Bertram, 1973; Bengis et al., 2002; Gortazar et al., 2007). Despite these
difficulties, evidence for the existence of a diverse community of wildlife hosts that
are susceptible to infection with a variety of trypanosome species has emerged.
Overall trypanosome infection rates in wildlife vary substantially between studies
and may be influenced by many factors. Vector density, wildlife species
susceptibility, trypanosome species and strain, season and the method of diagnosis
employed for the study have been identified as important factors determining
infection rates in wildlife (Drager & Mehlitz, 1978). Carmichael and Hobday
reviewed the results of parasitological examinations of wild animals in Central, East
and Southern Africa and demonstrated that estimated overall prevalence varied from
between 1.3% and 38.2% (Carmichael & Hobday, 1975). The sensitivity of the
technique employed for diagnosis may have a large effect on the estimated
prevalence. For example, Drager and Mehlitz believed that the higher infection rates
they recorded were most likely due to the use of the HCT rather than conventional
thick or thin smears for the detection of trypanosomes (Drager & Mehlitz, 1978). The
use of highly sensitive molecular techniques for diagnosis (Picozzi et al., 2002) is
also likely to result in higher prevalence being estimated.
The overall prevalence in wildlife populations may also be influenced by the
abundance of individual species (Bertram, 1973). Wild animals of the Serengeti
ecosystem were intensively surveyed for trypanosome infections in the late 1960s
and early 1970s as a result of the occurrence of sleeping sickness in the region.
Despite having a lower prevalence of T. brucei than other wildlife hosts such as
lions, wildebeest were identified as the most important host due to the overall
abundance of these animals (Bertram, 1973). However, the less abundant animals
may also have an important role in the epidemiology of trypanosomiasis in wildlife.
Allsopp identified bushbuck as being critical in the creation of disease foci in the
Lambwe Valley in Kenya due to their close ecological association with the tsetse
vector, despite not being the most abundant animal (Allsopp, 1972).
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1.5.3 Transmission of trypanosome infections to wildlife species
In his discussion of the relevance of the biology of large mammals and trypanosome
survey data, Bertram also suggested that overall infection rates in wildlife are low
when the infection rate of tsetse flies and the frequency of feeding are taken into
account (Bertram, 1973). He suggested that a strong barrier to infection existed in
wild animals. He suggested that transmission to hosts may not be random and factors
such as host species susceptibility and the proportion of trypanosomes in tsetse that
may be infective may be important. Evidence from other species would suggest that
an important factor is the requirement of a minimum infective dose for the infection
to be successful (Fairbairn & Burtt, 1946). This area of transmission dynamics
between tsetse and host has not received much attention, most likely due to the
difficulties involved with studies in natural wild populations.

1.5.4 Individual species susceptibility
The results of published surveys are described below by family of species affected,
with particular focus applied to more recent surveys with improved diagnostic
methods. The review is not intended to be exhaustive, and attention is applied to the
more commonly identified hosts rather than attempting to list every potential host
species.
1.5.4.1

Bovidae

Of all the families in the artiodactyla order, the Bovidae family contains the largest
number of susceptible species. Bovids are abundant animals in most sub-Saharan
wildlife ecosystems and many have close associations with the habitats within which
tsetse are found. The bovinae subfamily contains many important hosts of
trypanosomiasis including the Tragelaphini tribe of spiral horned antelope
(bushbuck, kudu, eland) and the Bovini tribe containing the buffalo. An in-depth
study of trypanosome infections in wildlife in northern Botswana revealed a
prevalence of 12% in a sample of 416 buffalo tested using the HCT (Drager &
Mehlitz, 1978). The majority of infections were with T. congolense or T. vivax, but
some T. brucei was also detected. Serological tests using the IFAT revealed that
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antibody levels to trypanosomes rose steadily to four years of age and then remained
constant for the rest of the animals’ lives. In contrast, prevalence as detected by
microscopy increased up to two and a half years of age and then fell steadily in older
buffalo. It is possible that this fall could simply be due to a fall in the level of
parasitaemia resulting in fewer detections (Bertram, 1973). A significantly higher
prevalence of infections was found in areas of higher tsetse density than in areas of
lower tsetse density. Other studies have reported lower infection rates in buffalo,
ranging from 0% (Geigy et al., 1967) to 11% (Dillmann & Townsend, 1979).
The bushbuck, a member of the Tregalaphini tribe, has received a large amount of
attention as a potential reservoir for trypanosomiasis, especially the human infective
form (Heisch et al., 1958; Allsopp, 1972). It is a sedentary species with a small
territory largely confined to the thicket habitats most suitable for many species of
tsetse fly. High infection rates (up to 90%) with a variety of trypanosome species
coupled with its status as a preferred host for G. pallidipes, lead to the hypothesis
that it was mainly responsible for the creation of foci of infection in the Lambwe
Valley in Kenya (Allsopp, 1972). Allsopp identified the bushbuck in particular as
being responsible for the game-tsetse cycle, and suggested that the sedentary nature
of both lead to ideal conditions for the creation of sleeping sickness foci. Infection
rates of 50-70% are commonly reported, a large proportion of which are due to T.
congolense (Keymer, 1969; Burridge et al., 1970; Mwambu & Woodford, 1972;
Dillmann & Townsend, 1979; Truc et al., 1997).
Other members of the Tregalaphini have also been demonstrated to be capable of
supporting high infection rates with trypanosomes. Baker found four out of five
eland to be infected, but little data exists on this species (Baker, 1968). Kudu have
been consistently identified as having a high prevalence of infection in the Luangwa
Valley (Keymer, 1969; Dillmann & Townsend, 1979) and other studies have
reported high infection rates (Vanderplank, 1947) or moderate infection rates
(Knottenbelt, 1974; Carmichael & Hobday, 1975). Although these two species are
less sedentary than the bushbuck and have larger territories (Kingdon, 1997), they
are commonly found in areas of good tsetse habitat.

Chapter I

38

Of the antilopinae subfamily, the Alcelaphini tribe (hartebeest, topi, wildebeest) also
contains hosts capable of supporting reasonably high rates of infection with
trypanosomes. T. b. rhodesiense has been identified in hartebeest, a discovery which
lead Geigy to claim that it was potentially more important as a reservoir for human
sleeping sickness than the bushbuck due to its relatively greater abundance (Geigy et
al., 1973b). Despite this, not much data exists on infection rates in the hartebeest, but
infection rates of 20% have been recorded (Baker, 1968). In contrast to Geigy,
Bertram considered that wildebeest might be the most significant reservoir for human
sleeping sickness in the Serengeti, due to their moderately high T. brucei s.l.
infection rate of 12% coupled with their enormous abundance (Bertram, 1973).
Members of the Reduncini tribe (kob, waterbuck, reedbuck, lechwe) of antilopinae
have also been identified as capable of carrying very high infection rates with
trypanosomes. Many studies have demonstrated high levels of infection in waterbuck
(Baker, 1968; Keymer, 1969; Burridge et al., 1970; Allsopp, 1972; Bertram, 1973;
Dillmann & Townsend, 1979; Truc et al., 1997), but the results from reedbuck have
been more equivocal with some reporting high infection rates (Geigy et al., 1967;
Drager & Mehlitz, 1978) and others much lower infection rates (Allsopp, 1972;
Mwambu & Woodford, 1972). A

high prevalence of 42%, including human

infective T. b. rhodesiense has been reported in lechwe in Botswana (Drager &
Mehlitz, 1978), although an earlier study reported a much lower prevalence, but did
not use the HCT (Carmichael & Hobday, 1975). Puku have also been identified as
potential hosts with infection rates generally lower than other members of the tribe,
ranging from 4% (Dillmann & Townsend, 1979) to 20% (Keymer, 1969) although
the sample size in the latter was very small. This group is of particular interest as
they are seldom fed on by tsetse, yet seem to be capable of supporting comparatively
high rates of infection (Baker, 1968). Weitz went as far as to claim that waterbuck
are definitely ignored by tsetse except on odd occasions (Weitz, 1963).
Many other species of antilopinae are abundant in the wildlife ecosystems of subSaharan Africa, including many of the gazelles and impala (Kingdon, 1997).
Although some studies have demonstrated that many of these animals do carry
trypanosome infections, the prevalences tend to be much lower than in other bovids
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(Baker, 1968; Allsopp, 1972; Bertram, 1973; Carmichael & Hobday, 1975; Dillmann
& Townsend, 1979; Kaare et al., 2003). T. b. rhodesiense has been isolated from the
blood of an impala in the Luangwa Valley using the BIIT (Mulla & Rickman, 1988).
1.5.4.2

Giraffidae

Reports of trypanosomes infections in giraffe are rare, but one large study found
infection rates of 37% in a sample of 62 giraffe (Vanderplank, 1947). Baker and
Dillmann both reported infection in giraffe, but only sampled one animal (Baker,
1968; Dillmann & Townsend, 1979). T. b. rhodesiense has also been isolated from a
giraffe in the Luangwa Valley using the BIIT (Rickman et al., 1991).
1.5.4.3

Hippopotamidae

Trypanosome infections have been reported several times in the hippopotamus, but
infection rates appear to be relatively low (Dillmann & Awan, 1972b; Mwambu &
Woodford, 1972). In the study by Dillmann, all blood smears were found to be
negative and T. brucei s.l. species of trypanosomes were only identified following
mouse inoculation. The authors considered that this fact, together with the long prepatent periods seen after mouse inoculation, signified that the levels of parasitaemias
were low.
1.5.4.4

Suidae

The Suidae (bushpig and warthog) are the preferred hosts for G. morsitans species of
tsetse (Clausen et al., 1998) and are abundant in many wildlife ecosystems of subSaharan Africa. Warthog have been found to be infected with trypanosomes in many
studies (Geigy et al., 1967; Baker, 1968; Mwambu & Woodford, 1972; Bertram,
1973; Dillmann & Townsend, 1979; Mattioli et al., 1990; Claxton et al., 1992; Truc
et al., 1997; Kaare et al., 2003), with infection rates ranging from 7% (Bertram,
1973) to 25% (Dillmann & Awan, 1972a). Baker considered it surprising that the rate
of infection was not higher considering that bushbuck were rarely seen and therefore
warthog should have been the most common species fed on (Baker, 1968). However,
a more recent investigation into the prevalence of T. brucei s.l. in the Serengeti
ecosystem utilising molecular tests for diagnosis, suggested that the true prevalence
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in warthog was much higher than previous parasitological studies had suggested
(Kaare et al., 2003). Four of the twelve positive T. brucei s.l. samples also tested
positive for the SRA gene indicating that warthog may be an important reservoir host
for T. b. rhodesiense.
T. congolense was the most commonly identified species in the above studies,
although T. brucei s.l. was also frequently identified. Studies have also reported
infections with T. simiae in warthog (Dillmann & Townsend, 1979) and, in one study
in the Gambia, all seven positive samples were found to be of this species (Claxton et
al., 1992). The warthog is also believed to be the main host of a recently discovered
trypanosome in the Gambia, T. godfreyi (McNamara et al., 1994). The bushpig is
also fed on frequently by many species of tsetse (Clausen et al., 1998), despite being
nocturnal, but little published information exists on infection rates.
1.5.4.5

Equidae

Trypanosomes have been identified in zebra (Baker, 1968), and incriminated as a
cause of disease (McCulloc, 1967). Other studies have not found any infected
animals (Geigy et al., 1971; Dillmann & Townsend, 1979) and zebra are rarely fed
on by tsetse (Clausen et al., 1998). However, trypanosomes isolated from the
cerebrospinal fluid (CSF) of one zebra in the Luangwa Valley were identified as
being T. b. rhodesiense using the BIIT (Mulla & Rickman, 1988). A case control
study in the north of the valley also identified the presence of zebra as a risk factor
for the acquisition of sleeping sickness (Wyatt et al., 1985).
1.5.4.6

Rhinocerotidae

Rhinoceros were placed in a group of favoured hosts for tsetse (Weitz, 1963), but
surveys have only occasionally reported trypanosome infections in rhinoceros
(Clausen, 1981). However, interest has developed over a possible susceptibility to
clinical disease at times of stress caused by poor nutrition, social factors, concurrent
disease or post-translocation (Mihok et al., 1992). In particular, concern has arisen
over the susceptibility of rhino to clinical trypanosomiasis after translocation from an
area free of tsetse to an area of high tsetse challenge (Clausen, 1981; Mihok et al.,
1992). Infections with T. vivax (Mihok et al., 1992), T. brucei s.l. (Clausen, 1981), T.
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congolense (Mihok et al., 1992) and T. simiae (Mihok et al., 1994) have all been
recorded in rhino.
1.5.4.7

Elephantidae

Reports of trypanosome infections in elephant (Vanderplank, 1947; Burridge et al.,
1970; Dillmann & Townsend, 1979) are rare despite the large number and biomass
of these animals in many ecosystems.
1.5.4.8

Felidae

Very high infection rates have been reported in lions by many studies (Baker, 1968;
Dillmann & Awan, 1972a; Bertram, 1973; Dillmann & Townsend, 1979; Kaare et
al., 2003). Baker suggested that this high infection rate may result from direct
infection from infected prey, and commented that oral infection had already been
demonstrated in artificial experiments on cats and a bush baby (Baker, 1968).
Bertram agreed with this and went further to suggest that direct transmission in lions
via mutual grooming could also be possible (Bertram, 1973). However, despite an
infection rate of 57%, Bertram considered lions to be insignificant as hosts for T.
brucei s.l. due to their relatively low abundance in comparison to other more
abundant hosts and, in particular, wildebeest. In a rare attempt to statistically assess
the relative significance of different host species, he found that the infection rate in
lion was significantly higher than that found in hartebeest, zebra, wildebeest and
other ungulates that were sufficiently sampled. Infections with both T. congolense
and T. brucei s.l. species are frequently reported, with mixed infections of the two
common (Bertram, 1973).
1.5.4.9

Hyaenidae

The other carnivore species commonly found to have high infection rates with
trypanosomes is the hyaena (Baker, 1968; Geigy et al., 1971; Allsopp, 1972; Geigy
et al., 1973b; Gibson & Wellde, 1985). A similar transmission route via infective
prey has been suggested for hyaena (Baker, 1968). Bertram again considered the
high infection rates found to be unimportant due to their low abundance (Bertram,
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1973). However, infection rates were significantly higher than in many ungulates
with the exception of waterbuck and hartebeest.
1.5.4.10 Crocodilidae
The Nile crocodile appears to be the exclusive host of a stercorarian trypanosome
species, Trypanosoma grayi (Mulligan & Potts, 1970). It develops exclusively in the
hind gut of tsetse and is transmitted to its vertebrate host via contamination of
wounds or abrasion. It may be wrongly classified as an immature Trypanozoon or
Nannomonas infection when detected in tsetse intestines (Leak, 1998).

1.5.5 Isolations of human-infective T. b. rhodesiense from wildlife
Despite the difficulties involved with the definitive differentiation of T. b.
rhodesiense from T. b. brucei, the human-infective sub-species has been identified in
a number of wildlife hosts. Table 1 below summarises the wildlife hosts that have
been reliably identified as carrying natural infections of T. b. rhodesiense.

1.5.6 Pathogenicity of trypanosomes in wildlife
Wild animals are generally considered to be trypanotolerant and able to carry longterm sub-patent infections without clinical signs of disease (Leak, 1998). However, a
few isolated reports of suspected clinical disease due to trypanosomiasis exist in
wildlife. In a series of artificial experiments known as the Tinde experiments,
Ashcroft et al suggested that infections in many species including Thomson’s
gazelle, dikdik, duiker, jackal, ant-bear, hyrax, serval and monkey usually resulted in
the death of the animal (Ashcroft, 1959b). Vanderplank also reported that artificial
infections in Thomson’s gazelle, antbear, ‘Fennec fox’ and jackal were invariably
fatal (Vanderplank, 1947).
However, more recent studies into the pathogenesis of the disease in waterbuck,
buffalo and eland have reported much lower levels of parasitaemia with a longer prepatent period in comparison to cattle, without the development of anaemia
(Grootenhuis et al., 1990; Olubayo et al., 1991; Moloo et al., 1999). Artificial
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infection of three warthog piglets with Nannomonas infections resulted in a rapid rise
in the level of parasitaemia and a fall in the packed cell volume (PCV). This returned
to normal levels over several weeks, but a detectable parasitaemia remained for up to
100 days (Claxton et al., 1992).

Species

Location

Technique

Reference

Bushbuck

Nyanza Province, Kenya

HV

(Heisch et al., 1958)

Bushbuck

Luangwa Valley, Zambia

BIIT

(Rickman et al., 1991)

Duiker*

Luangwa Valley, Zambia

BIIT

(Rickman et al., 1991)

Giraffe

Luangwa Valley, Zambia

BIIT

(Rickman et al., 1991)

Hartebeest

Serengeti, Tanzania

HV

(Geigy et al., 1973a)

Hyaena

Nyanza Province, Kenya

ISO

(Gibson & Wellde, 1985)

Hyaena

Serengeti, Tanzania

BIIT and HV

(Geigy et al., 1973b)

Impala

Luangwa Valley, Zambia

BIIT

(Mulla & Rickman, 1988)

Impala*

Luangwa Valley, Zambia

BIIT

(Rickman et al., 1991)

Lechwe

Northern Botswana

BIIT

(Drager & Mehlitz, 1978)

Lion*

Luangwa Valley, Zambia

BIIT

(Rickman et al., 1991)

Oribi

Nyanza Province, Kenya

ISO

(Gibson & Wellde, 1985)

Reedbuck

Nyanza Province, Kenya

BIIT

(Allsopp, 1972)

Reedbuck

Nyanza Province, Kenya

BIIT

(Robson et al., 1972)

Warthog

Luangwa Valley, Zambia

BIIT

(Awan, 1979)

Warthog

Luangwa Valley, Zambia

BIIT

(Dillmann & Townsend, 1979)

Warthog

Serengeti, Tanzania

SRA-PCR

(Kaare et al., 2003)

Warthog

Luangwa Valley, Zambia

BIIT

(Rickman et al., 1991)

Waterbuck

Luangwa Valley, Zambia

BIIT

(Dillmann & Townsend, 1979)

Waterbuck*

Luangwa Valley, Zambia

BIIT

(Rickman et al., 1991)

Zebra

Luangwa Valley, Zambia

BIIT

(Mulla & Rickman, 1988)

*Old stabilated stocks tested by Rickman et al (1991) that were collected from 1971-1977 by
German Agency for Technical Cooperation, GTZ.
Table 1: Confirmed isolations of T. b. rhodesiense from wildlife using inoculation of human
volunteers (HV), the analysis of iso-enzymes (ISO), the blood incubation and infectivity test
(BIIT) or molecular tests (SRA-PCR).

Reports of pathology in natural situations are very rare. Baker described pathogenic
infections in two zebra and possibly one lion cub (Baker, 1968). Losos reported
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finding mild encephalitis and myocarditis on histological examination of samples
from wild animals that were infected with T. brucei, although they commented that
the lesions were unlikely to be symptomatic (Losos & Gwamaka, 1973).
Intravascular aggregates of what were thought to be trypanosomes (as found in the
terminal stages of infection of cattle) were found in one lion with T. congolense. T.
brucei has also been isolated from the cerebrospinal fluid of an apparently healthy
impala (Mulla & Rickman, 1988). Deaths in rhino have been attributed to
trypanosomiasis (Clausen, 1981). However, despite similar signs to those seen in
clinical cases in horses, conclusive proof that the trypanosome infection
demonstrated was the cause of the ill health rather than the result of ill health is
lacking. In a study of bushbuck and kudu culled as part of tsetse control operations in
Zimbabwe, Knottenbelt found no evidence of pathology by post-mortem
examination, histopathology, serum biochemistry or haematology (Knottenbelt,
1974). No evidence of cryptic foci or tissue forms of trypanosomes was found.
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1.6

Ecology of the Common Warthog, Phacochoerus
aethiopicus

1.6.1 Classification
The common warthog is a member of the Suidae family and is usually referred to as
Phacochoerus aethiopicus. However, there is some controversy over the
nomenclature of the species and it has been proposed that the common warthog
should more accurately be known as Phacochoerus africanus (Grubb, 1993). In
keeping with current terminology and to achieve consistency, the term Phacochoerus
aethiopicus will be used in this work.

1.6.2 Behaviour and Ecology
An in-depth study of the ecology and behaviour of warthog in Zimbabwe has been
carried out (Cumming, 1975) and there have been several other investigations into
different aspects of warthog ecology (Child et al., 1968; Rodgers, 1984; Somers et
al., 1994). Reviews of the behaviour and ecology of warthogs have been provided by
Estes and Vercammen (Estes, 1993; Vercammen & Mason, 1993). The distribution
of the common warthog is widespread, occurring in almost all sub-Saharan countries
as far south as Natal Province in South Africa (Vercammen & Mason, 1993).
Warthogs occur in savannah and adjacent arid zones, and are absent only from
deserts, rainforest, and mountains above 3000 m (10 000 ft). Densities are highest in
short grassland or wooded grassland areas (Rodgers, 1984) and mosaics of suitable
wet and dry season habitat are important (Cumming, 1975). Densely wooded
vegetation without grazing is avoided (Vercammen & Mason, 1993). Warthogs are
diurnal, sleeping in burrows at night (Vercammen & Mason, 1993) which enable
them to escape predators and extremes of temperature (Estes, 1993). Most burrows
inhabited by warthogs were originally excavated by aardvarks, although erosion
gully holes are also used (Cumming, 1975; Estes, 1993). Burrows are not normally
used to evade high temperatures during the heat of the day, and instead warthogs
make use of muddy wallows and seek shade in dense thicket (Estes, 1993;
Vercammen & Mason, 1993).
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Suids are generally not specialised feeders and their ability to gain nutrition from a
wide variety of sources has led to their success as a genera (Watson, 2005).
Warthogs themselves are considered to be primarily grazers (Vercammen & Mason,
1993), but have been observed to eat snakes and small mammals (Watson, 2005) as
well as fallen fruit on occasions (Vercammen & Mason, 1993). Normally, however,
they will graze grass when it is plentiful and use their snout to dig up rhizomes of
grasses and sedges, tubers and bulbs in the dry season. These are also a source of
water for them and enable them to inhabit arid regions and to survive in periods of
drought (Vercammen & Mason, 1993).
Warthogs are generally a successful species and density estimates vary from 15 / sq.
km. (Cumming, 1975) to 30 / sq. km. (Estes, 1993) in the best habitat (fertile alluvial
soils), and less than 1 / sq. km. (Cumming, 1975) in less favourable areas. Due
possibly to their dependence on holes for refuge, home ranges do not alter much, but
may show some seasonal variation due to the changing availability of food sources.
In areas of relatively low human densities warthogs may live in quite close
association with man and his domestic stock. They may pose a management problem
as they dig under fences and damage crops (Vercammen & Mason, 1993; Somers et
al., 1994), and their meat is highly valued, both as a protein source by traditional
hunters (D'Huart & Oliver, 1993) and as part of the bush meat trade (Vercammen &
Mason, 1993). There has been much interest in their role as natural reservoir hosts
for ASF (Plowright et al., 1969; Wilkinson et al., 1988), trypanosomiasis (Dillmann
& Townsend, 1979; Claxton et al., 1992) and bTB (Bengis et al., 2002; Michel et al.,
2006).
Although warthog burrows provide a refuge for warthogs from predators and
extremes of temperature, they also provide a refuge for many parasites (Cumming,
1975; Somers et al., 1994). The arthropod vector for ASF, Ornithodoros moubata, is
commonly found within the sandy soil of warthog burrows (Plowright et al., 1969).
Interestingly, the association of this tick with warthogs was first observed in the
Luangwa Valley in 1915 (Lloyd, 1915).
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1.6.3 Association with tsetse
More significantly for this work, the cool shady conditions in the entrance to warthog
burrows also provide an ideal refuge for tsetse flies during the heat of the day (Pilson
& Pilson, 1967). The burrows have also been described as important sites for
larviposition by female flies (Leak, 1998). Apart from soil conditions being
accommodating, the likely presence of a preferred host species in close proximity
increases the chance of a first feed for a newly emerged teneral fly and therefore its
survivability. As teneral flies are highly susceptible to trypanosome infections
(Welburn & Maudlin, 1992), and warthogs have been demonstrated to be susceptible
to long-term infection with trypanosomes (Claxton et al., 1992), there is clearly a
very strong ecological basis for this transmission cycle. As has already been
mentioned, warthogs have been shown to be a preferred host for savannah species of
tsetse (Weitz, 1963; Clausen et al., 1998). Torr demonstrated that attraction of tsetse
to warthog is a visual response to both the dark patch produced by the pre-orbital
gland on the head of warthog, and to density dependent changes in grooming
behaviour of warthogs (Torr, 1994). Juvenile warthogs were rarely fed on in
comparison to adults.
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1.7

Summary of the thesis

1.7.1 Objectives
Vast areas of Africa have been set aside as protected areas for the conservation of
flora and fauna and, aside from their intrinsic ecological value, they are important
sources of revenue and employment through tourism. However, many of these areas
are also a refuge for trypanosomes and support high densities of tsetse. Wildlife have
historically been regarded as the natural reservoir for trypanosomes (Kinghorn et al.,
1913; Bruce, 1915) and disagreements over the management of this disease in and
around these protected areas has polarised conservationists and agriculturalists ever
since. Against this background, the overall objective of this work was to study the
ecology of trypanosomiasis in the Luangwa Valley, Zambia, in order to improve the
understanding of the disease in wildlife. It was hoped that this might lead to more
informed debate and better management of this disease in the environmentally
sensitive Luangwa Valley.
Many investigations into the prevalence of trypanosome infection in wildlife have
previously been conducted, as is evident from the review of the literature provided
earlier in Chapter I. However, the majority of these were limited by the diagnostic
methods available and were based on small sample sizes. Consequently, the majority
were purely descriptive studies with only occasional publications providing any
statistical analysis of their results (Vanderplank, 1947; Bertram, 1973; Drager &
Mehlitz, 1978). This study therefore aimed to provide a statistical comparison of
infection rates in wildlife and to identify the principle components of the wildlife
reservoir community for the main trypanosome species present. Novel laboratory
techniques based on polymerase chain reaction (PCR) were to be used to provide a
more accurate method of diagnosis. Additionally, to be able to understand the
transmission of trypanosomes better, the data was to be used to identify risk factors
for infection.
More specifically, much of this work focussed on the role of the common warthog,
Phacocoerus aethiopicus, as a reservoir host for trypanosomiasis. The importance of
the warthog as a food source for tsetse has been well documented (Weitz, 1963;
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Clausen et al., 1998) and other ecological associations have been described (Pilson &
Pilson, 1967; Torr, 1994; Leak, 1998). Previous studies had raised important
questions about their importance as transmitters of disease. In particular, the finding
of human infective T. b. rhodesiense in warthog in a study in the Luangwa Valley
had led the authors to recommend further investigations into the importance of this
species as a reservoir (Dillmann & Townsend, 1979). More significantly, a study in
the Serengeti ecosystem in Tanzania, using molecular techniques of diagnosis,
reported that 19% of all warthogs sampled were infected with T. b. rhodesiense
(Kaare et al., 2003). This represented a very high prevalence of infection with the
human-infective parasite and was much greater than that previously detected in this
species using non-molecular diagnostic methods. This finding raised the possibility
that targeted control measures aimed at warthog using insecticidal bait technology
might provide effective control of human sleeping sickness around areas of human
habitation. Much of this thesis therefore focuses on warthog, their significance as
hosts for trypanosomes, their association with tsetse and their density within the
ecosystems present in the Luangwa Valley.
In order to provide a fuller understanding of the ecology of trypanosomiasis in the
Luangwa Valley, however, the role of the vector must also be understood. This thesis
therefore also attempts to address questions over the distribution of trypanosomes in
the tsetse vector and factors influencing the distribution and density of the vector
itself. Previous studies of trypanosome infections in tsetse in the Luangwa Valley
have mostly focussed on the species most easily sampled, G. pallidipes (Woolhouse
et al., 1994; Leak & Rowlands, 1997) and none have compared the two vector
species. This study, therefore, aimed to provide a better understanding of the
dynamics of trypanosome infections of tsetse in the Luangwa Valley by examining
risk factors for infection of tsetse with trypanosomes, including species as a factor.
Species differences in the density and distribution of tsetse were also studied along
with other factors considered important in the ecology of tsetse, such as vegetation
type and the effect of bush fires. Previous studies of the vegetation of the Luangwa
Valley had been conducted (Astle et al., 1969; Smith, 1998), but did not cover the
study area so remotely sensed imagery was used to generate a land cover
classification to enable this component of the ecology to be studied. Finally, to
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complete the picture, the density of potential tsetse hosts was examined with the
primary objective of assessing the relative density of warthog compared to other
species. The distribution of warthog burrows was also recorded and used to better
understand their association with tsetse.

1.7.2 Study areas
All of the field work for the project took place in the Luangwa Valley in Eastern and
Northern provinces of Zambia. Luambe National Park (LNP) was chosen as the main
study area as it is a relatively small national park that could logistically be studied as
a whole unit. It is located in the central Luangwa Valley and the park and
surrounding areas are relatively free from human development. The national park is
also located close to the site used by the Sleeping Sickness Commission in the early
twentieth century (Kinghorn et al., 1913), providing a good comparison of how
conditions have changed since then. Additionally, the Royal Zoological Society of
Scotland, who co-funded this research, was at the time assisting a non-governmental
organisation to co-manage the park with the Zambian Wildlife Authority. They were
therefore able to provide a logistical base for the field work. Despite the relatively
small size of LNP, however, there was no road network in parts of the park making
access difficult. This situation is not unique to this park, however, with all four
national parks in the Luangwa Valley suffering from a similarly poor road network.
The investigations into tsetse ecology, large mammal ecology and the vegetation
were all conducted in LNP, with the exception of a small tsetse pilot study in South
Luangwa National Park (SLNP). The wildlife trypanosomiasis survey, however, was
conducted over a much larger area incorporating most of the central Luangwa Valley
from Chama District south to Petauke District (Figure 5). This was necessary to
maximise the number of samples collected and also enabled a better understanding of
the epidemiology of trypanosomiasis in the Luangwa Valley as a whole. As no roads
running from north to south in the Luangwa Valley are accessible during the rains
access is very difficult and all the field work was conducted during the dry season.
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1.7.3 Work undertaken


Chapter II: The history of protected area management and development in
the Luangwa Valley is reviewed. Particular questions addressed include the
historical origins of conflict between the indigenous inhabitants and managers
of the protected areas, the impact of trypanosomiasis on land use and
development and the effectiveness of current natural resource management
initiatives.



Chapter III: A study of the vegetation of Luambe National Park is presented.
Remotely sensed imagery is used to generate a supervised land cover
classification using fuzzy methodology. As well as providing an
understanding of the vegetation present in the study area, this work generated
a data layer suitable for use in a geographical information system for park
managers and for the development of robust study designs for the work
undertaken in the next chapter.



Chapter IV: The ecology of tsetse and the epidemiology of trypanosome
infections are investigated. Data produced from dissections of 3186 tsetse
sampled in SLNP and 1562 tsetse sampled in LNP are used to examine risk
factors for infection of tsetse flies with trypanosomes using generalised linear
mixed effects models. The density and distribution of 2738 tsetse sampled in
LNP are also studied using generalised linear mixed effects models. Distance
sampling techniques are used to produce density estimates for potential tsetse
host species in the study area. Warthog burrow distribution is mapped and
examined for association with the density of tsetse.



Chapter V: The epidemiology of trypanosome infections is wildlife species is
investigated. Data on infection rates from 420 wildlife samples from 25
species are analysed quantitatively using logistic regression analysis to
identify risk factors for infection. The host distribution for T. congolense, T.
brucei s.l., T. b. rhodesiense and T. vivax is investigated and the principle
members of the reservoir community for each species identified. The
hypothesis that the common warthog, Phacocoerus aeithiopicus, is a
significant reservoir host for trypanosomiasis is examined.
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2.1

Introduction

Zambia lies in the centre of the Miombo Ecoregion and is listed as a WWF Global
200 Ecoregion because of its high species richness. A large proportion of land is
designated as a protected area for biodiversity, estimated to be 41.5% of the surface
area in 20051. The other major land use is for agriculture, which accounted for 47%
of the total surface area in 2003. The country’s human population is relatively low
and was put at 9,885,5912 in the year 2000, projected to increase to 11,800,000 by
2006. The proportion of the population living in urban areas has declined since the
mining boom of the 1960s when 40% of the population was classified as urban, but
the proportion is still relatively high by African standards. Zambia is an
impoverished country with 64% of the population classified as poor and millions
surviving under the World Bank poverty threshold of US$1 per day3. Public health
remains a challenge with a high infant mortality rate (79 per 1000) and under-5
mortality rate (124 per 1000) contributing to a poor overall life expectancy.
The Luangwa Valley has received world wide acclaim for its wildlife and has been a
leading tourist destination for both hunting and photographic safaris for a number of
years. However, the Luangwa Valley first achieved notoriety in the western world at
the beginning of the last century with the diagnosis of a new form of human sleeping
sickness in the valley (Stephens & Fanthom, 1910). Further investigations revealed
that a substantial proportion of the wildlife of the valley was also infected with
trypanosomes (Kinghorn et al., 1913). Significant declines in tsetse populations
witnessed during the rinderpest epidemic at the end of the previous century led to the
suggestion that wildlife should be eliminated to control trypanosomiasis. Sir David
Bruce, the eminent Scottish scientist, was one of the first proponents of this policy
and is quoted as saying ‘ not only should all game laws restricting their destruction in
fly country be removed, but active measures should, if feasible, be taken for their

1

http://unstats.un.org/unsd/environment/envpdf/Country%20Snapshots_apr2007/Zambia.pdf
Accessed on 21/07/08
2
http://www.zamstats.gov.zm/media/chapter_3_population_comp._size_and_growth-_final.pdf
Accessed on 21/07/08
3
http://news.bbc.co.uk/2/hi/africa/country_profiles/1069294.stm Accessed on 21/07/08
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early and complete blotting out’(Bruce, 1915). Tsetse and trypanosomiasis were soon
regarded as the main obstacle to agricultural development in Africa and widespread
control measures were instigated. This led some conservationists who were opposed
to agricultural development to regard the tsetse as an endangered species and to refer
to it as the ‘guardian of Africa’. Thus began one of the enduring controversies
afflicting conservation in the 20th century.

Figure

3:

Political

map

of

Zambia

and

its

regional

neighbours

(http://www.lib.utexas.edu/maps/africa/zambia_pol01.jpg, accessed on 21/07/08).
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2.1.1 Aims of the chapter
A lot of the issues currently facing managers of protected areas in Africa have their
origins in historical events. The aim of this chapter, therefore, is to provide a
historical context for the management of protected areas in the Luangwa Valley. As
trypanosomiasis is central to the aims of this thesis, particular reference will be made
to the role of this disease in the development of the valley. The chapter starts with an
examination of the history of settlement by people in the Luangwa Valley before
describing how the protected areas have been managed. This is followed by a brief
outline of the history of trypanosomiasis in the valley including the control measures
carried out to manage the disease. The various land use and developments plans
implemented in the Luangwa Valley over time are then examined, with particular
attention applied to more recent developments in community based natural resources
management. Finally, the current status of protected area management in the
Luangwa Valley is reviewed.
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2.2

Description of the Luangwa Valley

2.2.1 Geography
The Luangwa Valley lies in Northern, Eastern and Central Provinces of Zambia,
forming an extension of the Great Rift Valley which runs along a fault line from the
Dead Sea in Israel down the length of East Africa. It is a prominent geographical and
geological feature in north eastern Zambia, covering some 45,000 square kilometres
(Marks, 1984). Characteristic of the Luangwa Valley is the Luangwa River which
flows for 700km from its source in the Mafingi Hills of northern Zambia to its
confluence with the Zambezi River near the border with Mozambique (Astle, 1999).
Its altitude at source is 2133m dropping to 335m where it joins the Zambezi River. In
its middle reaches the river forms a meander belt with ox-bow lakes forming an
important ecological feature of the region.
At its widest point, the valley is approximately 100km across. The geology of the
valley floor is dominated by Karoo sediments and the valley is bounded on either
side by tall escarpments made up of igneous and metamorphic rocks (Utting, 1988).
The terrain on the valley floor is largely flat, but relief becomes greater and terrain
more dissected towards the escarpments. On the western side of the valley the
escarpment rises abruptly to form the Muchinga Mountains, but on the eastern side
the escarpment rises more gradually.

2.2.2 Climate
The climate is hot and dry with most of the rainfall occurring between November and
March (Figure 4). Rainfall varies from 700 mm in the south of the Valley to 900 mm
in the north. Temperatures are closely related to elevation and may be as high as
35ºC on the Valley floor in October falling to 20ºC in June (Astle et al., 1969;
Utting, 1988).
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Figure 4: Mean monthly rainfall and temperature recorded at the meteorological station at
Mfuwe airport for the years 1996 and 1997.

2.2.3 Flora and fauna
The Luangwa Valley forms part of the Zambezian Regional Centre of Endemism
(White, 1983). The vegetation has been studied in detail by Astle and Smith (Astle et
al., 1969; Smith, 1998) and is covered in more detail in Chapter III of this thesis. On
the valley floor characteristic vegetation types include mopane woodland, mixed
woodland (dominated by Combretum and Terminalia species) and floodplain
grassland. Soils of the floodplain grasslands are alluvial clays and sands. Riparian
woodland occurs along the Luangwa River and the larger tributaries. As the elevation
increases towards the escarpments the terrain becomes more dissected and
predominant vegetation changes to wooded grassland and scrub miombo woodland.
On the escarpments themselves undisturbed miombo woodland is widespread.
An internationally acclaimed diversity of wild fauna is found in the Luangwa Valley
with the majority of the typical southern African savannah species represented.
Additionally, it contains populations of several globally threatened species including
black rhinoceros (Diceros bicornis), African painted dog (Lycaon pictus), African
elephant (Loxodonta africana), Cookson’s wildebeest (Connochaetes taurinus
cooksoni) and Thornicroft giraffe (Giraffa camelopardalis thornicrofti). The latter
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two are subspecies which are endemic to the Luangwa Valley (Wilson & Reeder,
2005). Puku (Kobus vardonii), a member of the lechwe family of kob antelope, occur
in large numbers are a distinctive feature of the Luangwa Valley. Astle also
documents many of the species recorded historically in the mid-Luangwa Valley
(Astle, 1999). More recently, Ndhlovu and Balakrishnan summarised the numbers
and species of large herbivore recorded during a game census in Upper Lupande
game management area (GMA) (Ndhlovu & Balakrishnan, 1991).

Figure 5: Map showing the main districts of the Luangwa Valley. Adapted from an image taken
from Google Earth (http://earth.google.co.uk/)
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2.3

Historical settlement and general administration in the
Luangwa Valley

2.3.1 Early migration into the Luangwa Valley
The historical settlement of the Luangwa Valley is reviewed in depth by Astle (1999)
and Marks (1984). Astle provides a detailed account of the chronology of
conservation and development in the mid-Luangwa Valley with particular emphasis
on the early western explorers, Arab traders and colonials. In contrast, Marks
provides a more sociological and cultural background to development resulting from
time spent living with the Bisa people during a research initiative in the 1960s.
The majority of the present day occupants of the Luangwa Valley are believed to
have originated from what is now the Democratic Republic of Congo. The Senga and
Chewa were probably the first to migrate and settled on the eastern bank of the
Luangwa River at the beginning of the sixteenth century (Marks, 1984). The Bisa
and Kunda followed later from the same source. The Bisa initially settled on the
plateau to the west of the Luangwa Valley before being displaced by the more
powerful Bemba tribe into the Luangwa Valley in the nineteenth century. From 1835
onwards the Ngoni people, a branch of the Zulu, moved north and settled on the
plateau lands of eastern Zambia. From here they were said to have raided and
plundered the people of the valley (Astle, 1999).
The ethnic groups within the valley developed their own specialised techniques to
survive in what was in many ways a hostile environment. Marks suggested that
differences between tribes are less than commonly believed and survival strategies of
valley people are more similar to other ethnic groups within the valley than to more
closely related groups outside the valley (Marks, 1984). Economic and political
conditions under which they have lived have created more similarities than
differences. Due to the high trypanosomiasis challenge, valley people developed
subsistence techniques not involving livestock keeping. Hunting of wildlife was
supplemented by crops of sorghum, maize and millet. Early valley residents lived in
large stockaded villages to gain protection from raiding Bemba, Ngoni and
Portuguese traders (Marks, 1984). Traditional tribal customs followed a matrilineal
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kinship system with village headmen chosen by tribal elders and answerable to the
chief. Famines, illnesses and insecurity increased towards the end of the 19th century
(Marks, 1984).

2.3.2 Portuguese, Arab and British influence in the valley
Records of development in the Luangwa Valley include many reports of Portuguese
exploration, trading and settlement, from as early as the fifteenth century (Astle,
1999). Portuguese traders settled along the Zambezi Valley using Tete as the main
administrative and trade centre with Zumbo acting as a further trade post further
upstream. A trade fair was started near present day Mwanya in 1837, but was soon
abandoned. Many other attempts were also made to start trade posts and Portuguese
trade caravans were frequently sent to the valley from neighbouring Mozambique.
The main route from the east coast to the interior crossed the Luangwa River in the
mid Luangwa Valley. Ivory, slaves and meat were valuable commodities and a trade
network developed between the Bisa, Arabs and Portuguese.
Towards the end of the nineteenth century the British gained dominance over the
Arab and Portuguese interests in the territory. In 1889 the British South Africa
Company (BSAC) was granted a Charter by the British Government over a loosely
defined area north of the Limpopo River, referred to as British Central Africa. The
Charter allowed the BSAC to seek treaties with African chiefs and concessions from
them that would allow the company to establish an administration and exploit
mineral and other resources (Astle, 1999). This new administration resulted in many
regulations covering the wildlife estate, which are detailed in the section below. The
BSAC also imposed a ‘hut tax’ on valley inhabitants, payable in money, labour,
grain or stock.
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Figure 6: Early colonial map of Northern Rhodesia; accessed online from the Northern
Rhodesia Journal on 07/07/2008 (http://www.nrzam.org.uk/NRJ/NRJMap/NRJMap.htm).

The territory was soon divided up into the British Central African Protectorate
(Malawi), Southern Rhodesia (Zimbabwe) and North Eastern and North Western
Rhodesia (both now Zambia). The two North Rhodesian territories were joined in
1911 to form the Northern Rhodesia Protectorate (Figure 6) and control reverted to
the British government in 1924. A policy of indirect rule was adopted with the
intention of utilising indigenous systems of tribal custom and government (Astle,
1999). Native authorities were set up along with native courts and treasuries
receiving a share of native tax, license fees, court fees and grants from central
government. The administrative capital was initially in Livingstone, but was moved
to Lusaka in 1932. A further change in the administration in 1953 resulted in the
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formation of the Federation of Rhodesia and Nyasaland, with present day Zambia
becoming the Territory of Northern Rhodesia.
During this period settlement in the Luangwa Valley included the development of
colonial government structures with a regional administrative centre in Fort Jameson
(now Chipata). Regulated sport hunting was initiated and the Luangwa Valley gained
an excellent reputation in this field. However, outbreaks of rinderpest in the 1890s
decimated populations of cloven hoofed animals. This resulted in the disappearance
of the tsetse fly from large tracks of land (Hall, 1910; Ford, 1971) and enabled the
keeping of livestock in the Luangwa Valley for a limited period of time. The BSAC
administrators kept both cattle and sheep at Nabwalya until 1905 (Marks, 1984) until
the tsetse fly densities recovered following a recovery in animal populations (Hall,
1910). Lane Poole, in describing his journey through the Luangwa Valley, includes
several references to cattle being kept in the Luangwa Valley at this time with some
surviving until as late as 1916 in Chief Kakumbi’s land (Lane-Poole, 1956).
Epidemics of sleeping sickness also resulted in the closure of the Luangwa valley to
hunting by non-residents from 1912-1925 and 1927-1934 (Astle, 1999). Lane Poole
remarks that ‘the presence of tsetse fly in great density and the occurrence of
sleeping sickness in some localities deferred the traveller’ (Lane-Poole, 1956). Lane
Poole also refers to outbreaks of bubonic plague and smallpox in the Luangwa
Valley and Marks reports that epidemics of influenza also occurred in the period
after the First World War (Marks, 1984).

Product

1901 - 1902

1902 - 1903

Amount (Kg)

Value (£)

Amount (Kg)

Value (£)

Ivory

5164

2844

4728

2604

Rhino Horn

285

15.7

108

3

Hippo Teeth

436

1.7

272

10

Hippo Hides

73

4.05

258

9.5

Table 2: Exports from North Eastern Rhodesia from 1901-1903 recorded in BSA Co reports.
Adapted from Astle (1999).
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Hunting was the main occupation of many of the early settlers, but cotton farming
and mineral prospecting were also recorded (Lane-Poole, 1956). Trade in wildlife
products was highly lucrative as Table 2 demonstrates.

2.3.3 The post-independence period
Zambia achieved independence in 1964 and became the Republic of Zambia. Strong
economic development, which had started during the latter years of the protectorate
and continued into the 1960s and 1970s, resulted in the migration of many young
men to the cities and to the copper mines of northern Zambia. The population of the
Luangwa Valley subsequently developed an unbalanced sex ratio (Marks, 1984). The
density of local people inhabiting the valley was relatively low during this period
(Table 3), despite having shown a steady increase since 1910.

Population

Game Management

Area

Area

(sq. km.)

Male

Female

Total

Density
(persons
sq. km.)

Musalangu

17,350

13,400

17,487

30,887

1.8

Lumimba

4,500

4,519

7,283

11,802

2.6

Munyamadzi

3,300

3,349

4,267

7,616

2.3

Lupande

4,840

7,526

9,270

16,796

3.3

Sandwe

1,530

1,093

1,336

2,429

1.6

Total

31,520

29,887

39,643

69,530

2.2

Table 3: The resident human population recorded within game management areas (GMAs) of
the Luangwa Valley in 1969. Adapted from Stier 1973 (Stier, 1973).

Marks described the economic system of Zambia in the 20th century as being a
dichotomy between a high-income, productive urban sector and the traditional rural
subsistence-agriculture sector which became increasingly marginalised by political
developments (Marks, 1984). The advent of independence produced many political
and economic changes, detailed in his book, resulting in profound changes in the
structure of the societies of the Luangwa Valley. In particular, older men found it
more difficult to find work in urban areas and villages became full of old and mature
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men forced to retire before achieving power and status. Younger men from rural
areas also struggled to find work in cities as their qualifications were not recognised
and, in Marks words, were ‘grudgingly tied to the village’. Thus the dynamic
circulatory labour migration and skewed sex and age structure typical of the past
became a more stable and equal population, suggestive of stagnated political and
economic mobility.
Tourism has developed substantially in recent years and the population living in and
around the tourism centre at Mfuwe in particular has increased. Coupled to this has
been an influx of people from the eastern plateau into the Msoro district (Mubanga,
2008) in search of more fertile soils for crops. This migration, encouraged by Chief
Kakumbi, has been accompanied by an increase in the numbers of livestock kept by
the new inhabitants. This development is discussed in more detail in the section on
agricultural development towards the end of the chapter.
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2.4

Historical management of protected areas in the
Luangwa Valley

2.4.1 The pre-colonial era
A form of regulation of the use of natural resources has been evident since the first
Bantu communities settled in the Luangwa Valley. When describing his journey
through the Luangwa Valley, the famous missionary explorer David Livingstone
mentions ‘game laws’, as applied by local chiefs, mainly relating to ownership of
killed animals (Livingstone 1857). Unable to keep livestock due to the high
trypanosomiasis challenge, these communities utilised wild animals as a source of
protein to supplement their foraging and cultivations. Hunting acquired much
cultural significance as an activity in these societies as well as being an important
survival strategy in the harsh environment of the Luangwa valley (Marks, 1984).
Hunting was regulated through the kinship social systems and was a method of
achieving power and importance in the society. The use of muzzle-loading rifles,
introduced by explorers and early traders, started to replace the more traditional
hunting methods of snares, traps, game pits, spears and bows and arrows. Ownership
of rifles was restricted to elders in the Bisa communities and young men achieved
leadership in society and hence ownership of a rifle through hunting exploits, both
for meat and control of crop-raiding large mammals (Marks, 1984).
The advent of the trade in ivory, meat and hides by early explorers and traders lead to
a change in the degree of utilisation of the wildlife, as well as the methods used.
There were no restrictions on the numbers of wildlife killed by these early traders
and numerous reports exist of hunting exploits by early Portuguese and British
settlers. The minimal annual commercial off-take of elephant from the Luangwa
Valley in the mid-19th century has been estimated to have been approximately 2200
animals (Abel & Blaikie, 1986).

2.4.2 The colonial era
The period of administration by the BSAC produced profound changes in the
regulation of wild animal resources in the valley. Concern about the plight of African
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fauna was developing in Europe amid reports of rapidly declining populations. This
lead to an international conference being convened in London resulting in the
adoption of a Convention for the Preservation of Wild Animals, Birds and Fish in
Africa (HMSO, 1900). The protectionist principles recommended by the Convention
were adopted in Northern Rhodesia and resulted in the first set of regulations for the
preservation of game in December 1900 (Astle, 1999). These regulations required the
purchase of licenses for trading in wildlife, hunting wildlife and possessing firearms.
The use of snares, traps and pit-falls was outlawed. The regulations were modified in
1902 to allow the designation of game reserves and the first game reserve in the
Luangwa Valley was declared in 1904. Known as the Luangwa Game Reserve, its
purpose was to preserve giraffe populations on the eastern bank of the Luangwa
River and was also known as the ‘Giraffe Reserve’ (Astle, 1999). However, no
development took place and it reverted back to its previous unprotected state in 1913.
After administration of the territory had returned to the British government in 1924,
the first game ordinance was implemented (Pitman, 1934). The ordinance allowed
local valley inhabitants to hunt under a Native Game License, with limits on the
license only imposed in 1931. The cost was the equivalent of 5 weeks of wages as a
labourer and allowed the hunter to shoot up to ten animals (Astle, 1999). Also in
1931, the first faunal survey of the territory was commissioned. The survey was
conducted by Captain Pitman, the game warden of Uganda, and its results had a
marked impact on wildlife policy. Pitman believed that wildlife numbers in the
Luangwa Valley had fallen dramatically in the last 25 years and that the likely cause
was hunting with muzzle-loading rifles by indigenous people of the valley (Pitman,
1934). He recommended the formation of a game department and a Luangwa Valley
game reserve with all villages moved outside. He also suggested that Native
Authorities might license safari hunting in their area in payment of a fee.
As a result of Pitman’s recommendations, management of the wildlife estate was
placed alongside tsetse control operations within The Department of Game and
Tsetse Control in 1942. The present day South Luangwa National Park (SLNP) and
North Luangwa National Park (NLNP) were gazetted as the Luangwa Valley
Reserve, Southern Section and the Luangwa Valley Reserve, Northern Section,
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respectively. Astle states that local residents were fully consulted over potential
boundaries of the southern section and, in the main, agreed to be moved out of the
park (Astle, 1999). This point is disputed by other authors who believe that the local
people were coerced into moving after inadequate representation of their views
(Marks, 1984; Lewis et al., 1990). The boundaries have continued to cause
controversy and mistakes in the original designation of the boundary are still being
promulgated today (Astle, 1999). The legislation also allowed for the designation of
Controlled Hunting Areas in settled areas around the reserves. Local residents were
allowed to hunt in their area as were a few non-residents on payment of a license fee
to the Native Authority. This change represented the origins of economic incentives
for the preservation of wildlife (Marks, 1984).
The next major development in the management of protected areas of the valley
came in 1951 with the development of a new game reserve in Nsefu, at the
instigation of the senior Chief Nsefu following discussions with ranger Norman Carr.
Known as a Native Authority Reserve, revenues generated went directly to the
Native Authority. This is claimed to be one of the first, if not the first, areas in Africa
where wildlife viewing was established by the local chief as a means of revenue
generation (Astle, 1999). Similar developments with game viewing facilities also
took place in Chilongozi in the southern section and in the Luambe reserve. Norman
Carr was later to pioneer walking safaris for which the Luangwa Valley has become
famous.
The history of the Luambe reserve is poorly documented, but it appears that game
reserve regulations were applied to Luambe at the same time as to the two larger
reserves (Astle, 1999). Astle later refers to it as a Native Authority Reserve, similar
to Nsefu. However, it is described in a departmental report as no more than a
controlled hunting area with game reserve regulations applied to it (Department of
Game and Fisheries, 1959). The report also states that both the Luambe and Nsefu
reserves are too limited in size to constitute viable ecological units and that measures
were needed to limit the wholesale annual burning and hunting pressure to which
they are subjected. In contrast, the game concentrations and viewing in Luambe and
Nsefu Reserves were later described as being superior to those in the south Luangwa
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Game Reserve by the Luangwa Command of the department (Department of Wildlife
Fisheries and National Parks, 1970).

2.4.3 The post-independence era
The advent of independence in 1964 resulted in the formation of a new Game and
Fisheries Department coming under control of the Ministry of Lands. Initial
presidential support resulted in a strong budget and developments included the
building of a large runway in Mfuwe, creating the potential to fly in local or foreign
visitors. In 1968 a National Parks and Wildlife Act was passed resulting in the
formation of four national parks from the original game reserves in the Luangwa
Valley under Statutory Instrument No. 44 of 1972. Nsefu Reserve and the Chifungwe
Plain were both included in the new SLNP, the latter reputably without the
agreement of the local chief (Astle, 1999). A system of game management areas
(GMAs) replaced the old Controlled Hunting Areas. The Game and Fisheries
Department was also replaced by a new National Parks and Wildlife Service
(NPWS).
Land use surveys were conducted at this time by foreign advisors, resulting in farreaching recommendations which are considered in more detail later. Concern was
expressed at the level of vegetation degradation resulting from the large elephant
population and a controversial culling scheme initiated (Dodds & Patton, 1968). A
very difficult period followed in the 1970s with economic constraints on NPWS
budgets resulting from the falling price of copper exports, coupled latterly with the
onset of widespread commercial poaching in the Luangwa Valley. The lack of
technical expertise in the department resulting from rapid nationalisation
compounded the challenges experienced by staff. As the poaching crisis developed in
the 1980s, numbers of elephant and rhinoceros collapsed (Leaderwilliams et al.,
1990). Having once been a stronghold for the black rhinoceros, the species became
locally extinct in the Luangwa Valley. Commercial poaching was conducted by
organised gangs operating mainly from the western plateau with the local valley
residents largely uninvolved (Leader-Williams et al., 1990).
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Declining wildlife populations and poor infrastructural development in the early
1990s were identified as hampering the developing tourist industry and its economic
contribution to the national economy (ZAWA, 2000). With technical assistance from
the European Commission, the government made the decision to transform the
NPWS into a semi-autonomous corporate body. The Zambia Wildlife Act No. 12 of
1998 was enacted resulting in the formation of the present regulatory body, the
Zambian Wildlife Authority (ZAWA), on Nov 1st 1999. The new authority had a
more corporate structure with a board and director reporting to the Minister of
Tourism, Environment and Natural Resources. The aim was to streamline operations
to ensure that the core mandate of conserving wildlife resources was delivered more
effectively and efficiently. Structural re-organisation resulted in a reduction of
staffing levels from approximately 3000 under NPWS to approximately 1263 under
ZAWA (ZAWA, 2000). The command structure was decentralised into four regions
(Central, Eastern, Northern and Western) each of which was further broken down
into Area Management Units. National parks and GMAs were retained under the new
structure and a policy of zero-tolerance to poaching was implemented.
An important aspect of the new Act was the implementation of Community-Based
Natural Resources Management (CBNRM) programmes in the GMAs. Official
control over GMAs was to be gradually devolved to Community Resource Boards
(CRB), consisting of elected members from the local community. Recruitment of
‘village scouts’ from the local community, responsible for policing of wildlife
matters in GMAs, was also initiated. Answerable to the local CRB, their activities
were to be jointly supervised by the ZAWA. The Act allowed for licensed hunting in
the GMAs by both residents and non-residents, to be regulated under a quota system
(Appendix I). CBNRM programmes in the Luangwa Valley are discussed in more
detail later.
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2.5

Historical review of human sleeping sickness in the

Luangwa Valley
2.5.1 The first identification of Trypanosoma brucei rhodesiense
and the initiation of the sleeping sickness commission
The first documented case of what is now known as Rhodesian sleeping sickness,
caused by Trypanosoma brucei rhodesiense, was first published in 1910 (Stephens &
Fanthom, 1910). When examining a blood smear from a rat supposedly infected with
Trypanosoma brucei gambiense, Stephens noted a peculiarity in the morphology. He
also noted an increased virulence in rats and guinea pigs compared to laboratory
strains of T. b. gambiense. The sample had been collected from a patient called W.
Armstrong who had visited the Luangwa Valley as a mineral prospector in 1909. He
had travelled north from Salisbury through Fort Jamson to Lundazi before crossing
the Luangwa Valley and travelling to Kasama via Chinsali. He had then travelled
south through Mpika, Serenje and Mzaza before travelling along the Luangwa River
to Feira. At the time the only known vector of human sleeping sickness was Glossina
palpalis, which was not known to occur in any of the areas he visited.
Concern generated from the identification of this new parasite, along with many
other cases of trypanosomiasis in people visiting the Luangwa Valley, lead to the
instigation of a sleeping sickness commission by the BSAC. The purpose was to
ascertain the transmitting agent as prolonged and careful research had proved that G.
palpalis did not occur in parts of Rhodesia and Nyasaland where patients were
contracting sleeping sickness (Kinghorn et al., 1913). Much debate had taken place
about the possibility that Glossina morsitans tsetse could act as vectors, but the
consensus at the time was that this was highly unlikely (Willett, 1965). The
investigation was based at the abandoned government post at Nawalya (now known
as Nabwalya, situated in Munyamadzi GMA) and later also on the western plateau at
Ngoa. The research conducted by Kinghorn et al demonstrated that G. morsitans
could act as a vector for sleeping sickness and also that a considerable percentage of
game were infected with the parasite (Kinghorn et al., 1913). This was the first time
that trypanosomes had been demonstrated in wild animals under natural conditions
and the authors concluded that antelope were most likely the principle reservoir of
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the human trypanosome. At the time of the investigation, domestic livestock were
described as being extremely scarce or non-existent in the Luangwa Valley and cattle
were recorded in only one village. Of 127 wild animal blood samples examined by
direct examination and rodent inoculation, trypanosomes were identified in 26%.
Although nine of these were believed to be the human infective form, it is now
known that it was not possible to differentiate this form from T. brucei brucei on
morphological features alone.

2.5.2 Subsequent patterns of infection in the Luangwa Valley
Despite this breakthrough in the understanding of the disease, outbreaks continued in
the Luangwa Valley resulting in large areas of it being declared a ‘Sleeping Sickness
Area’ and closed to hunting by non-residents from 1912-1925 and again from 19271934 (Astle, 1999). Writing about his journey through the Luangwa Valley in 1918,
Lane Poole mentions a severe epidemic of sleeping sickness affecting the people of
Kakumbi, aggravated by a failure of food crops (Lane-Poole, 1956). Lane Poole also
reports finding numerous villages that had been relocated because of sleeping
sickness although he does not say whether this was voluntary or enforced.
Throughout the 20th century sleeping sickness in the Luangwa Valley has been
characterised by a low level of endemic disease with occasional epidemics (Buyst,
1977; Wurapa et al., 1984a). The number of cases recorded for Zambia in the years
from 1964 to 1967 was 155, 99, 128 and 96 respectively (Mulligan & Potts, 1970).
Sleeping sickness also occurs in other parts of Northern Province as well as in
Western Province so these figures do not relate just to the Luangwa Valley. The
disease has been more common in the north of the valley in the Isoka and Chama
Districts and potential reasons for this were reviewed by Buyst (1977). He concluded
that several factors might explain the increase likelihood of disease in the north
including the collision of a still expanding fly belt with a human population, the
climatic stresses and lack of abundant game animals as a food source for tsetse, as
well as the migratory movements of wildlife in the region. In 1982, an outbreak was
recorded in Kasyasya village in Isoka District where 11 cases were diagnosed out of
a total population of 75 people (Dukes et al., 1983). The point prevalence of disease
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in the northern Luangwa Valley has been estimated to be 0.58% using several
parasitological methods of diagnosis, but also the indirect fluorescent antibody test
(IFAT) as a screening test with repeat of the parasitological tests on IFAT positive
patients (Wurapa et al., 1984a). The annual incidence was estimated to be 1% and
the authors point out that this represents a 40% cumulative risk of infection over the
people’s lifetime of 40 years.
A high level of disease also been reported in the Petauke District in the lower
Luangwa Valley and a historical sleeping sickness foci was recorded at Hargreaves
(see Figure 7). Hargreaves was abandoned as a crossing place of the Luangwa due to
its reputation as a source of sleeping sickness (Rickman, 1974). In 1971 an epidemic
of sleeping sickness occurred near to this historical focus, resulting in 16 deaths out
of a total of 36 reported cases (Rickman, 1974). In his publication of the outbreak the
author emphasised what he described as a ‘morbid mystique’ surrounding the disease
resulting in the extreme reluctance of people suffering from its effects to seek
medical treatment.

Figure 7: Map showing the transit routes through the Luangwa Valley used by early traders
and settlers. Also shown are the site of the sleeping sickness commission at Nawalia (now
Nabwalya) and the old sleeping sickness foci at Hargreaves (near present day Luembe).
Adapted from Willett whose work was based on the map on page 198 of Vol. 2 of The Sleeping
Sickness Bulletin (1910) (Willett, 1965).
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One characteristic of the disease in the Luangwa Valley which has attracted much
controversy over the years is the apparent sub-acute nature of infections and the
occurrence of sub-clinical carriers (Buyst, 1977; Wurapa et al., 1984b; Songa et al.,
1991). The potential presence of sub-clinical carriers was first identified in Southern
Rhodesia in a review of trypanosomiasis in the territory (Blair, 1939). However, in
an assessment of seven techniques for the field diagnosis of human trypanosomiasis,
no evidence was found of asymptomatic carriers (Dukes et al., 1984). Furthermore,
the specificity of the indirect fluorescent antibody (IFA) test (used as one of the
methods of diagnosis in Songa’s study) was found to be low with a resultant positive
predictive value of only 8% if used as a one-off test. A two year follow-up of patients
with positive IFA tests suggested that a positive test result did not result in an
increased risk of developing sleeping sickness (Wyatt et al., 1986). Furthermore, the
authors concluded that it was not clear if these positive results originated from subinfective doses of T. b. rhodesiense, from T. b. brucei or from animal trypanosomes.
The above highlights the historical difficulties inherent in the diagnosis of the disease
due to the low sensitivity of parasitological techniques and the poor specificity of
many of the alternatives.
One of the explanations put forward to explain the presence of sub-clinical infections
was that the local Bantu inhabitants had developed a form of immunity or tolerance
to trypanosome infections as a result of long-standing exposure to tsetse over
thousands of years (Buyst, 1977). However, a case-control study examining riskfactors for infection with sleeping sickness in the northern Luangwa Valley found no
increased risk in people born outside the valley (Wyatt et al., 1985). Fishing as an
auxiliary occupation increased the risk of infection as did membership of the United
Church of Zambia (purportedly because of walking through tsetse-infested bush in
order to attend services). The presence of zebra in the neighbourhood was identified
more often in cases than controls, a surprising finding considering the rarity of
trypanosome infections in zebra.
Stocks and clones of Trypanozoon organisms, isolated from natural hosts as part of a
trypanosomiasis research project from 1980 to 1983, were later examined using the
Blood incubation infectivity test (BIIT) (Rickman et al., 1991). Results from human
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isolates revealed a large number of cases in the upper Luangwa Valley around
Kampumbu and Chibale (121) with fewer in the mid-Luangwa Valley around Mpika,
Luchembe and Nabwalia (44). Very few cases of human sleeping sickness were
identified in the Kakumbi area of the mid-Luangwa Valley with only 3 positive
identifications using the BIIT and the authors concluded that the risk in this area was
small.
In recent years, the disease has been considered to be rare in Zambia although misdiagnosis is likely particularly with the high incidence of retroviral disease (Ngoma
et al., 2004). Figures from the Ministry of Health reveal that the number of cases
from 1999 to 2002 was 15, 9, 6 and 17 respectively. In 2003, seven cases had been
diagnosed up to august with at least five originating in the Luangwa Valley.
Occasional cases have also been reported in foreign tourists visiting the Luangwa
Valley (Moore et al., 2002).

2.5.3 Investigations into the wildlife reservoir for trypanosomiasis
Three major surveys of trypanosome infection rates in wildlife have been conducted
in the Luangwa Valley (Table 4). The first, and most famous, was that conducted by
Kinghorn et al as part of the sleeping sickness commission described earlier
(Kinghorn et al., 1913). A second smaller survey was conducted in 1962 by Keymer
(Keymer, 1969) who suggested that there had been no significant change in the
prevalence of trypanosome infections in wild ungulates during the intervening
period. Keymer found what he believed to be a morphologically distinct subspecies
of T. vivax in waterbuck, which he advocated naming T. vivax ellipsiprymni. Finally,
Dillman and Townsend conducted the largest survey to date between 1971 and 1974
(Dillmann & Townsend, 1979). They examined samples from 546 wild animals and
found 79 infections, including 9 of mixed species. Using the BIIT, they isolated
human serum resistant stocks from two waterbuck and one warthog. In response to
this finding they concluded that the role of both these species as a natural reservoir
for human sleeping sickness requires further investigation (Dillmann & Townsend,
1979). The locations of the study area for each of the three surveys are shown in
Figure 8.
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Other investigations in the Luangwa Valley have identified human serum resistant T.
b. rhodesiense in warthog (Awan, 1979) and zebra and impala (Mulla & Rickman,
1988). T. brucei has also been identified in four out of seventy five hippo (Dillmann
& Awan, 1972b) and one lion (Dillmann & Awan, 1972a).
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Species

Survey

Buffalo

Duttonella

Nannomonas

Trypanozoon

Mixed
infections
1
2
1
1
4
1
6
1
17

Positive
Positive
/ Total (%)
/ Total (%)
0 / 4 (0)
2 / 23 (9)
2 / 19 (11)
6 / 9 (67)
3 / 6 (50)
22 / 38 (58)
13 / 23 (57)
1 / 6 (17)
1 / 6 (17)
3 / 7 (43)
3 / 7 (43)
2 / 3 (67)
2 / 3 (67)
0 / 1 (0)
2 / 21 (10)
2 / 20 (10)
1 / 1 (100)
1 / 1 (100)
4 / 7 (57)
15 / 21 (71)
1 / 1 (100)
10 / 13 (77)
1 / 6 (17)
1 / 7 (14)
0 / 1 (0)
0 / 1 (0)
4 / 251 (2)
4 / 250 (2)
4 / 7 (57)
4 / 7 (57)
2 / 29 (7)
0 / 7 (0)
3 / 59 (5)
1 / 23 (4)
0 / 2 (0)
6 / 8 (75)
6 / 6 (100)
1 / 10 (10)
3 / 39 (8)
1 / 5 (20)
1 / 24 (4)
1 / 8 (13)
3 / 19 (16)
2 / 11 (18)
1 / 9 (11)
7 / 36 (19)
0 / 3 (0)
6 / 24 (25)
17 / 28 (61)
36 / 55 (65)
4 / 7 (57)
15 / 20 (75)
0 / 2 (0)
1 / 10 (10)
0 / 3 (0)
1 / 5 (20)
116 / 661 (17.5)

Keymer
Dillmann
1
1
Bushbuck
Kinghorn
4
2
Keymer
1
1
Dillmann
3
7
1
Civet
Dillmann
1
Duiker
Dillmann
1
2
Eland
Dillmann
1
Elephant
Kinghorn
1
Dillmann
2
Giraffe
Dillmann
1
Greater kudu
Kinghorn
4
Keymer
Dillmann
3
3
Hartebeest
Kinghorn
1
Keymer
Hippopotamus Kinghorn
Dillmann
4
Hyaena
Dillmann
2
2
Impala
Kinghorn
1
Keymer
Dillmann
1
Lion
Kinghorn
Dillmann
3
3
Puku
Kinghorn
1
Keymer
1
Dillmann
1
Roan
Kinghorn
1
Dillmann
2
Warthog
Kinghorn
1
Keymer
Dillmann
5*
1
Waterbuck
Kinghorn
4
4
3
Keymer
3
1
Dillmann
12
2
Wildebeest
Kinghorn
Keymer
Dillmann
1
Total
31
45
23
*Nannomonas infections were identified as T. simiae.
African wild dog, baboon, bat, bushpig, cane rat, crocodile, genet, grysbok, hare, jackal, leopard, mongoose,
vervet monkey, porcupine, rhinoceros, serval, wild cat and zebra have all been sampled in the above surveys with
negative results.
Table 4: Summary of trypanosomes detected in previous surveys of wildlife in the Luangwa
Valley by Kinghorn et al (1913), Keymer (1969) and Dillmann (1979).
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Figure 8: Locations of the three main trypanosomiasis surveys conducted in the Luangwa
Valley.

2.5.4 Historical control measures
2.5.4.1

Localised control measures

A complete review of the control measures conducted in the Luangwa Valley is
beyond the scope of this thesis and only the measures most relevant to protected area
management are summarised below. The BSAC board were firm supporters of the
principle of tsetse elimination in any area where land was required for people or their
livestock (Astle, 1999). They believed that tsetse eradication should be achieved
through the elimination of its wildlife hosts and were said to be profoundly
influenced by the findings of the sleeping sickness commission. However, Marks
believes that their policies of wildlife protection, vegetation regeneration and
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consolidation of villages instead resulted in an increase in the risk of contracting the
disease (Marks, 1984). Local inhabitants were encouraged to live in larger villages to
reduce their exposure to tsetse challenge and many villages moved away from areas
of high incidence.

Year

Species

Total

1956

1957

1958

1959

1960

1961

51

46

57

58

27

28

267

-

-

-

10

40

24

74

24

41

58

97

68

41

329

Duiker

-

-

-

40

133

210

383

Eland

20

31

26

36

12

8

133

Elephant

-

-

-

7

16

33

56

Grysbok

-

-

-

-

-

3

3

Hartebeest

8

21

25

17

-

-

71

Impala

1

2

-

5

-

-

8

Kudu

45

36

40

76

81

65

343

Oribi

-

-

-

-

2

4

6

Reedbuck

-

-

-

1

8

7

16

Rhinoceros

-

-

-

-

1

-

1

Roan

26

23

61

66

52

51

279

Sable

9

15

2

-

1

1

28

Warthog

57

100

139

186

97

112

691

-

-

1

-

1

-

2

Zebra

13

27

20

26

-

-

86

Total

254

342

429

625

539

587

2776

Buffalo
Bushbuck
Bushpig

Waterbuck

Table 5: Summary of animals shot as part of tsetse control measures in Fort Jameson District
from 1956 to 1961; adapted from Clarke (1964).

In later years game elimination did become a major component of tsetse control
policy in the Fort Jameson District (Department of Game and Tsetse Control, 1958;
Astle, 1999). Concerned about the spread of tsetse from the valley, a scheme was
initiated in 1944 to protect the commercial farmers on the eastern plateau by
separating cattle from tsetse. A buffer zone was created by clearing woodland along
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a perimeter line and any wild animals on the plateau side were shot. A total of 9182
animals had been shot by 1950 (Astle, 1999) and 2776 were killed between 1956 and
1964 (Clarke, 1964). Other control policies adopted in Northern Rhodesia included
discriminative bush-clearing and the spraying of insecticides, initially form the
ground and later from the air (Department of Game and Tsetse Control, 1958; Park,
1969). In the Luangwa Valley, most of this control effort appears to have been
concentrated in the Fort Jameson District with little work carried out further north. In
the departmental annual report for 1958, the situation in Lundazi District is described
as being ‘wide open’ with no tsetse control measures in force.
2.5.4.2

Regional control measures

Despite successes in controlling tsetse in many areas the absence of any barriers to
re-invasion resulted in many of the gains from earlier control measures being lost. As
a result of this, several international collaborative efforts to eradicate tsetse were
attempted. The first of these was launched by the Food and Agriculture Organisation
(FAO) in 1972 which aimed to eradicate tsetse from Africa within ten years using
insecticidal spraying (Hursey, 2001). After the failure of this programme to achieve
its very ambitious aims, a regional approach to tsetse control in southern Africa was
proposed. This proposal, referred to as the Regional Tsetse and Trypanosomiasis
Control Programme (RTTCP), was granted European Union funding in 1984 and ran
until the late 1990s. When it commenced the objective was the eradication of tsetse
from the entire common fly belt of southern Africa (Jordan, 1985), but the focus
changed to control in prioritised areas when it became apparent that eradication was
not achievable.
The SLNP was selected as one of the sites used to monitor the effects of the RTTCP
and much research into tsetse and trypanosomiasis was conducted there and in the
surrounding GMA as part of the programme. Many of the results of this research
have been published including investigations into the distribution of trypanosome
infections (Woolhouse et al., 1996), age prevalences (Woolhouse et al., 1994;
Woolhouse & Hargrove, 1998), the dynamics of trypanosome infections (Leak &
Rowlands, 1997) and the distribution of tsetse species using remotely sensed data
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and climate data (Robinson et al., 1997a; Robinson et al., 1997b). Infection rates in
tsetse recorded in the SLNP during the RTTCP are summarised in Table 6 below.

Reference

Woolhouse

Tsetse
species

Prevalence (95% CI)

Number
Duttonella

Nannomonas

Trypanozoon

Total

6.20

3.03

0.11

9.35

(5.45-7.03)

(2.50-3.64)

(0.03-0.28)

(8.43-10.33)

GP

3691

Leak

GP

11596

1.80

1.00

0.08

2.88

(1997)

GM

1057

3.10

2.20

0.02

5.32

GP

9527

3.06

0.76

0.01

3.83

Unpublished
data

(2.73-3.43)

(0.59-0.95)

(0.00-0.06)

(3.45-4.24)

(1996-97)

GM

513

2.14

0.78

0.00

2.92

(1.08-3.80)

(0.21-1.98)

(0.00-0.72)

(1.65-4.78)

(1994)

GM = Glossina morsitans morsitans; GP = Glossina pallidipes
Table 6: Summary of the trypanosome infection rates recorded in tsetse by various studies in
the SLNP. The unpublished data was collected as part of the RTTCP and analysed during this
study. It is important to note that the prevalence reported for Trypanozoon infections is likely to
be an under-estimate of the true prevalence as salivary glands were only dissected if the mouth
parts were found to be positive.

Tsetse fly densities recorded in the SLNP during the RTTCP were high suggesting
that the Luangwa Valley remained a very suitable habitat. The graphs in Figure 9 and
Figure 10 below illustrate monthly mean tsetse counts in 1996 and 1997 for G.
pallidipes and G. m. morsitans sampled using Epsilon traps. Clear seasonal
fluctuations in counts are demonstrated in the two vegetation types sampled,
particularly for G. m. morsitans species. Glossina brevipalpis were also recorded
during this period, but only in very small numbers because of the sampling method
used and the occupation of a niche habitat close to rivers.
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Figure 9: Mean monthly counts for G. pallidipes sampled in the SLNP using Epsilon traps (TH =
thicket, RWT = Riverine woodland and thicket, source = RTTCP monthly reports).
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Figure 10: Mean monthly counts for G. m. morsitans sampled in the SLNP using Epsilon traps
(source = RTTCP monthly reports). The scale is different from the figure above as counts for
this species were much lower than for G. pallidipes.

More recently a new international collaborative approach to tsetse control has been
launched with the formation of the Programme Against African Trypanosomiasis
(PAAT). The programme seeks to adopt a common strategy that will lead to a
harmonised and standardised approach to trypanosomiasis control (Hursey, 2001).
Demonstrating African governments continued support for tsetse eradication, the
Organisation of African Unity (OAU) has also agreed to act collectively in a PanAfrican Tsetse and Trypanosomiasis Eradication Campaign (PATTEC) ‘in order to
render Africa tsetse-free within the shortest possible time’ (Hursey, 2001).
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2.6

Land use and development programmes in the Luangwa
Valley

2.6.1 Early community involvement in
management in the Luangwa Valley

natural

resources

It is clear from reading Marks account of the Bisa people that they had developed
strategies to manage the environment around them and to survive in a somewhat
hostile environment (Marks, 1984). Strategies to manage and utilise the local wildlife
had evolved over the centuries and hunting became a central component of their
culture. These strategies served to supplement dietary requirements, especially at
times of drought, and to limit crop damage from wildlife. However, the onset of the
colonial era resulted in the imposition of laws and regulations to control the
utilisation of wildlife and to protect the environment from the perceived threat from
the local people. These laws were based on the ‘fines and fences’ approach which
can be traced back to the creation of the world’s first national park, Yellowstone, in
1872 (Bere, 1957). According to Marks the inhabitants of the valley became
marginalised and alienated by these new laws and consequently have a negative view
of conservation today (Marks, 1984).
In spite of this, there is evidence that the colonial administration in Northern
Rhodesia attempted to ensure that the local valley inhabitants received some benefit
from wildlife as early as 1941. The Game Ordinance passed that year made the issue
of hunting licenses the responsibility of the Native Authority and a proportion of the
revenue generated was passed back to the authority (Astle, 1999). Although central
government was given more control under a new ordinance in 1954, this move
represented the first attempt by the administration to give the local stakeholders some
benefit from the new regulations. Other initiatives around this time include the
proposal by Norman Carr to start a ‘conducted hunting party scheme’ in 1949 with
revenues going to the Native Authority (Department of Wildlife Fisheries and
National Parks, 1978) and the creation of the native authority reserve in Nsefu
described earlier. Despite these early inclusive policies, centralised control was
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strengthened towards the end of the colonial administration and in the early period
after independence.

2.6.2 United Nations land use and development projects
Several development and land use projects were initiated during the 1960s, most
notably a land use and ecological survey conducted by a team of expatriates from the
Food and Agriculture Organisation (FAO) of the United Nations (UN) (Dodds &
Patton, 1968). Tasked with preparing a management plan for the future development
of wildlife utilisation on the basis of their survey results, this project resulted in much
controversy. In the first sentence of the summary and recommendations of the project
report, the authors claimed that ‘the Luangwa Valley has suffered from improper
land-use practices for several thousands of years’ (Dodds & Patton, 1968). Among
their most controversial recommendations were that the people of the Munyamadzi
corridor, numbering approximately 5000, should be resettled elsewhere and that a
game cropping programme should be initiated. The movement of the Bisa people
from the corridor had been discussed previously by the colonial administration as
well, but was never approved (Astle, 1999). The proposals in the report led to a
United Nations Development Program (UNDP) project, the Luangwa Valley
Conservation and Development Project, which started in 1969. This included the
Kakumbi elephant culling scheme which was generally considered to have been a
failure (Marks, 1984) and has even been described as a ‘tragicomedy’ (Abel &
Blaikie, 1986).

2.6.3 Community based natural resources management (CBNRM)
programmes
2.6.3.1

The Lupande development workshop

In the late 1970s and early 1980s it became clear from the spiralling poaching crisis
were that the centralised protectionist policies practiced at that time were no longer
working. A new approach was required and various ideas discussed at a workshop
held in Lupande GMA in 1983 (Gibson & Marks, 1995). People attending the
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workshop included representatives from international donor agencies, conservation
organisations and Zambian government departments. The participants agreed that
wildlife was a critical resource for development and that successful management of
this resource required the participation of local communities. However, two separate
schools of thought emerged about how best to achieve this with the result that two
separate community conservation projects were implemented (Astle, 1999). These
projects represented a significant change in the approach to conservation and the
management of protected areas in the Luangwa Valley and were the first real
attempts at CBNRM.
2.6.3.2

Luangwa Integrated Resource Development Project (LIRDP)

The Luangwa Integrated Resource Development Project (LIRDP) was one of the two
projects to emerge after the Lupande workshop and became operational in 1988
(Wainwright & Wehrmeyer, 1998). The scope of the project was broad involving all
natural resources rather than just wildlife. Development objectives included activities
such as land-use planning, road and bridge construction, various co-operatives,
wildlife conservation and tourism (Astle, 1999). The project area included the SLNP
as well as Lupande GMA as tourism revenues were an essential component. The
project secured the support of the first president of Zambia, Kenneth Kaunda, as well
as financial backing from the Norwegian government.
The LIRDP had a complex management structure with a revolving fund created to
distribute proceeds to the local communities. Of these proceeds, 60% were kept for
the management of the programme and project operations, with the remaining 40%
for local development initiatives (Wainwright & Wehrmeyer, 1998). These initiatives
included attempts to establish profitable businesses such as a grain mill, a safari
hunting operation, a tourist camp and a bus service, all of which failed (Astle, 1999).
After the election of Fredrick Chiluba in 1991 the project was placed under the
ministry of tourism with a director from the NPWS.
An assessment of the impact of the LIRDP on the local communities concluded that
the majority of its aims were not being transferred (Wainwright & Wehrmeyer,
1998). There was a failure to disseminate conservation knowledge, integrate
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community participation and improve living standards. It was also not clear if the
aim of sustainability was achievable. However, on the positive side it was concluded
that wildlife had become more important to local people and that poaching had been
reduced, although this may not have been exclusively attributable to CBNRM. A
separate study identified a degree of resentment in the local population about safari
hunting, despite its role as the main source of revenue generation, and also identified
weaknesses in the dissemination of knowledge in the project (Balakrishnan &
Ndhlovu, 1992). A more recent review has suggested that the perceived failure of the
project to benefit the community was due to the fact that decision making regarding
the spending of revenues generated was dominated by the local chiefs (Child, 2004).
This was changed in 1996 when revenues were paid into village action groups rather
than through the representative committees and the project thus evolved into a more
successful second generation CBNRM programme with a ‘bottom up’ management
model. The result was a dramatic improvement in benefits to communities and
attitudes to wildlife (Child, 2004).
2.6.3.3

Administrative Management Design for Game Management
Areas (ADMADE)

The other project to emerge from the Lupande workshop was the Lupande
Development Project which was implemented in the lower half of Lupande GMA
(Lewis et al., 1990). It was regarded as an attempt by the NPWS to maintain control
over wildlife management in the Luangwa Valley and to counter the expatriate
dominated LIRDP (Gibson & Marks, 1995). Due to the apparent success of this
initial project, it was later expanded into the nationwide Administrative Management
Design for Game Management Areas (ADMADE). The ADMADE approach relied
on the utilisation of wildlife through professional safari hunting with the proceeds
being shared with local inhabitants (Lewis & Alpert, 1997). Revenues were again
distributed via a revolving fund with 40% of the revenue going to the community and
60% going to the department for the management of the wildlife estate (Lewis et al.,
1990).
One important component of the project was the employment and training of local
residents as ‘village scouts’ responsible for law enforcement in the GMAs. This had
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the dual function of providing employment for local residents and improving the
cost-effectiveness of policing the areas. The initial results of the project were very
encouraging with substantial revenues being paid to the communities and a dramatic
fall of 90% in illegal hunting (Lewis et al., 1990). However, a critical revue of the
programme identified many shortcomings (Gibson & Marks, 1995). These included
accusations that, once again, chiefs wielded to much influence over the distribution
of funds, that nepotism was common and that ADMADE revenues were too small
once village scout salaries had been paid. One of the most serious criticisms from a
conservation point of view, however, is that the programme has not in fact resulted in
a decrease in illegal hunting, but has simply changed the hunters’ routines (Gibson &
Marks, 1995; Marks, 2001). Hunters did not stop hunting, but instead changed their
targets to smaller species and increased the use of snaring.
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2.7

The current state of protected area management in the
Luangwa Valley

2.7.1 The protected areas of the Luangwa Valley
Four national parks are recognised in the Luangwa Valley under the new Act (Figure
12).The function of the national parks is essentially to provide a breeding
environment after which the population can spill over to the GMAs for consumptive
purposes (Changa Management Services, 2006). NLNP is situated on the west side
of the Luangwa River and is largely a wilderness area. The park has recently been
zoned to allow for limited tourism development as well as wildlife viewing facilities
for day visitors (ZAWA, 2001). Covering some 4640 sq. km., the park includes the
most diverse range of habitats of all the Luangwa Valley parks. The boundary covers
much of the Muchinga Escarpment and therefore the park includes moist miombo
woodland habitat. The rest of the park is largely Combretum-Terminalia woodland,
mopane woodland and wooded grassland (Smith, 1998). Perennial rivers include the
Luangwa River bounding the east and the Mwaleshi River passing through the
middle of the park.
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Figure 11: Vegetation map of NLNP (Smith, 1998).

SLNP is the largest national park in the Luangwa Valley covering 9050 sq. km.. The
Luangwa River forms the eastern boundary of the park except where Nsefu sector
adjoins the main park and where the river cuts through the southern Chilongozi
section of the park. On the western side the boundary extends to the lip of the
Muchinga escarpment. A characteristic feature of the SLNP vegetation is secondary
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grasslands formed from degraded mopane woodland, which has been postulated to
be caused by browsing pressure from elephants with water-logging and fire also
potentially implicated (Smith, 1998). This was not recorded in Astle’s study in 1965
(Astle et al., 1969), conducted before the well documented increase in elephant
numbers in the 1970s (Caughley, 1976). SLNP also contains many ox-bow lakes and
lagoons formed from the meandering path of the Luangwa River surrounded by a
narrow belt of riverine woodland. The park is the highest revenue-earning park in
Zambia with 17853 international and 6076 domestic visitors entering the park in
2004 (ZAWA, 2004). The small town of Mfuwe located outside the main access
route into the park is rapidly developing as a result of the expanding tourist industry.
Luambe national park (LNP) is much smaller with official figures for the area
covered being 254 sq. km. The park is described in detail in Chapter III. The fourth
national park (NP) in the Luangwa Valley, Lukusuzi NP, lies on the eastern plateau
and is very undeveloped and under-resourced. Predominant vegetation is miombo
woodland interspersed with grasslands. There are no tourist facilities and only one
poorly maintained road through the park. Of the national parks in the valley, the
status of SLNP has been classified as stable, NLNP as recovering and both LNP and
Lukusuzi NP as declining (Changa Management Services, 2006). The ZAWA annual
report for 2004 classified both NLNP and SLNP as prime NPs whereas LNP was
classified as a secondary NP and Lukusuzi NP as under-stocked (ZAWA, 2004).
The Luangwa Valley contains nine GMAs, many of which are classified as prime
hunting areas (Table 7). Together they cover a much larger area than the NPs and
contain a wide diversity of wild flora and fauna. Consumptive utilisation of wildlife
is allowed, but is regulated by the ZAWA. There are no restrictions on human
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Figure 12: Map of the national parks and game management areas of the Luangwa Valley. Inset
is an outline of the national boundary of Zambia showing the location of the Luangwa Valley.

settlement or agricultural practices. In conservation terms, the GMAs have slightly
conflicting functions in that they are intended to provide buffers and wildlife
corridors around and between NPs, while at the same time allowing for the utilisation
of the wildlife in them for economic purposes.
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Game management area

Hunting block

Status

Chisomo

Under-stocked

Luano

Lower Luano

Secondary

Luano

Upper Luano

Under-stocked

Lupande

Upper Lupande

Prime

Lupande

Lower Lupande

Prime

Lumimba

Chanjuzi

Prime

Lumimba

Nyaminga

Secondary

Lumimba

Mwanya

Prime

Mukungule

Secondary

Munyamadzi

Luawata

Prime

Munyamadzi

Nyampala

Prime

Musalangu

Chifunda

Prime

Musalangu

East Musalangu

Secondary

Musalangu

West Musalangu

Secondary

Musalangu

Chikwa

Secondary

Sandwe

Sandwe

Secondary

West Petauke

Luembe

Prime

West Petauke

Nyalungwe

Prime

Chisomo

Mukungule

Table 7: Game management areas and the status of hunting blocks in the Luangwa Valley
(Source: ZAWA hunting quotas 2007).

2.7.2 Community
based
programmes

natural

resources

management

The creation of the new ZAWA in 2000 led to a re-structuring of the department and
the strengthening of the CBNRM concept under the Wildlife Act 1998. Two new
institutions were created, namely Community Resource Boards (CRBs) and Village
Action Groups (VAGs) (Changa Management Services, 2006). Village action groups
are made up of 7-10 elected members from a number of households in one or more
village. The chairmen and secretaries of the VAGs form the CRB with the chief as
the patron. The CRBs form a link between ZAWA and the communities and have
several functions. Firstly, they are responsible for the development of an integrated
approach to development and management of natural resources in the GMA.
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Secondly, they are expected to co-negotiate agreements for safari hunting operations
together with ZAWA. Thirdly they are expected to manage the local wildlife and
employ village scouts for law enforcement purposes. Finally, they are expected to
develop and implement management plans for the area under their jurisdiction.
In exchange for the above responsibilities, 45% of all revenue generated from safari
hunting is paid directly to the CRBs with 5% going to the chief and the remaining
50% going to ZAWA (Lewis, 2005b; Musumali et al., 2007). The CRBs are
empowered to spend the revenue in any way they decide, either on community
projects such as schools and clinics or on more direct measures for householders
such as cash or food for drought relief. However, despite the good intentions, a
critical review of CBNRM in Zambia has recently suggested that the programme is
failing to truly empower local communities and highlights many problems with the
current situation (Musumali et al., 2007). The study identified problems with
revenues being inadequate to meet community expectations, few direct benefits at
the household level, suspicions of corruption and mismanagement, too much
influence still being wielded by chiefs and a lack of willingness of the state to truly
relinquish control over resources. They also suggested that there was evidence of a
dependency culture created by the previous LIRDP.

2.7.3 Agricultural development
Agriculture, at both the subsistence or semi-commercial level, is the main
occupation, revenue provider and source of food for the local valley inhabitants
(Wainwright & Wehrmeyer, 1998). Livestock keeping is still rare in the Luangwa
Valley, largely due to the high trypanosomiasis challenge, but also due to problems
with predation, poor suitability of the environment for domestic livestock, the lack of
veterinary support services and the prevalence of diseases such as Newcastle’s
disease, African swine fever and theileriosis. The Luangwa Valley is generally a
difficult environment for agriculture with droughts and corresponding food insecurity
common (Marks, 1984). Many areas are very suitable for growing cotton (Astle,
1999) and this is utilised as a cash crop by some communities.
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However, as in many remote communities, restricted access to outside markets
severely limits the benefits attainable through agriculture. An attempt to rectify this
has been piloted in the Luangwa Valley through the Community Markets for
Conservation (COMACO) initiative (Lewis, 2005a). This is an attempt to encourage
environmentally sustainable farming practices (referred to as conservation farming)
through assistance with marketing and the production of value-added products. The
production of cash crops such as cotton and tobacco, which compete with food
security, is discouraged while products such as rice, groundnuts, soya beans, honey
and poultry are encouraged. Producer groups are organised into cooperatives with
regional trading centres set up as trading depots. In return the cooperative must use
conservation farming methods, abandon illegal hunting methods and develop land
use plans for sustainable natural resource management.
Following the ending of free veterinary services for livestock owners in communal
areas in 1990, government assistance for small scale farmers has been very limited.
Some assistance has been provided through Non-governmental Organisations
(NGOs) operating in the valley, including the dissemination of a low cost vaccine for
Newcastle’s disease which has been carried out in conjunction with the COMACO
initiative (Lewis, 2005b). Limited assistance has been provided recently for the
chemoprophylaxis of cattle for trypanosomiasis in the populated area surrounding
Mfuwe, through grants from the African Development Bank (ADB). This, together
with encouragement from the local chief and a perception amongst people of the
eastern plateau that their lands are not fertile, has led to an influx of people and cattle
into the area in recent years (Mubanga, 2008). Free vaccination of dogs in the area
around Mfuwe is also carried out regularly by Veterinary Department staff from the
Tsetse Research Station in Kakumbi.
Agricultural census figures for Mambwe District (Table 8) demonstrate the reliance
on chickens as both a protein source and potential income earner. However, the
figures also demonstrate clearly that the keeping of cattle, goats and pigs is now
common in this part of the Luangwa Valley, most likely as a result of the reasons
outlined above. The figures for Mpika District are included as a comparison and
most of these will be on the western plateau rather than in the Luangwa Valley itself.

Chapter II

94

None of these figures are densities and a direct comparison between the two districts
cannot be made, but they serve to illustrate the considerable numbers of livestock
now reared in Mambwe District. Most other Districts in the Luangwa Valley still
have an almost complete lack of any livestock keeping with the exception of poultry.

Species

Number of animals
Mambwe District 2006

Mpika District 2007

Pigs

4006

5631

Goats

8078

6495

Sheep

297

2788

Donkeys

15

12

Cattle

3704

4587

Dogs and Cats

3421

1633

Chickens

46863

23775

Ducks

1597

8933

Guinea Fowl

569

622

Pigeons

2558

692

Rabbits

54

531

Table 8: Agricultural census figures for Mambwe District 2006 and Mpika District 2007
(source: Ministry of Agriculture).

2.7.4 Public private partnerships
The protected areas of Zambia presently cover approximately 30% of the land mass
and consequently the management of these areas places a huge strain on the
resources of an already stretched ZAWA. One strategy adopted to reduce
management costs and enhance the financial sustainability of the authority has been
the initiation of public private partnerships with NGOs for the management of
protected areas (Changa Management Services, 2006). Several of these were active
in the Luangwa Valley at the time of writing, but the first such example was
provided by the Save the Rhino Trust in the 1980s (Astle, 1999). The trust provided
the NPWS with assistance in law enforcement and research activities in the Luangwa
Valley and elsewhere. Although ultimately unsuccessful in its objective to prevent

Chapter II

95

the local extinction of the black rhinoceros, the trust did help to raise awareness of
the poaching crisis in the rest of the world.
The longest standing public private partnership in the Luangwa Valley is the North
Luangwa Conservation Project (NLCP), managed by the Frankfurt Zoological
Society (FZS) and the ZAWA (previously NPWS) since 1986. This has proved to be
a highly successful partnership whose achievements have included the reintroduction of 5 black rhinoceros into a sanctuary in the NLNP in 2003 (Van der
Westhuizen, 2003), with another 15 re-introduced over the next four years. The
NLCP has also been responsible for the zoning of the NP to enable the controlled
development of tourism as well as the development of land use plans for the
surrounding GMAs in conjunction with the local communities. More recently, the
Luangwa Wilderness Trust entered into an agreement to co-manage the LNP with the
ZAWA.
In a slightly different development, the South Luangwa Conservation Society
(SLCS) was formed in 2003 to assist ZAWA with its law enforcement objectives and
to run community and natural resource management projects. The society was
formed out of the remnants of the Honorary Rangers Rapid Action Team (Ratz),
originally funded by concerned local safari operators in the Mfuwe area, when it
became apparent that it needed to be incorporated more closely with the ZAWA. As
well as assisting the ZAWA with law enforcement activities, the SLCS assists with
the removal of snares from animals and runs a variety of community and education
projects. It also acts as an umbrella organisation for small scale conservation and
education projects operating in the Luangwa Valley.

2.7.5 Nyika Transfrontier Conservation Area
One of the more interesting developments in the field of protected area management
in recent years has been the development of Transfrontier Conservation Areas
(TFCAs) in southern Africa. The boundaries of many countries in Africa have long
been recognised as being arbitrarily designated without consideration of tribal or clan
groupings, animal migration routes or ecosystems. The Peace Parks Foundation was
launched in 1997 with the aim of facilitating the formation of cross border initiatives
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to better conserve natural systems that lie across such arbitrary boundaries. The
central philosophy has been the promotion of eco-tourism as a preferred method of
land use in order to maximise both the economic benefits from these areas and the
protection of natural resources (http://www.peaceparks.org/, accessed 10/11/08).
In 2004, a Memorandum of Understanding was signed by the Ministers of
Environment for Zambia and Malawi in the first step towards the creation of a
Malawi / Zambia TFCA (ZAWA, 2004). The TFCA has two components, the Nyika
TFCA and the Kasungu / Lukusuzi TFCA. The boundary of the Nyika TFCA
includes the Nyika NP in both countries, the Musalangu GMA, Mikuti forest reserve
and Mitenge forest reserve on the Zambian side and the Vwaza Marsh wildlife
reserve on the Malawian side. The boundary of the Kasungu / Lukusuzi TFCA
incorporates the Lukusuzi NP and Lundazi forest reserve on the Zambian side and
the Kasungu NP in Malawi. Initial project activities have included a cross border law
enforcement operation, a wildlife restocking operation and the drafting of joint
management and tourism plans. At the time of writing the Malawi / Zambia TFCA
International Treaty had yet to be signed.
One of the main ideas behind the TFCA initiative is the creation of ‘megaparks’ that
reflect the natural migration routes of large herbivores and, in particular, elephant.
Wildlife corridors have been known to be important in the prevention of ecological
islands and it has been proposed that they could assist in the management of the
destructive effects of over-population with elephants without resource to culling (van
Aarde et al., 2006). TFCAs do, however, present the potential to adversely affect the
disease security of both wildlife and domestic animal populations. The disease status
of the wildlife populations in most of the areas covered by the Malawi / Zambia
TFCA is unknown due to the lack of any monitoring programme. Furthermore, the
creation of biological bridges and the relaxation of international boundaries could
potentially extend the geographical range of pathogens (Bengis, 2003) and the
translocation of wildlife presents particular risks for disease transmission (Leighton,
2002).
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Figure 13: Map of the Malawi / Zambia TFCA produced by the Peace Parks Foundation
(http://www.peaceparks.org/)
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2.8

Discussion

From this review it is clear that many of the issues facing managers of protected
areas in the Luangwa Valley today have their origins in the history of the valley.
From the early days of settlement in the Luangwa Valley, by people regarded as
outsiders, the local inhabitants have felt disenfranchised from developments.
Economic and political developments in the 20th century have left many of them
marginalised and living in poverty (Marks, 1984). Regulation of protected areas has
been largely governed by the western world’s values, originating from protectionist
ideas and the ‘fines and fences’ approach so alien to the local inhabitants’ culture.
Many of the current disputes over the boundaries of NPs can be traced back to
mistakes made in the original gazetting of the areas or a perception by the local
inhabitants that their opinions were not considered. Evidence exists, however, to
suggest that colonial authorities did try to respect the wishes of the local people
(Astle, 1999). The degree of community involvement in resource management in the
latter stages of the colonial administration, including the creation of native authority
reserves and the conducted hunting scheme, was also very progressive for its time.
One of the big challenges facing managers of protected areas in the Luangwa Valley
through history has been the lack of adequate logistical and financial resources. The
ZAWA is responsible for overseeing some 30% of the total land mass of Zambia and
is supposed to be a financially self-sustaining institution. The initiation of private
public partnerships has been a successful way of managing this problem, but it is
important that ZAWA continues to play a prominent role in these partnerships. The
protected areas are clearly a huge asset in terms of both their intrinsic ecological
value as well as their economic value, but they can also become a significant drain
on resources. There has been a large reliance placed on safari hunting for the
generation of income from protected areas with little research conducted into the
long term sustainability of this approach. Many of the hunting quotas appear to be
based on historical off-takes with the only monitoring of their applicability being the
size of trophies obtained. Also of concern is resentment and negative sentiments
generated amongst some community members about the fact that outsiders can hunt
wildlife that they themselves are forbidden to (Wainwright & Wehrmeyer, 1998).
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This highlights concerns expressed by some authors that the economic inducements
of CBNRM programmes ignore the cultural significance of hunting to societies
(Marks, 1984; Gibson & Marks, 1995). Although the legislation allows local
residents to purchase hunting licences, the cost is prohibitive for most valley
residents.
Trypanosomiasis has clearly had a very large effect on both the development and the
administration of the Luangwa Valley. The ‘morbid mystique’ surrounding the
human form of the disease (Rickman, 1974) and difficulties in its treatment have lead
to profound effects on the societies of the Luangwa Valley and have influenced
where people have settled. Although official government statistics have suggested
that it has become rare in recent years, this should be accepted cautiously given the
lack of surveillance. A recent case in a tourist who had visited the Luangwa Valley
(Moore et al., 2002) illustrates the potential for the disease to generate negative
publicity for the developing tourist industry if neglected. The most profound effect of
trypanosomiasis, however, has been its influence over land use systems adopted in
the valley. The preclusion of livestock keeping from most areas of the valley, except
during a short period after the rinderpest epidemic, has dramatically affected the
landscape and ecosystems present in the valley today.
The introduction of CBNRM programmes in the Luangwa Valley represented a
significant change in the management of protected areas from the centralised
protectionist policies of the past. Despite the good intentions of the programmes and
early optimism about their potential, most studies have suggested that the
programmes are largely failing to achieve their goals (Gibson & Marks, 1995;
Wainwright & Wehrmeyer, 1998; Marks, 2001; Musumali et al., 2007). One of the
major obstacles to their success appears to be the way revenues are directed to the
community. Benefits are largely shared within the community so there is no real
incentive for an individual to modify his or her behaviour. Chiefs continue to wield
significant influence over the way proceeds are spent and the lack of land tenure
rights in communally owned areas undermines the inhabitants’ rights to utilise the
resources. Central government is also reluctant to genuinely hand over control of
natural resources to communities (Gibson & Marks, 1995; Musumali et al., 2007).

Chapter II

100

There has been a lack of transparency and accountability in the way funds are
utilised by communities and accusations of corruption are not uncommon. Although
this sounds like a catalogue of failures it is clear that CBNRM has also brought about
some improvements for the local inhabitants. Employment opportunities have been
enhanced (Lewis et al., 1990; Gibson & Marks, 1995) and communities have
benefited from the community projects or revenues received. Law enforcement has
also improved (Lewis et al., 1990) and wildlife is considered a more important
resource than previously (Wainwright & Wehrmeyer, 1998). Although a long way
from being perfect, the principle of CBNRM is likely to be a more rewarding
approach in the long term and is certainly more socially acceptable.
Agriculture has historically been the main occupation and food provider for most
communities in the Luangwa Valley, despite the lack of much development. The
indigenous people have developed their own unique set of adaptations to effectively
manageing the harsh environment without livestock. The recent COMACO,
conservation farming and other community initiatives, along with the provision of a
low-cost vaccine against Newcastle’s disease, have illustrated the potential that exists
to improve the food security and earning potential of these people in an
environmentally sustainable manner. However, the influx of people and their cattle
into the Luangwa Valley from the eastern plateau threatens to disrupt present
initiatives and may conflict with current conservation orientated land use activities. It
represents a significant diversion from the traditional land use practices of the area
and has questioned the widely held belief that livestock keeping is not possible in the
Luangwa Valley. Modification to the environment by the human population
developing around the tourist centre at Mfuwe, together with support for
chemoprophylaxis from the ADB, have allowed the survival of large numbers of
domestic livestock for the first time since the rinderpest outbreak in the late 19th
century.
The long term sustainability of this development, however, and the benefits to the
indigenous people of the valley are highly questionable. Assuming that the
trypanosomiasis challenge can be managed (and it is not clear how long support for
chemoprophylaxis will be forthcoming for) the high dependency of cattle, pigs and
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sheep on water, coupled with dire predictions of droughts and water shortages in the
region due to the effects of global warming, mean that livestock farming will always
be difficult and potentially damaging to the environment. The ecological changes
resulting from this change in land use could potentially alter the long term dynamics
of sleeping sickness transmission in the valley with cattle likely to become a new
reservoir for the disease as has happened elsewhere in Africa (Welburn et al., 2005).
The influx of more affluent people with different cultural values may also have a
negative cultural impact on already impoverished and marginalised communities in
the valley. However, with the population density much lower in the rest of the
Luangwa Valley and the pressure for land much reduced, the trypanosomiasis
challenge is likely to remain high enough to preclude livestock farming for the
foreseeable future. Land use systems based on the conservation of wildlife coupled
with sustainable conservation farming methods are therefore more likely to be of
long term benefit for the people of the valley than those based on livestock farming.
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2.9

Conclusion

Despite the many historical conflicts illustrated above, it would appear that there are
grounds for optimism about the long term future of the protected areas of the
Luangwa Valley. The introduction of CBNRM programmes should eventually lead
to a more inclusive protected area management policy and the promotion of
sustainable farming practices will improve food security and reduce poverty. This
will in turn have a beneficial effect on the conservation of the environment and lead
to less reliance on safari hunting as a source of income. The re-introduction of black
rhinoceros into NLNP was a symbolic event that would not have been conceivable in
decades past. The Malawi / Zambia TFCA initiative is an exciting development that
could present many benefits to both the environment and local inhabitants alike.
With the value of multiple-use areas to biodiversity conservation being increasingly
recognised (Gardner et al., 2007), developments that allow the co-existence of
people alongside the rich fauna and flora of the Laungwa Valley seem increasingly
likely to be achieved.
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3 Chapter III

The generation of a land cover classification

of Luambe National Park using remotely sensed imagery
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3.1

Introduction

3.1.1 Land cover mapping
The ability to accurately map the landscape is one of the most fundamental
requirements for research and monitoring of the earth’s environment. Indeed, land
cover change has been described as the single most important variable of global
change affecting ecological systems (Vitousek, 1994). The history of map making, or
cartography, may be traced back as far as 6200 B.C. and pre-dates the use of the
written word4. However, in recent years advances in technology have dramatically
changed our ability to produce high quality land cover maps, particularly of remote
and inaccessible areas.
Initial attempts at land cover mapping in Africa relied on extensive ground surveys
which were costly in terms of both time and resources (Tucker et al., 1985). Large
scale vegetation maps of the whole continent were produced in this manner (White,
1983) and are still a very valuable resource today. Smaller areas are easier to map
using ground surveys, but are still expensive to produce. More recently, advances in
remote sensing data capture and processing techniques have created many new
opportunities for mapping and monitoring of the environment. Satellite imagery has
been used since the 1970s as an accurate and cost-effective tool for deriving regional
vegetation and land cover information (Bourne & Graves, 2001). This chapter
explores the use of remote sensing data for the production of a land cover
classification of Luambe National Park (LNP) in the Luangwa Valley in Zambia.
This work provided the framework for the generation of a robust study design for a
survey of the tsetse fly (Glossinidae species) population within the park. It also
enabled the generation of a robust study design for a survey of potential hosts of
tsetse in the park, using distance sampling methods. These two surveys are described
in Chapter IV of this thesis.

4

http://www.henry-davis.com/MAPS/Ancient%20Web%20Pages/100mono.html
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3.1.2 Remotely sensed data
Remote sensing may be defined as the science and art of obtaining information about
an object, area, or phenomenon through the analysis of data acquired by a device that
is not in contact with the object, area or phenomenon under investigation (Lillesand
et al., 2004). Thus there are a vast number of sources of remote sensing data, the best
known examples being aerial photography and satellite imagery. However, it is the
availability of satellite data that has revolutionised the world of land cover mapping
in recent years.
When electromagnetic energy from the sun is incident on any given earth surface
feature, it is reflected, absorbed or transmitted to differing degrees depending on both
the characteristics of the feature concerned and the wavelength of the energy. Energy
may also be emitted by earth surface features. Satellite based remote sensing systems
operate by recording this energy from space with ultra sensitive sensors arranged in
cellular arrays. Each recording is converted to a digital number (DN) corresponding
to its value and stored. This data can be accurately related to the exact location on the
earth’s surface that it corresponds to and therefore the data can be stored in an image
format.
Data sets are available in various temporal, spatial, spectral and radiometric
resolutions, depending on the orbit and the characteristics of the satellite in question.
This is predetermined by the intended use of the data and there is, by necessity, a
trade off between temporal and spectral resolution (i.e. spatial resolution may have to
be sacrificed in order to improve temporal resolution and vice versa)(Rogers et al.,
2002).
Satellites designed for meteorological purposes often have high temporal resolution
and examples include the US Advanced Very High Resolution Radiometer
(AVHRR) on board the National Oceanographic and Atmospheric Administration
(NOAA) satellite series, and the European Meteosat satellite series. The NOAA
satellite series produces about two images every day at a resolution of 1km at nadir,
and the Meteosat geostationary satellite series one image at a resolution of 2.5-5.0
km every 30 minutes. These characteristics make data sets from these sources ideal
for large scale mapping where a lower spatial resolution is acceptable. Tucker et al
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evaluated the use of high temporal resolution AVHRR data to classify land cover and
monitor vegetation dynamics for the whole African continent over a nineteen month
period in the early 1980s (Tucker et al., 1985). In contrast, as part of the Global Land
Cover 2000 project, Mayaux et al used low temporal, high spatial resolution Centre
National d’Etudes Spatiales (CNES) SPOT-4 satellite data to produce a land cover
map of Africa at a spatial resolution of 1 km (Mayaux et al., 2004).
The National Aeronautics and Space Administration (NASA) Landsat satellite series
also provides a low temporal resolution producing one image every 16-18 days. The
spatial resolution, however, is relatively high at 30 m with an additional
panchromatic band in the ETM+ sensor at 15 m. This makes the Landsat an ideal
resource for land cover maps of smaller areas where a greater degree of spatial detail
is required and the use of these images for this purpose is now well established
(Trisurat et al., 2000; Bourne & Graves, 2001; Neuenschwander et al., 2005; Privette
& Roy, 2005; Odiit et al., 2006).

3.1.3 NASA Landsat satellite series
The Landsat satellite series was first put into service in 1972 and has been providing
a continuous data source with global coverage ever since. It represents the world’s
longest continuously acquired source of space-based land remote sensing data
(Tucker et al., 2004). The Landsat Project is a joint initiative of the U.S. Geological
Survey (USGS) and the National Aeronautics and Space Administration (NASA)
designed to gather earth resource data from space. There have been six operational
Landsat satellites with three useful sensors. The MSS sensor is the original sensor
(1972 – present) and has the poorest quality with a spatial resolution of 79 m. The
TM sensor was introduced in 1984 and has improved quality with a resolution of
only 30 m. The ETM+ sensor has the same resolution in most bands, but with an
improved resolution in the thermal band (down from 120m in the TM to 60 m in the
ETM+) and the addition of a panchromatic band with a resolution of only 15 m
(Table 10). The ETM+ sensor is carried by the Landsat 7 satellite and the orbit and
acquisition characteristics are summarised below in Table 9.
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Satellite

Sensor

Swath (km)

L7

ETM+

185

Scene

Size

Altitude

Revisit

(km)

(km)

(days)

170 x 183

705

16

Table 9: Orbit and Acquisition Characteristics of Landsat 7.

Landsat images may be displayed as either single band images or combinations of
three bands depending on the desired characteristics of the image. Bands 3, 2 and 1
create a true colour composite, similar to the appearance in a colour photograph,
whereas bands 4, 3 and 2 create a false colour composite, similar to the appearance in
an infra red image. In general, vegetation discrimination is enhanced through the
inclusion of data from one of the mid-IR (infrared) bands (5 or 7)(Lillesand et al.,
2004).

Band

Spectral
Resolution
(µm)

Spatial
Resolution
(m)

Nominal
Spectrum
Location

Practical Applications

1

0.45-0.52

30

Blue

Coastal water mapping (designed for water body
penetration); soil/vegetation discrimination; forest-type
mapping; cultural feature identification

2

0.53-0.60

30

Green

Vegetation discrimination and vigour assessment
(designed to measure green reflectance peak of
vegetation);cultural feature identification

3

0.63-0.69

30

Red

Plant species differentiation (designed to sense in a
chlorophyll absorption region); cultural feature
identification

4

0.76-0.90

30

Near IR

Vegetation
type,
vigour,
determination; delineation of
moisture discrimination

5

1.55-1.75

30

Mid IR

Soil and vegetation moisture discrimination; snow and
cloud differentiation

6

10.4-12.5†

60

Thermal

Vegetation
stress
analysis;
soil
moisture
discrimination; thermal mapping applications

7

2.08-2.35

30

Mid IR

Mineral and rock type discrimination; vegetation
moisture content

8

0.52-0.92

15

Pan

‘Sharpening’ of multispectral images

biomass
content
water bodies; soil

†Band 6 on Landsat 7 is divided into two bands, high gain and low gain.
Table 10: Summary of the radiometric characteristics of the Landsat ETM+ sensor.
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Ratios of different band combinations, known as indices, have been used to good
effect in vegetation studies. A commonly used example is the normalised difference
vegetation index (NDVI) (Tucker et al., 1985; Lillesand et al., 2004). This is
calculated using the formula:
NDVI 

( NIR  RED)
( NIR  RED)

In Landsat images, NIR corresponds to band 4 and RED to band 3. The NDVI is
used as an indication of vegetation greenness and has been shown to be well
correlated with vegetation biomass (Tucker et al., 1985), leaf chlorophyll levels, leaf
area index values and the photosynthetically active radiation absorbed by a crop
canopy (Lillesand et al., 2004).

3.1.4 Geographical information systems (GIS)
The utilisation of such vast amounts of environmental data from remote sensing
systems has only become possible with the advent of computerised systems capable
of collecting, storing, managing, interrogating and displaying such data. Such
systems are known as geographical information systems and can handle virtually any
type of information about features that can be referenced by a geographical location
(Lillesand et al., 2004). Both locational data and attribute data about such features
may be stored. A geographical information system (GIS) allows for the overlaying of
different datasets (e.g. climate, vegetation type, soil pattern, population size) to
identify factors that may reveal and explain temporal or spatial patterns (Kitron,
1998). Within the field of epidemiology the advent of GIS has greatly enhanced the
study of the spatial distribution and transmission of disease.

3.1.5 Applications of remote sensing data and GIS
Many fields now benefit from the numerous applications of remote sensing data,
including among others global change research, agriculture, forestry, geology,
resource management and hydrology. Of particular relevance to this work, Landsat
data have been extensively used for land cover mapping (Trisurat et al., 2000;
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Bourne & Graves, 2001; Neuenschwander et al., 2005; Privette & Roy, 2005; Odiit
et al., 2006) and have many applications in the expanding field of landscape
epidemiology (Kitron, 1998; Thrusfield, 2007).
3.1.5.1

Image Classification

The objective of image classification is to categorise individual pixels in an image
into land cover classes or themes (Lillesand et al., 2004). This is usually done by
way of spectral pattern recognition techniques, and two broad approaches are
recognised. The first approach, known as unsupervised classification, utilises
algorithms to classify the data according to natural spectral clusters. The image
interpreter then analyses them and assigns class values to each cluster. In contrast the
second approach, known as supervised classification, requires the image analyst to
provide training data (also referred to as reference data) defining class spectral values
prior to the classification. These are areas of known land cover type which are then
used to ‘supervise’ the classification using a computer algorithm. A combination of
both approaches, known as hybrid classification, may also be used. This is most
commonly applied where improvement of the accuracy of the classification is
required (Bourne & Graves, 2001; Odiit et al., 2006). As supervised techniques alone
were used in this study they will be covered in more depth.
The collection of good training data is essential for accurate image classification.
Ideally the training sets should include all land cover classes represented in the image
and should cover the complete range of spectral variation within each class
(Congalton, 1991; Lillesand et al., 2004). Total numbers of training sets collected
will depend on the complexity of the area to be classified, and also the nature and
number of classes sought. Training sets may be collected from areas of known land
cover class from the satellite image itself, from aerial photographs or by way of a
ground-truthing study. The latter is preferable and allows for a more robust
assessment of the accuracy of the classified image (Congalton, 1991).
Numerous mathematical approaches to supervised classification have been described
incorporating both parametric and non-parametric decision rules. One of the most
commonly used is the (Gaussian) maximum likelihood classifier. This quantitatively
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evaluates both the variance and covariance of the class spectral response patterns,
assuming that the class training data is normally distributed (Gaussian). The
probability of a pixel value belonging to each class is then computed and the pixel is
assigned to the most likely class. This is an example of a ‘hard’ or ‘crisp’
classification, where the output for each pixel has only one class value. This type of
classification was developed for the classification of classes that could be considered
to be discrete and mutually exclusive, and it assumes that each pixel is pure and
comprised of a single class (Foody, 1996).
In reality, however, classes may be continuous and integrade gradually with other
classes leading to areas of mixed class composition, particularly near boundaries.
Limits to the spatial resolution of remote sensors may also result in mixed land cover
classes within pixels (Benz et al., 2004). One method of overcoming this problem
has been the adoption of an approach to classification based on fuzzy set theory
(Wang, 1990; Foody, 1996). In this approach arbitrary sharp boundaries, or
thresholds, between classes are avoided. Fuzzy logic operations replace the two
Boolean logical statements ‘True’ (value=1) and ‘False’ (value=0) with a value that
represents a transition between true and false within the continuous range 0 to 1
(Benz et al., 2004). Thus pixels may have a mixed class membership and mixed
pixels are consequently represented in the classification. This is known as a ‘soft’
classification.

3.1.6 Vegetation studies of the Luangwa Valley
The first published attempt to map the vegetation of the Luangwa valley was
provided by Trapnell et al (Trapnell, 1950). They produced a vegetation-soil map of
Northern Rhodesia at a scale of 1:1 000 000. Their classes were based on the
dominant and most extensive vegetation-soil association in the area and thus lacked
detail. Four broad vegetation-soil units were recognised as Brachystegia-Isoberlinia
woodland, ‘Mopane’ woodland, Acacia-Combretum vegetation and thicket. A few
small areas were also identified as wet grassland. Marks roughly described the
vegetation in his study area within the Munyamadzi game management area (GMA)
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in the Luangwa Valley during an anthropological research project in the 1960s
(Marks, 2005).
Astle et al produced a much more detailed description of the vegetation, following
what they describe as a pattern recognition approach (Astle et al., 1969). They
analysed aerial photographs to identify landscape patterns based on the landforms,
rock, soil and vegetation present. This was then followed up with a ground survey to
verify that there was no land that did not correspond to one of the landscape patterns
identified from the photographs. They surveyed the South Luangwa National Park
(SLNP), the North Luangwa National Park (NLNP) east of the Machinga
escarpment, and the surrounding areas. Nine landsystems were characterised which
corresponded to physiognomic units representing all the topographical units in the
area surveyed. Naylor et al and Phiri also both described the vegetation of the valley,
but the area covered is large and the detail less than that of the previous author
(Naylor, 1973; Phiri, 1989).
The most recent study was conducted by Smith who carried out a detailed survey of
the vegetation of the NLNP (Smith, 1998). In this survey aerial photographs were
used to initially identify homogenous vegetation units. From this, physiognomic
units (woodland, bushland, grassland etc.) were differentiated and marked onto the
aerial photographs. Aerial transects were also used to record areas of homogenous
vegetation using a global positioning system (GPS). This was then followed up with
a detailed floristic ground survey of 353 plots and a minor survey of the soils.
Thirteen broad vegetation types were recognised and the areas covered were
accurately marked onto a photographic image of a Landsat satellite scene. The
corresponding map was then digitised for incorporation into a GIS. A check list of
the plants recorded on the survey has since been published (Smith, 1998).
In contrast to the studies described above, Yang and Prince investigated the use of
satellite imagery to monitor vegetation changes in the SLNP and the surrounding
areas (Yang & Prince, 2000). Using archive Landsat MSS imagery covering the
period from 1972 to 1989, bands 5 and 7 were first used to classify the area into five
broad vegetation classes (green miombo woodland on the plateau, valley woodland
and scrubland, grassland and sandy soil, water and burned areas). Band 5 (red band)
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data from the images were then used to assess canopy cover changes over time. This
paper demonstrates the value of satellite imagery for environmental monitoring as
well as for land cover classification.

3.1.7 Objectives
It is clear that the vegetation of both the North Luangwa National Park and the South
Luangwa National Park has been well characterised in previous studies. However, no
detailed survey of the vegetation of Luambe National Park has been published. The
objective of this chapter was to use the supervised classification techniques described
above to produce a land cover classification of Luambe National Park. This would be
of value for the following reasons:

1. It would provide a data set to be used as a base layer in a GIS for research,
monitoring and management purposes in the park.
2. It would enable the use of GIS techniques for the generation of robust study
designs for the surveys of the tsetse population and large mammal population
outlined in Chapter IV of this thesis.
3. It would provide an accurate description of the vegetation units present in the
park and enable the production of a vegetation map for tourists visiting the
park.

In order to achieve these objectives, a target threshold for the overall accuracy of the
classified image was set at 70%.
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3.2

Materials and Methods

3.2.1 Study area
LNP is a relatively small park, situated in the Eastern Province of Zambia. It lies
within the Luangwa Valley which was described in detail in Chapter II. The park lies
between latitudes 12º40' south and 12º20' south, and between longitudes 32º05' east
and 32º25' east. The western boundary of the park is formed by the eastern bank of
the Luangwa River, but the other boundaries are less well defined. The northern
boundary follows, in part, the path of the Lupita River. The eastern boundary forms a
straight line down to the Mukamadzi River which is then followed before forming
another straight line down to the Kangwa River. This river then forms the southern
boundary as far as the Lupita River (two separate Lupita Rivers are marked on maps
of the area, one in the north of the park and one in the south) which is followed until
it joins the Luangwa River.
Luambe was designated a national park in 1972 and covers an area of only 254 sq.
km5. The terrain is relatively flat, especially on the western side of the park which is
characterised by large flood plains. Much of the soil here is dark clay which is
seasonally inundated with water with the consequent proliferation of grassland
species. Several of the ‘tributaries’ of the Luangwa River dissipate in these flood
plains rather than joining the river itself. Relief varies from approximately 540 m by
the Luangwa River to 680 m near the south eastern boundary of the park. In this area
the terrain is more dissected as the altitude increases towards the eastern escarpment
and the Lukusuzi National Park. The vegetation is typical of the Luangwa Valley
floor and will be discussed in more detail later.
The park is bounded on all sides by GMA with Munyamadzi (GMA No. 24) to the
west and Lumimba (GMA No. 21) to the north, east and south. At the time of
writing, the boundary was not well defined on the ground and was the subject of an
ongoing dispute between the Zambian Wildlife Authority (ZAWA) and the local
communities. The nearest communities are those of chief Chitungulu to the north and

5

http://www.zawa.org.zm/
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chief Mwanya to the south. ZAWA has two scout camps manning the park, one at
the northern exit from the park, called Chipuka, and one near the southern park
boundary, called Chakolwa. There is one recognised thoroughfare passing through
the park roughly parallel with the Luangwa River, with rights of way for pedestrians,
cyclists and motor vehicles. Additional roads for game viewing are maintained
within the park by the tourist lodge. Due to the heavy clay soils present in the park
all roads are seasonal and none are passable during the rainy season (normally
November to April). Professional hunting operators maintain seasonal airstrips in
both Chitungulu and Mwanya.

3.2.2 Software used
The software programs and version used for this work are outlined below.
(1) Satellite image processing software:
Erdas Imagine 8.4 (Leica Geosystems AG, Atlanta, USA).
(2) GIS software:
ArcView 3.2 (Esri, Redlands, USA).
ArcGIS 9.1 (Esri, Redlands, USA).
(3) GPS software:
Mapsource 6.13.6 (Garmin, Kansas, USA).
(4) Statistical analysis software:
R: A language and environment for statistical computing (R Development Core
Team, 2008).
(5) Spreadsheet software:
Microsoft Office 2003 ® (Microsoft, USA).
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3.2.3 Abbreviations and acronyms used for vegetation classes

Abbreviation

Acronym

Used

Used

1. Acacia woodland

None

AW

2. Combretum-Terminalia woodland

Combretum
woodland

CTW

3. Grassland

None

G

4. Hill scrub miombo woodland

Scrub
miombo
woodland

HSMW

5. Mopane scrub woodland

Mopane
scrub

MSW

6. Mopane woodland

None

MW

7. Riverine woodland and thicket

Riverine
woodland

RWT

8. Semi-permanent water / aquaticassociation grassland

Aquatic
grassland

SPW/AAG

9. Thicket

None

TH

10. Wooded grassland

None

WG

Vegetation Class

Table 11: Abbreviations and acronyms used for vegetation classes

3.2.4 Preparation of topographical maps
3.2.4.1

Digitalisation of paper maps

Topographical maps6 covering LNP and the surrounding area were obtained to assist
with registration of the satellite image and the production of a park boundary layer.
Four separate maps were required to cover the whole of LNP and these were digitally
scanned to generate .tif images. The projection details of the topographical maps
used are given in Table 12 below.

6

Scale 1:50000. Published by the Surveyor General, Lusaka, 1972. Series ZS 51 1232 C2, 1232 A3,
1232 A4, 1232 C1
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Grid

UTM Zone 36

Projection

Transverse mercator

Spheroid

Clarke 1880 (modified)

Unit of measurement

Meter

Meridian of origin

33º00' east of Greenwich

Latitude of origin

Equator

Scale factor at origin

0.9996

False co-ords of origin

500,000 easting

Datum

New (1950) arc

Table 12: Projection details of the topographical maps.

The scanned digital images were cropped using Adobe Photoshop  to remove the
border area leaving just the map itself.
3.2.4.2

Registration of the digital image

The ArcView 3.2 ImageWarp 2.0 extension (Kenneth R.McVay, available at
http://arcscripts.esri.com) was used to register the scanned digital images. Eight
ground control points were selected from each image and their locations saved in a
spreadsheet along with attribute information that allowed them to be identified. This
data was then saved as a dbf file before conversion into a shapefile. The image warp
extension was then opened and a session started. Using the shapefiles as reference
files, the position of each of the eight points was entered using the GCP pick tool.
The projection was not set at this stage. The RMS was calculated and recorded using
the calculate RMS tool using a polynomial of two. When all values were
approximately ten or less, the Go Write tool was selected and the image was
resampled. The nearest neighbour algorithm was used as the resampling method and
the desired output cellsize was zero. The warped file was saved as a JPEG image.
This process was repeated for each of the four Tif images. The RMS errors for each
image are summarised in Table 13 below.
3.2.4.3

Mosaicing of the image

The four registered images were then joined together to form one single georeferenced image using ArcGIS9. In the Arc Toolbox the data management tab was
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selected, followed by raster and then mosaic. The projection was then set as for the
topographical maps.

Map

X RMS Error

Y RMS Error

1232 A3

0.9636690

0.9812260

1232 A4

0.8932810

0.9327140

1232 C1

0.8465350

1.0094920

1232 C2

0.9635330

1.0498120

Table 13: RMS error for the transformations.

3.2.5 Ground-truthing study
A ground-truthing study was conducted in LNP from August to September, 2005.
The study had four objectives:
1. To conduct a ground survey to familiarise the author with the area and to assist
with the choice of classification scheme.
2. To collect reference data to be used as training data for the supervised
classification algorithm.
3. To collect reference data to be used as test data for the post-classification accuracy
assessment process.
4. To collect ground control points to be used in the satellite image rectification
process.
3.2.5.1

Classification scheme

The classification scheme selected is, to a degree, dictated by the objectives of the
study in question (Congalton, 1991). In this case, an important objective was to
produce a data set suitable for the design and spatial analysis of tsetse and large
mammal surveys within the park. For this reason, the classification level needed to
reflect the main tsetse habitats of the park. It was therefore desirable to distinguish
between woodland classes, for example, rather than to simply classify to the broad
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physiognomic vegetation unit level (i.e. woodland). In order to choose a
classification scheme a ground survey of the area was first initiated. This was carried
out in the months of July and August 2005. The classification of vegetation at the
physiognomic level by White was used to understand the vegetation units
represented in the park (White, 1983) (Table 14).

Physiognomic
vegetation unit

Description

Forest

Continuous stand of trees at least 10 m tall, crowns
interlocking

Woodland

Open stand of trees at least 8 m tall; canopy cover 40% or
more; field layer dominated by grasses

Bushland

Open stand of bushes, 3-7 m tall; canopy cover of 40% or
more

Thicket

Closed stand of bushes and climbers, 3-7 m

Grassland

Land covered with grasses and other herbs; with woody plant
cover 10% or less

Wooded grassland

Land covered with grasses and other herbs; woody plant cover
10-40%

Scrub woodland

Stunted woodland < 8 m tall, or vegetation intermediate
between woodland and bushland

Table 14: The physiognomic classification of vegetation presented by White (1983).

These physiognomic units were then further divided into individual land cover
classes. During selection of these land cover classes, particular reference was made
to the previous detailed studies of the vegetation by Astle et al (1969) and Smith
(1998). Allowances were made for local differences in vegetation type found in LNP
compared with the larger national parks of the Luangwa Valley. Tree and plant
species were identified with assistance from standard field guides covering the
southern African region (Van Wyk & Van Wyk, 1997; Coates Palgrave, 2003a) and
the Luangwa Valley (Smith, 1995; Coates Palgrave, 2003b). Ten land cover classes
were initially selected for the ground-truthing study and reference data were
collected for all classes as detailed below.
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3.2.5.2

Sampling scheme for reference data collection

An areal sample frame was used for reference data collection and the sample unit
was polygons of homogenous vegetation. Polygons were selected rather than
individual pixels or points in order to reduce locational errors (Stehman &
Czaplewski, 1998). Up to twenty sample units were collected for each land cover
class and these were as large as possible. Lillesand recommends a target of 10n to
100n pixels (where n is the number of land cover classes) to be used for training data,
although the more pixels that can be used in training the better (Lillesand et al.,
2004). The total number of sample units collected for training and test data are
presented in Table 15.

Vegetation Type

No. of Polygons

1. Mopane woodland (MW)

20

2. Mopane scrub woodland (MSW)

20

3. Thicket (TH)

20

4. Combretum-Terminalia woodland (CTW)

20

5. Wooded grassland (WG)

20

6. Riverine woodland and thicket (RWT)

21

7. Acacia woodland (AW)

16

8. Hill scrub miombo woodland (HSMW)

9

9. Semi-permanent water / aquatic-association grassland
(SPW/AAG)

20

10. Grassland (G)

20

Table 15: Table showing the land cover classes selected for the ground-truthing survey and the
numbers of reference polygons collected.

Attempts were made to collect samples from all regions of the park so that all
variations in the land cover classes and spectral patterns would be reflected in the
training data. This is also important for statistical analysis of the accuracy assessment
as most standard tests rely on test data collected through a probability sampling
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method (Stehman & Czaplewski, 1998). However, there was a very limited road
network in the study area in 2005 and much of the eastern and southern parts of the
park could not be accessed. This limitation and any implications for the success of
the classification process are dealt with in the discussion.

Figure 14: Map showing the distribution of reference polygons.

Polygons were collected using a hand held GPS (Garmin Etrex). Areas of
homogenous vegetation were identified and the class type evaluated visually.
Evaluation mainly relied on qualitative observations of vegetation physiognomy and
predominant tree or shrub species present. No attempt was made to undertake a
quantitative survey of the vegetation as this was beyond the resources of the study.
Once the polygon had been clearly identified, four or more points representing the
corners were recorded. These were later entered into a spreadsheet and the
appropriate class label applied.
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As the process of reference data collection is time-consuming and logistically
difficult in an environment such as this, the collection of training data and test data
was conducted at the same time. After all the reference data had been collected, a
subset of 25% of all sample units was randomly selected from each land cover class
using the RANDBETWEEN function contained within Microsoft Excel. This subset
was reserved to be used as the test data set with the remaining sample units being
used as the training data set. The test data therefore represents a post-stratified
random sample. This approach to test and training data collection is well documented
(Lillesand et al., 2004).
3.2.5.3

Collection of ground control points for rectification of the
Landsat image

Using a hand held GPS (Garmin Etrex) the locations of 97 clearly distinguishable
physical features were recorded to be used as ground control points. The rectification
of the satellite imagery requires that these features are clearly identifiable on the
satellite image. In the remote environment of LNP this was not easy as such features
are relatively rare. For example, the only roads in the park and surrounding areas are
single strip dirt roads, which cannot be seen on a 30 m x 30 m resolution image. The
only consistently identifiable feature was the Luangwa River and hence many points
were collected from this.

3.2.6 Obtaining the Landsat satellite data set
All Landsat satellite data is collected and maintained by the US Geological Survey
(USGS)7. Additionally, the Global Land Cover Facility8 based at Maryland
University maintains a library of processed and freely available Landsat images
covering the entire surface of the earth known as GeoCover. These images have been
examined by image analysers at the Earth Resources Observation and Science
(EROS) Data Centre and only those images conforming to strict criteria selected

7
8

http://landsat.usgs.gov/
www.landcover.org
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(Tucker et al., 2004). As up to 60% of the earth’s surface may be covered by cloud at
any one time (Rossow & Schiffer, 1999), priority is given to those scenes with the
least cloud cover. Additionally, geo-locational accuracy was independently assessed
using ground control points and only images with a root mean squares error (RMSE)
of less than 50m were accepted. Consequently GeoCover data sets are only available
for a restricted date range, especially in Africa. The creation of this global
orthorectified Landsat data set series has been comprehensively reviewed (Tucker et
al., 2004).
The Landsat path and row that covered the study area was identified through the
GLCF website9 and a suitable data set selected and downloaded. Ideally, an image
recorded at the same time as the ground-truthing study is conducted should be used
as this minimises temporal changes in land cover or spectral patterns. However, an
instrument malfunction on the ETM+ sensor of the Landsat 7 satellite has meant that
only images in SLC-off mode have been available since the 31st May, 2003. The first
image selected represented the most recent L1G image available of that path and row
from GeoCover. The acquisition date also corresponded with the end of the rainy
season when the vegetation would be at its greenest and thickest. This was
considered to be an important factor when classifying deciduous woodlands which
loose their leaves in the dry season. However, as the ground-truthing study was
conducted during the dry season when much of the woodland was leafless, the most
recent image from that time of year was also obtained for comparison. Details of the
two data sets used for the study are presented in Table 16 below.

9

http://glcfapp.umiacs.umd.edu:8080/esdi/index.jsp
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2001 image†

1999 image††
Orthoproduct Metadata:

Spacecraft ID – Landsat 7

Spacecraft ID – Landsat 7

Sensor ID – ETM+

Sensor ID – ETM+

Acquisition date – 04/10/2001

Acquisition date – 28/09/1999

WRS Path – 170

WRS Path – 170

WRS Row – 069

WRS Row – 069
Projection Parameters:

Reference Datum – WGS84

Reference Datum – WGS84

Reference Ellipsoid – WGS84

Reference Ellipsoid – WGS84

Grid Increment Unit – Meters

Grid Increment Unit – Meters

Grid Cell Size Pan – 14.25

Grid Cell Size Pan – 14.25

Grid Cell Size Thm – 57.00

Grid Cell Size Thm – 57.00

Grid Cell Size – Ref – 28.5

Grid Cell Size – Ref – 28.5

False Northing – 0

False Northing – 0

Orientation – NUP

Orientation – NUP

Resampling Option – NN

Resampling Option – NN

Map Projection – UTM

Map Projection – UTM

Zone Number - +36

Zone Number - +36

QA Percent Missing Data – 0

QA Percent Missing Data – 0

Cloud Cover – 0

Cloud Cover – 0

Output Format – GeoTiff

Output Format – GeoTiff

† NASA Landsat Program 2004, Landsat ETM+ scene p170r069_7t20010410, GeoCover,
USGS, Sioux Falls, 2001/04/10.
†† NASA Landsat Program 2004, Landsat ETM+ scene p170r069_7t19990928, GeoCover,
USGS, Sioux Falls, 1999/09/28.

Table 16: Details of the Landsat 7 datasets used for the supervised classification.

3.2.7 Pre-classification processing of Landsat data sets
3.2.7.1

Layer-stacking

Landsat data sets are downloaded in a GeoTiff file format with a separate file for
each band. Before use in a supervised classification, the individual bands to be used
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in the classification must first be selected and then put into a single file. The three
visible bands (1, 2 and 3), one near infrared band (4) and two middle infrared bands
(5 and 7) were selected for this study. All of these bands have a spatial resolution of
30m. Using the infrared band (6) with a spatial resolution of 60 m would have
reduced the resolution of all bands to the same level. Similarly, there would have
been no advantage in using the panchromatic band (8) as the enhanced spatial
resolution of this band would be lost when combined with the other bands. The
individual bands were combined for each image using the Layer Stack facility under
utilities in the Interpreter Tool in Erdas Imagine 8.4.
3.2.7.2

Selection of a subset

Landsat ETM+ images cover an area of 185 km x 185 km which is much greater than
the area of LNP (Figure 15). In order to improve and simplify data management and
processing, a smaller subset of the total area covered by the image was selected.
Each image was viewed and the area covering LNP and some of the surrounding
GMAs was identified. A new data set covering just this area was then created using
the subset option under utilities in the Interpreter Tool. The extent of the data set
selected (in UTM coordinates) was:
Top

8630086

Left

402996

Right

433040

Bottom

8601811

Figure 15: The 2001 Landsat scene showing the boundary of the subset image in red and LNP in
yellow.
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3.2.7.3

Geometric correction of the data sets

GeoCover images are available as L1G products meaning they have been
orthorectified to correct for radiometric and geometric errors. Processing to an L1G
product removes the geometric distortions inherent in imagery (caused by camera or
sensor orientation), the topographical relief displacements and the systematic errors.
Although georeferencing of this data is accurate to 3 or 4 pixels, further processing is
beneficial to minimise registration errors and maximise locational accuracy. It is
therefore desirable to use ‘real’ ground truth data collected from the study area to
geometrically correct the image.
Ground control points were collected for this purpose during the ground-truthing
survey as described earlier. All the points collected were entered into a spreadsheet
and converted into a shapefile using ArcView 3.2. The projection of the digitised
topographical map was changed to that of the satellite image before it was opened
with ArcGIS 9. It was then used to visually aid the author in selecting the most easily
identifiable 60 of the 97 ground control points collected, and these were then used for
the rectification process.
The image geometric correction tool under the data preparation tab in Erdas Imagine
8.4 was used to resample the image. A polynomial of 1 was selected for the
transformation. The create ground control point tool was used to select first from the
ground control point shapefile and then from the corresponding point on the satellite
image. Once all points were entered, the geo correction tools dialogue was opened
and the resample icon selected. The input and reference files were saved as .gcp files.
The total control point error (the equivalent of root mean squares errors) was 21.07
m, less than the size of a pixel (Table 17).

RMS_X

RMS_Y

Total RMS

15.6459

14.1088

21.0679

Table 17: Control point error from the transformation.
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3.2.8 Pre-classification processing of reference data
3.2.8.1

Preparation of polygons from ground-truthing data

The reference data collected during the ground-truthing study were downloaded from
the GPS using Garmin Mapsource software before conversion into a .dbf file in
Microsoft Excel. A new field was then added so that each series of points forming
one polygon could be given a unique identity. The ArcView 3.2 extension Join the
Dots (C. Medlin, available at http://arcscripts.esri.com) was used to convert the
points to polylines representing each polygon of reference data. The polylines were
then joined into polygons using Conversion Tools for ArcView 3.2 (A. Britt,
available at http://arcscripts.esri.com). Finally, the Compiled Table Tools extension
(C. Herbold, available at http://arcscripts.esri.com) was then used to join the table to
another .dbf table containing the vegetation class value as an attribute field. This was
then converted to a shapefile and projection data added.
3.2.8.2

Selection of points from polygons to use as reference and test
data

At this stage a potential problem was identified as the accuracy assessment function
in Erdas Imagine 8.4 requires point data rather than polygon data. It is not valid to
run the classification using polygon data and then the accuracy assessment using
point data. Therefore the polygons were converted into regularly spaced points at 30
m intervals so that each point effectively represented the value of one pixel. A subset
of 25% of the points in each class were then randomly selected and withheld from
the training data, to be used instead as the test data set for accuracy assessment. The
other 75% of the points in each class were used as the training set for the supervised
classification algorithm.
To do this, the statistical analysis software program R and ArcView 3.2 were used to
generate evenly spaced points at 30 m intervals within rectangular boxes around each
polygon. The resultant ANSI text file was then opened using Microsoft Excel and
saved as a .dbf file extension before conversion into a shapefile. The clip function
within the ArcView 3.2 GeoProcessing wizard was then used to remove points lying
outside the polygon theme, creating a new shapefile of points evenly spaced at 30 m
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intervals within each polygon. The joins and relates function within ArcGIS 9 was
then used to join the attribute table of the original polygon file to the attribute table
of this new point shapefile so that it contained vegetation class information.
Individual points to be held back for the accuracy assessment process were then
randomly selected from this file using the RANDBETWEEN function contained
within Microsoft Excel. The number of points used for each process is summarised
in Table 18 below.

Vegetation
class

Number of
training data
points

Number of test

Total number

Percentage of points

of reference

used for accuracy

data points

assessment

data points

MW

95

32

127

25%

MSW

81

27

108

25%

TH

79

26

105

25%

CTW

74

25

99

25%

WG

123

41

164

25%

RWT

96

32

128

25%

AW

49

16

65

25%

HSMW

21

7

28

25%

SPW/AAG

55

18

73

25%

G

187

62

249

25%

Total

860

286

1146

25%

Table 18: Summary of the stratification of reference data points.

3.2.8.3

Creation of points for a water class

Collection of reference points for water polygons was not possible during the
ground-truthing study for practical reasons as the waterways are populated by large
numbers of crocodile and hippopotamus. Instead a reference and test set was created
directly from the non-classified Landsat image. This was possible as water (mainly in
the form of the Luangwa River) was clearly identifiable on the Landsat satellite
images.
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After visual examination of the image, 76 points from areas identified as water were
collected using the Area of Interest (AOI) tool in Erdas Imagine 8.4. Points were
selected from as large an area of the image as was possible, within the confines of
restricted geographical distribution of water within the park. One in every four points
was then systematically removed and the coordinates recorded in a spreadsheet to be
used as the test data set for accuracy assessment. The remaining 57 points were saved
as an .aoi file extension to be used as the reference data set for the classification.

3.2.9 Supervised classification of the Landsat data sets
3.2.9.1

Creation of spectral signatures for each class

The specialised satellite image processing software, Erdas Imagine 8.4 was used to
classify the images using supervised classification algorithms. The first step in this
process is the creation of spectral signatures for each class, using the spectral
response patterns recorded in the satellite image data set. Each pixel in the reference
data set is represented by DNs corresponding to the radiance values for each band in
the satellite image. When combined with the data from rest of the reference pixels in
the same land cover class, a spectral response pattern is produced for each class.
Ideally this is unique for that class and it is therefore known as a spectral signature
(Lillesand et al., 2004).
Spectral signatures for this classification were created from the training data set
using signature editor function within the classifier menu of Erdas Imagine 8.4. To
enter the reference data into the signature editor, two viewers were first opened. The
shapefile with the reference data set was opened in one viewer and the un-processed
satellite image in the other viewer. The attribute table for the shapefile was then
opened and all the points for a particular class highlighted. Then, on the viewer
displaying the satellite image, the Area of Interest (AOI) tool was used to box select
those points highlighted from the shapefile. The next step was to select the classifier
tab followed by the signature editor. The option to create new signature from AOI
was then selected. All new entries were highlighted and the option to merge selected
signatures was selected. The name of the class was added to the new merged

Chapter III

130

signature and the signatures from the individual reference points deleted. These steps
were repeated for each class until a signature for each class to be used in the
classification was obtained. The last step was to create a water signature using the
.aoi file previously saved. This was imported into the signature editor using the AOI
tool and then treated in the same way as the other signatures. The resultant signature
file contained a merged signature for each class to be used in the classification. This
process was repeated for data sets from both images.
3.2.9.2

Performing a maximum likelihood classification

The initial approach to image classification was to use a maximum likelihood
classifier. Both the variance and covariance of the class spectral response patterns are
quantitatively evaluated, assuming that the class training data is normally distributed
(Lillesand et al., 2004). The probability of a pixel value belonging to each class is
then computed and the pixel is assigned to the most likely class, in other words the
class with the highest probability. As classifications involving both parametric and
non-parametric decision rules are more effective (Lillesand et al., 2004) the feature
space non-parametric decision rule was applied first. Pixels in areas of overlap using
this algorithm were then classified using the maximum likelihood parametric
decision rule. Any unclassified pixels using the non-parametric decision rule were
also classified using the parametric maximum likelihood rule. This process is
summarised in the flow chart below (Figure 16).
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Candidate pixel

Feature Space Rule

Resulting number of classes

>1

1

0

Overlap rule -Maximum

Unclassified rule -

Likelihood

Maximum Likelihood

Class Assignment

Figure 16: Flow chart illustrating the application of decision rules in the maximum likelihood
classifier. Adapted from Pouncey (1999).

The feature space decision rule analyses the measurement vector of values (DNs) for
a pixel in an n-dimensional space (known as the feature space) where the dimensions
are dependent on the number of bands in the image. A two-dimensional feature space
may be represented by a scatter plot (which is also referred to as a feature space
image) for any two selected bands in the image. If the vector lies within the feature
space of one of the training set signature classes then the pixel is allocated the class
value for that signature class. It is computationally faster than the parametric tests
used and, for this reason, is often used as a first line in the classification process.
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However, depending on the scene to be classified and the separability of the
signatures used, many pixels will remain unclassified or will occur in areas of
overlap of more than one feature space signature using this decision rule.
Consequently, the majority of pixels in the image will normally be classified by the
parametric rule. The equation used for the maximum likelihood algorithm may be
found in the Erdas Field Guide (Pouncey et al., 1999).
To perform the classification, the Classifier tab within the main menu of Erdas
Imagine 8.4 was selected followed by the supervised classification option. The nonclassifed Landsat subset image was selected as the input raster and an output file
directory nominated for the classified image. The relevant signature file for that
image was selected and the decision rules entered as described. Data sets from both
satellite images were initially processed using all land cover classes for which
reference data was collected. The choice of land cover classes used was then refined
using the signature evaluation and classified image accuracy assessment techniques
described below.

3.2.10

Evaluation of signatures

Various techniques, packaged within the functions of the Erdas Imagine 8.4
software, can be utilised for evaluation of the signatures created from the reference
data. The techniques relevant to this work are outlined below.
3.2.10.1 Graphical representation of spectral response patterns
Histograms were used to display the frequency distribution of values in the spectral
response patterns for each band of each class signature. They provided a visual check
on the normality of the spectral response patterns. Histograms showing the
distribution of the spectral response patterns of all classes within one band were also
visualised and these could be compared with two-dimensional scatter diagrams. This
allowed for visual assessment of the degree of correlation between the spectral
response patterns between two bands.
Histograms were produced using the signature editor utility under the classifier
menu. The histogram icon was selected opening the histogram plot control panel and
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the desired bands and classes selected. Scatter plots were also produced within the
signature editor utility by selecting feature then create feature space images.
Signature mean plots were also explored using the signature mean plot icon in the
signature editor.
3.2.10.2 Quantitative measures of class signature separability
Various statistical measures of class separability have been developed and offer an
objective assessment of separation between class response patterns. Transformed
divergence (TD) is one such parameter and it provides a covariance-weighted
measure of the statistical distance from class means (Lillesand et al., 2004). TD
values have an upper limit of 2000 and a lower limit of 0. If the calculated
divergence value for two classes is 2000, then the classes may be considered to be
totally separable, whereas if the calculated divergence value is 0 then the classes are
inseparable (Bourne & Graves, 2001). Although cut-off values will depend on the
purpose of the classification and the degree of accuracy required, classes with a TD
of 1500 or above are considered by many authors to be adequately separable. A
standard equation for TD was used (Pouncey et al., 1999).
Using the capabilities of Erdas Imagine 8.4 software, TD values were calculated for
all classes using the evaluate menu within the signature editor. The separability
utility was then selected and all six layers were used per combination as this was the
number of layers used for the classification. The output was provided in the form of a
matrix giving both the best minimum and best average separability. TD values were
used to assess signature separability and aided in the selection of the final class
signatures to use in the classification, but no fixed rules were applied (such as
removing or merging signatures with a value less then 1500).

3.2.11 Qualitative evaluation of classified image accuracy
All classified images were initially evaluated visually using both knowledge gained
from the ground-truthing study and comparison with the raw imagery. Although
subjective, some errors in the classification may be obvious, for example the
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presence of a land cover type in areas it is know not to occur in, or at a frequency
much greater or less than expected.

3.2.12 Quantitative evaluation of image accuracy
3.2.12.1 Error matrices
The most widely recognised method of accuracy assessment is the production of an
error matrix (Congalton, 1991; Stehman, 1997; Foody, 2002). This descriptive
technique was introduced as a convenient way of standardising accuracy assessment
procedures and its adoption as the standard reporting convention has been
recommended by many authors (Congalton, 1991; Stehman, 1997). Test data of
known land cover class are collected from a ground-truthing study, previously tested
maps, aerial photographs or other data. These data are then compared with the results
from the classification and presented in the form of a matrix. An error matrix was
produced from each classification conducted and used as a basis to compare the
results.
It is important to note that the accuracy assessment was conducted on the subset
image rather than the output image of LNP. This was necessary as some of the
training and test reference data were collected outside the national park.
3.2.12.2 Descriptive measures of accuracy assessment
A variety of accuracy parameters were calculated from the matrices and used to
quantitatively assess each image. Initially, the number of correctly assigned pixels
(i.e. pixels assigned to the same class by both the test and classified image data) in
the classified image was divided by the total number of pixels in the test data set and
presented as a percentage. This figure represents the overall proportion of the area
correctly classified (Stehman, 1997) and is referred to as the overall accuracy
(Congalton, 1991).
Additional class level accuracy parameters were then calculated. Firstly, the
conditional probability that a pixel in the reference data is classified as the same class
in the classified image was calculated for each class (Stehman, 1997). The number of

Chapter III

135

correctly classified pixels in a class was divided by the total number of pixels in the
test data for that class (the column total) and the results presented as a percentage.
This parameter is known as the producer’s accuracy and is a measure of omission
error (Congalton, 1991).
The user’s accuracy, also referred to as the reliability, was then calculated giving a
measure of commission error (Congalton, 1991). The user’s accuracy represents the
conditional probability that a pixel in the classified image is represented by the same
class in the test data (Stehman, 1997). In more practical terms it represents the
probability that a pixel classified on the image actually represents that class on the
ground (Story & Congalton, 1986). It was calculated by dividing the number of
correctly classified pixels in that class by the total number of pixels classified in that
class (the row total) and is presented as a percentage. Confidence intervals at the
95% level were calculated for the overall, producer’s and user’s accuracies using the
binomial exact distribution.
3.2.12.3 Discreet multivariate statistics
Discreet multivariate statistics may also be used to assess an image’s classification
accuracy. Classified images contain discreet rather than continuous data and are
binomially or polynomially distributed so many common normal theory statistical
techniques do not apply (Congalton, 1991). A commonly used discreet multivariate
technique in image accuracy assessment is the calculation of KHAT, a maximumlikelihood estimator of Cohens kappa coefficient (Cohen, 1960; Congalton, 1991;
Stehman, 1996; Foody, 2002). Kappa statistics provide two tests of significance and
have been used in hypothesis testing. The first test assesses whether or not the
assignment of pixels by the classifier is significantly better than that due to random
assignment of pixels alone. The second test may be used to assess if there are
significant differences between the results of two different error matrices (Stehman,
1997; Congalton, 2001). However, standard formulas for the calculation of the kappa
statistic are only valid for simple random sampling and a modification to allow for
stratified random sampling (Stehman, 1996) has been proposed. In order to allow for
comparisons with other studies, Cohen’s kappa coefficient was initially calculated,
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with Stehman’s modified estimator of kappa also calculated for the final classified
image.
Although there is disagreement over the interpretation of values, the scheme
proposed by Landis and Koch for the interpretation of Kappa values is widely used.
Kappa values may range from -1 to +1, although positive correlation between
reference data and classified data are expected so values should be positive. In the
scheme proposed by Landis and Koch, a value greater than 0.8 represents almost
prefect agreement with reference data, a value between 0.6 and 0.8 represents
substantial agreement, a value between 0.4 and 0.6 represents moderate agreement
and a value less than 0.4 represents poor agreement. Kappa values may also be
presented as percentages, in which case 0.67 would be 67%.
In addition to calculation of KHAT for the classification, conditional kappa values
were calculated for each class. These values were calculated for the map
classifications as opposed to the test data classifications. These values are similar to
the users accuracy estimates, but with an adjustment to allow for correct
classification due to chance (Stehman, 1997).
Error matrices were generated using the accuracy assessment utility within the
classifier menu. Test data for the land cover classes used in the classification were
entered as a .txt file extension under the edit menu. The option to show class values
under the edit menu was then selected and an accuracy report generated. This
provides an error matrix, accuracy totals for the overall classification and each class,
and kappa statistics. The kappa statistics were also calculated independently with the
software program R, using the formula for KHAT presented by Congalton (1991)
and the formula for conditional kappa presented by Stehman (1997).

3.2.13

Application of fuzzy set methodology to the maximum
likelihood classification

After initial assessment of image classification using the maximum likelihood
algorithm, the process was repeated using a fuzzy classification algorithm. Fuzzy set
theory may be used to replace conventional probability theory in the classification
process to create a fuzzy partition of the spectral space. This allows joint class
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membership of pixels represented by membership grades (Wang, 1990). The fuzzy
mean and fuzzy covariance are used to replace the conventional mean and covariance
in the maximum likelihood algorithm and the image processed to produce a multi
layered fuzzy image. The first layer values represent the most likely class allocation
for each pixel, the second layer the second most likely, and so on for each layer of
the image. Consequently pixels do not have to belong to just one class meaning that
mixed class pixels are represented in the image.
However, being a multi layer image, it must be further processed into one layer to
produce an output land cover map. The fuzzy convolution operation in Erdas
Imagine 8.4 produces a single layer classified image by calculating the total weighted
inverse distance of all the classes in a window of pixels. Then it assigns the centre
pixel to the class with the largest total inverse distance summed over the entire set of
fuzzy classification layers (Pouncey et al., 1999). Classes with a very small distance
value remain unchanged whereas those with higher distance values may change to a
neighbouring value if there is a sufficient number of neighbouring pixels with similar
class values and small corresponding distance values. The resulting output is less
‘grainy’ than the maximum likelihood supervised classification as small pockets of
isolated pixels are often reclassified depending on the neighbouring pixel values. The
equation used in the calculation may be found in the Erdas Field Guide (Pouncey et
al., 1999).
To perform the classification, the supervised classification utility within the classifier
menu was selected. The same decision rules were applied as before, but with the
additional activation of the fuzzy classification function. A distance file was also
produced for later use with the fuzzy convolution utility. The option to select eight
best classes was chosen and the classification performed. This produced an eight
layered fuzzy image. The fuzzy convolution utility within the classifier menu was
then used to process this into a single layer image. The fuzzy image was selected as
the input classified file, the relevant distance file selected and an output classified file
name and directory nominated. A 3 X 3 window size was selected and the neighbor
weighting option selected. The neighborhood weight factor was left at the default
setting of 0.5. All eight layers were used to perform the operation.
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The fuzzy classification was performed on the 2001 Landsat data set only, after
removal of both the wooded grassland (WG) and hill woodland classes after careful
evaluation of the results of the maximum likelihood classifications.

3.2.14

Statistical comparison of the classification algorithms

The results from the best classifications produced by the two algorithms were then
assessed statistically using McNemar’s test for significance (Foody, 2004). This test
was used as the samples in both classifications being compared were related as the
same test data was used for both of them. The continuity correction was included as a
continuous distribution was being used to approximate the discreet distribution of
sample frequencies.

3.2.15

Production of an output image for LNP

The final stage in the classified image production process was to produce an output
image of LNP only. To do this, a boundary layer had to first be produced from the
scanned and registered topographical mosaic10. This was done by creating a new
theme in ArcView 3.2 and using the draw line facility to follow the points of the
boundary on the topographical image. This polyline shapefile was then converted to
a polygon using Conversion Tools for ArcView 3.2 (A. Britt, available from
http://arcscripts.esri.com). The extract grid theme using polygon function within the
Grid Analyst extension 1.1 (A. Saraf, available from http://arcscripts.esri.com) was
then used to produce a new layer of just the national park.

10

Scale 1:250000. Published by the Surveyor General, Lusaka, 1972. Series ZS 51 1232 C2, 1232 A3,
1232 A4, 1232 C1
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3.3

Results

3.3.1 Visual assessment of the classified image
The first stage in any image assessment process should be a visual assessment of the
classified product and a comparison of this with the unprocessed image (Congalton,
2001) (Figure 17 and Figure 18). This provides a subjective overview of the
classified image and may highlight any major problems with the classification
process. In this case, problems were immediately identified with the classification of
the 1999 image. The supervised maximum likelihood classification failed to assign
any pixels to the Combretum-Terminalia woodland class (CTW, from here onwards
refered to as Combretum woodland) when this was known from the ground-truthing
study to be a major component of the vegetation of this region. It also failed to
classify any pixels as acacia woodland (AW), a much smaller vegetation class. No
such problems were noted with the 2001 image so no further work was conducted on
the 1999 image. All the results presented below are therefore produced from the
classification and analysis of the 2001 image. The reasons for the difference in
performance of the classifications from the two images are outlined in the discussion.
An additional problem identified from visual inspection of the image was the
distribution of the hill scrub miombo woodland class (HSMW, for brevity refered to
as scrub miombo woodland from here onwards). This was much greater on the
classified image than was known to be the case from the ground-truthing survey. In
particular, the classified image contained pixels of this vegetation class near the
Luangwa River at an altitude and geographical location well outside its range.
During the ground-truthing, it was only found at an altitude of 650m or greater and,
as such, is unlikely to occur anywhere other than the small hills near the south
eastern boundary of the park.
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Figure 17: The original unclassified Landsat sub-scene captured in 2001.

Figure 18: The classified image produced from the image above using the maximum likelihood
classifier with all vegetation classes included.

3.3.2 Removal of wooded grassland class
During further un-related field work in LNP and NLNP it was decided that the
wooded grassland class, as defined in this study, was not a true independent
vegetation unit and was in fact just a gradation from grassland to woodland or scrub
woodland classes. As such it represented an artificial distinction of vegetation classes
already represented in the classification. The class was initially based on what was
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thought to be the wooded grassland mosaic (classes C2, D2 and E) described by
Smith (1998), but Smith’s class is in fact the equivalent of the scrub miombo
woodland class found outside the eastern boundary of Luambe. The class was
therefore removed from the classification at an early stage.

3.3.3 Evaluation of signatures
After visual assessment of the classified image, several graphical and descriptive
statistical techniques were utilised to assess the suitability of the land cover class
signatures selected.
3.3.3.1

Scatter diagrams (feature space images)

Two dimensional scatter diagrams may be used to illustrate the degree of correlation
between two bands in the satellite image. The DN for the first selected band is
plotted against the DN for the other selected band for each pixel in the form of a
scatter diagram, also known as a feature space image. As can be seen from the
example below, bands one and two may be highly correlated, producing a relatively
narrow, near-linear spread of points (Figure 19). Therefore, for the land cover
represented in this satellite image, bands 1 and 2 would not produce very separable
signatures.

Figure 19: Feature space image of band 1 plotted against band 2 for the unclassified image.
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In contrast, the scatter diagram produced when the DN’s for bands 3 and 4 are
plotted against each other produces a much wider, less correlated spread of points
(Figure 20). This would suggest that the land cover classes present would be more
separable using this combination of bands. This is to be expected as bands 3 and 4
are commonly used for vegetation studies (Tucker et al., 1985; Lillesand et al., 2004)
and form the basis of various vegetation indices (see introduction). However,
although these two-dimensional diagrams are useful to illustrate this point, it is
normally beneficial to utilise all available bands for the classification unless the data
set is particularly large.

Figure 20: Feature space image of band 3 plotted against band 4 for the unclassified image.

It is also useful to assess the potential separability of the selected land cover class
signatures using a scatter diagram constructed from the classified image. Figure 21
below shows a distinct overlap of the Combretum woodland class (brown on the
diagram) with the scrub miombo woodland class (gray on the diagram), raising
concerns over their separability. Again this is only a two-dimensional image and can
therefore only illustrate the degree of correlation between the two selected bands, so
the classes may be more separable using all the bands available.
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Figure 21: Scatter diagram for band 3 plotted against band 4 for the classified image using the
classes remaining after the removal of wooded grassland class.

Figure 22 below illustrates the effect on the feature space if the hill woodland class is
removed. All the remaining classes appear to be reasonably separable.

.
Figure 22: Scatter diagram of band 3 plotted against band 4 for the classified image after
removal of the hill scrub miombo woodland class.

3.3.3.2

Histograms

The distribution of the spectral response pattern may also be illustrated by producing
histograms for each land cover class. This provides a visual check on the normality
of the data which is important when using a maximum likelihood classifier
(Lillesand et al., 2004). Visual assessment of the selected land cover class signatures
revealed an approximately normal distribution for all classes, with the possible
exception of the scrub miombo woodland class (Figure 25). It is likely that the
distribution for the scrub miombo woodland class would have been normal had more
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data and been collected and the sample size been larger as vegetation classes
normally follow this distribution (Lillesand et al., 2004).
The grassland class (Figure 23) shows a reasonably compact distribution with a
strong peak in the count of reflectance values over a short range, suggesting that it
represents a distinct homogenous class. The histogram for mopane woodland (MW)
(Figure 24) does not have such a distinct peak in values, but still has a normal
distribution over reasonably short range. In contrast, the scrub miombo woodland
woodland class, although having a compact range in values has no clear pattern to
the distribution.

Figure 23: Histograms of the spectral response pattern for band 3 (top) and band 4 (bottom) for
the grassland land cover class.
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Figure 24: Histogram of the spectral response pattern for band 3 (top) and band 4 (bottom) for
the mopane woodland class.
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Figure 25: Histogram of the spectral response pattern for band 3 (top) and band 4 (bottom) for
the hill scrub miombo woodland class.

Although histograms provide a useful graphical illustration of the normality and
range of values, they do not display the degree of overlap of signatures and therefore
cannot be used to assess signature separability. The following two methods provide
more information in this respect.
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3.3.3.3

Signature mean plots

The mean reflectance values for each signature can be presented graphically for each
band providing a visual assessment of class separability. The spectral mean signature
plot for the signatures used in the final classification is presented in Figure 26.

Mopane woodland
Mopane scrub woodland
Thicket
Riverine woodland and thicket
Combretum-Terminalia woodland
Grassland
Semi-permanent water / aquatic association grassland
Acacia woodland
Water

Figure 26: Signature mean plot.

3.3.3.4

Transformed divergence

The TD values for all classes used in the classification are presented in Table 19. The
water class shows the best separability with all values being 2000 suggesting
complete separability of this class signature. The non-woodland class signatures
(with the exception of the thicket signature) all show reasonable separability using
this statistical measure.
The TD values did, however, reveal problems with the uniqueness of the woodland
signatures and the thicket signature. In particular separability between the thicket
(TH), riverine woodland and thicket (RWT), and Combretum woodland (CTW) class
signatures was poor, with TD values of less than 1000. This problem is considered
further in the discussion.
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MW

MSW

TH

RWT

CTW

G

MW

0

1656

1211

1537

1037

1745

MSW

1656

0

1944

1934

1766

TH

1211

1944

0

835

RWT

1537

1934

835

CTW

1037

1766

G

1745

SPW/AAG

SPW/

AW

HSMW

W

1955

1916

1156

2000

1533

1960

845

1945

2000

782

1885

1579

1978

1753

2000

0

945

1771

1012

1905

1934

2000

782

945

0

1812

1619

1855

1158

2000

1533

1885

1771

1812

0

1911

1435

1892

2000

1955

1960

1579

1012

1619

1911

0

1909

2000

2000

AW

1916

845

1978

1905

1855

1435

1909

0

1984

2000

HSMW

1156

1945

1753

1934

1158

1892

2000

1984

0

2000

W

2000

2000

2000

2000

2000

2000

2000

2000

2000

0

AAG

Table 19: Transformed divergence values for all land cover class signatures.

3.3.4 Quantitative image assessment
3.3.4.1

Error Matrices

The satellite data set was initially processed using a maximum likelihood classifier
with all classes except the discarded wooded grassland class (see earlier). The error
matrix is presented in Table 20 below.
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TH

RWT

CTW

G

SPW/AAG

AW

HSMW

W

MW

MSW

16

0

0

1

5

2

5

0

0

1

25

TH

0

17

13

1

1

1

1

0

0

4

37

RWT

0

0

12

2

3

3

0

0

0

0

20

CTW

1

5

1

14

1

1

1

2

1

1

25

G

1

0

0

0

45

1

3

0

0

0

47

SPW/AAG

0

1

0

0

0

9

0

0

0

0

10

AW

0

0

0

0

0

0

3

0

0

0

3

HSMW

5

2

0

7

7

0

1

5

0

2

29

W

0

0

1

0

0

0

0

0

18

0

19

MW

4

1

5

0

0

1

2

0

0

24

35

Column
Total

27

26

32

25

62

18

16

7

19

32

264

MS

Class Name

Classified data

Row Total

Reference data

Overall Accuracy = 61.7% (55.6-67.6)
Overall kappa statistic (K^) = 0.57
Table 20: Error matrix for the classification using a maximum likelihood algorithm with all
classes.

Exclusion of the scrub miombo woodland class improved the overall accuracy by
3.3% to 65% (95% CI: 58.8-70.8%). This still fell short of the pre-determined overall
accuracy target for the output image of 70% (Table 21).
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TH

RWT

CTW

G

SPW/AAG

AW

W

MW

MSW

16

0

0

1

5

3

5

0

0

30

TH

0

17

12

0

0

1

0

0

4

34

RWT

0

0

12

2

3

3

0

0

0

20

CTW

2

6

2

22

4

1

3

1

3

44

G

1

0

0

0

47

1

3

0

0

52

SPW/AAG

0

1

0

0

0

7

0

0

0

8

AW

0

0

0

0

0

0

3

0

0

3

W

0

0

1

0

0

0

0

18

0

19

MW

8

2

5

0

3

2

2

0

25

47

Column
Total

27

26

32

25

62

18

16

19

32

257

MS

Class Name

Classified data

Row Total

Reference Data

Overall Accuracy = 65.0% (95% CI: 58.8-70.8%)
Overall kappa statistic (K^) = 0.60
Table 21: Error matrix for the classification using a maximum likelihood algorithm without the
hill scrub miombo woodland class.

However, the introduction of the fuzzy logic algorithm improved the overall
accuracy by a further 6.2% to 71.2% (95% CI: 65.3-76.7%). The error matrix for this
classification is presented in Table 22 below.
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MS

TH

RWT

CTW

G

SPW/AAG

AW

W

MW

Row
Total

Reference data

MSW

17

2

0

1

5

2

1

0

0

28

TH

0

18

10

1

0

1

0

0

2

32

RWT

0

0

14

1

1

1

0

0

0

17

CTW

3

5

5

22

4

2

3

1

2

47

G

0

0

0

0

50

1

3

0

0

54

SPW/AAG

0

1

0

0

0

9

0

0

0

10

AW

0

0

0

0

0

0

7

0

0

7

W

0

0

0

0

0

0

0

18

0

18

MW

7

0

3

0

2

2

2

0

28

44

Column
Total

27

26

32

25

62

18

16

19

32

Classified data

Class Name

Overall Accuracy = 71.2% (95% CI: 65.3-76.7%)
Overall kappa statistic (K^) = 0.67
Estimator of kappa (KS) for stratified random sampling (Stehman, 1997) = 0.74
Table 22: Error matrix for the classification using the fuzzy classifier. This classification was
used to create the final output image for Luambe National Park.

The overall accuracy could be further improved to 73% (95% CI: 66.9-78.4%) by
leaving the acacia woodland class out. However, despite this being a very small
class, it represents a very distinct and characteristic vegetation type in LNP and its
removal could not be justified. Therefore the classification represented by the error
matrix in Table 22 above was selected to produce the final output image.

Chapter III

152

MW
AG
AW W
G
CTW
RWT
TH
MS
MS

TH

RWT

CTW

G

AG AW W

MW

Figure 27: Agreement plot providing a visual representation of the error matrix in Table 22.
The black rectangles represent the observed agreement and the white rectangles represent
expected agreement.

3.3.4.2

McNemar’s test for significance

The McNemar’s test, with continuity correction, was used to assess whether the
difference in accuracy achieved between the two classification algorithms was
statistically significant. The error matrices above (Table 21 and Table 22) were used
to construct a 2 X 2 contingency table of correctly and incorrectly classified pixels.
This was then used to perform a McNemar’s test for significance.

Maximum likelihood
classification
Fuzzy
classification

Correct

Incorrect

Sum

Correct

151

32

183

Incorrect

16

58

74

Sum

167

90

257

McNemar's chi-squared = 4.6875 (df = 1, p-value = 0.03038)
Table 23: 2 X 2 contingency table used to perform McNemar's Test.
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The improvement in accuracy seen was found to be statistically significant at the
95% confidence level.
3.3.4.3

Class level accuracy parameters

Various class level accuracy parameters, calculated from the error matrix, are
presented in Table 24 below. Of these parameters, the user’s accuracy values have
the most practical use for the end-user. This is because they relate directly to the
probability that the land cover class represented by a pixel on the classified image
will indeed be the same land cover class at that position on the ground (Story &
Congalton, 1986). In contrast the producer’s accuracy relates to the probability that
the land cover class represented by a pixel in the reference data will the same on the
classified image. Conditional kappa may be calculated for either the reference or map
classifications, in this case only that for the map classifications is presented. As it is
calculated from the user’s accuracy, the ranking of class accuracies is normally the
same as that of the user’s accuracy.

Producer’s
Accuracy
(%)

95%
Confidence
Intervals
(%)

User’s
Accuracy
(%)

95%
Confidence
Intervals
(%)

Conditional
Kappa

MSW

63

42-81

61

41-78

0.56

TH

69

48-86

56

38-74

0.50

RWT

44

26-62

82

57-96

0.81

CTW

88

69-97

47

32-62

0.35

G

81

69-90

93

82-98

0.91

SPW/AAG

50

26-74

90

55-100

0.90

AW

44

20-70

100

59-100

1.00

W

95

74-100

100

81-100

1.00

MW

88

71-96

64

48-78

0.56

Vegetation
Class

Table 24: Producers accuracies, user's accuracies and conditional kappa values for the selected
classified image.
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3.3.5 Presentation of the classified image
The final output map of LNP, produced using the fuzzy classification algorithm, is
presented in Figure 28 below.

Figure 28: Land cover classification of Luambe National Park.
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The area and perimeter length of the park, calculated from the classified image, are
presented in Table 25 and the percentage composition of the vegetation classes
selected for the final image is summarised in Table 26.

Area
Metres
331192916

Square
kilometres
331

Perimeter length
Acres

Hectares

Metres

Kilometres

81839

33119

142102

142

Table 25: Area and perimeter figures for Luambe National Park.

As can be seen from the summaries of the relative composition of the vegetation
classes (Table 26 and Figure 29), the major woodland classes (Combretum woodland
and mopane woodland) cover nearly two thirds of the total park area.
Colophospermum mopane trees, in the form of both woodland (MW) and scrub
woodland (MSW), are dominant over large areas of the park, covering 37% of the
total area. The large grasslands formed by the floodplains of the Luangwa River
tributaries also form a significant component of the ecosystem covering 14% of the
park.

Class Name

Pixel Count

Percentage Cover

CTW

143076

36

MW

100686

26

G

56322

14

MSW

42295

11

TH

21983

6

RWT

12927

3

SPW/AAG

9144

2

AW

6982

2

W

429

0

393844

100

Total

Table 26: Summary of the relative composition of vegetation classes in Luambe National Park.
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975 pixels out of a total of 1010100 pixels in the subset image were unclassified by
the classification algorithm, representing less than 0.1% of the total pixels in the

Percentage
Cover

image.

CTW

40
35
30
25
20
15
10
5
0

MW
G
MSW
TH
RWT
SPW/AAG
AW
CTW

MW

G

MSW

TH

RWT

SPW/AAG

AW

Vegetation Class

Figure 29: Relative composition of vegetation classes in Luambe National Park.

3.3.6 Description of the land cover classes of LNP
A brief description of the land cover classes used in the classification scheme is
presented below. It must be emphasised that no detailed quantitative study of plant
species present was undertaken and class allocations were based on a subjective
assessment of vegetation types based on physiognomy and the identification of
several characteristic and easily recognisable species (Smith, 1998). Common names
follow Coates Palgrave (Coates Palgrave, 2003b).
As a relatively small park with little variation in relief, the diversity of vegetation
types present is less than that found in the larger national parks of the Luangwa
Valley. For example, miombo woodland is generally found only at altitudes greater
than 700 m (Smith, 1998) which are not present in Luambe.
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Figure 30: Thicket (TH). The photograph on the left shows a dense stand of thicket alongside
floodplain grassland; the photograph on the right shows deciduous thicket at the height of the
dry season.

Figure 31: Riverine woodland and thicket (RWT). Two photographs taken alongside the
Luangwa River. The photograph on the right illustrates a canopy of tall evergreen trees
reaching above a dense layer of smaller tree and shrub species.

Figure 32: Combretum-Terminalia woodland (CTW). The photograph on the left is taken soon
after the end of the rainy season, showing the common Terminalia sericea tree in the foreground.
The photograph on the right is taken later in the dry season after the trees have shed their
leaves, revealing a prominant grass layer.
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Figure 33: Acacia woodland (AW). Both photographs show dense stands of Acacia kirkii, which
form small pockets of very characteristic homogenous vegetation in Luambe National Park.

Figure 34: Mopane woodland (MW). Tall ‘cathedral’ mopane forms a very distinctive
vegetation unit, especially in the north-western region of the park. The photograph on the left
was taken soon after the end of the rainy season, the photograph on the right much later in the
dry season.

Figure 35: Mopane scrub woodland (MSW). The shorter scrub form of the Colophospermum
mopane tree is less common than the woodland form above. The photograph on the right
illustrates how barren this vegetation unit appears towards the end of the dry season.
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Figure 36: Grassland (G). The photograph on the left shows the flattened grassland of the
floodplains of the Luangwa River tributaries towards the end of the dry season. However, many
areas of Luambe are dominated by tall grassland species as illustrated by the photograph on the
right.

Figure 37: Semi-permanent water / aquatic association grassland (SPW/AAG). The photograph
on the left illustrates the dry, dark, cracking clays distinctive of the floodplains around the
Luangwa River tributaries. On the right is a lagoon, typical of that created by the meandering
Luangwa River.

Figure 38: Water (W). Permanent water is scarce in LNP with even the Luangwa River,
pictured above, drying up in sections towards the end of the dry season.
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3.3.6.1

Thicket

Thicket (TH) (Figure 30) is found mainly on the alluvial soils near the Luangwa
River, but also occurs quite extensively towards the south eastern corner of LNP. It is
found on freely draining sandy loams (Smith, 1998), often occupying slightly higher
ground than surrounding grassland, mopane woodland or mopane scrub which is
often water-logged during the rainy season.
Two distinctive types of thicket were recognised in LNP which corresponded to
Smith’s vegetation types B1 and B2 in NLNP (Smith 1998). They were both
included as a single class in this classification. The first type consists of dense stands
of deciduous bushes and small trees. Some fairly extensive areas of this thicket
occur, particularly in the north-western section of the park towards the northern
boundary and on the western edge of the floodplain grassland near the Luangwa
River. Characteristic tree species include Schrebera trichoclada (wooden pair tree)
and Diospyros quiloensis (crocodile-bark jackal-berry). The grass layer is sparsely
developed.
The second type of thicket recognised consists of dense shrubs occurring in open or
closed stands. Occasional tall trees are found within this vegetation type and again
the grass layer is sparsely developed. This type of thicket is less widespread in LNP.
Characteristic tree species include the occasional Kigelia Africana (sausage tree) and
Diospyros quiloensis. Dominant shrubs include Combretum obovatum (spiny whiteleaved combretum) and a variety of other Combretum species.
3.3.6.2

Riverine woodland and thicket

Riverine woodland and thicket (RWT) (Figure 31) forms a narrow, intermittent belt
of vegetation along the banks of the major rivers. It is found mainly along the banks
of the Luangwa River, but other smaller tributaries to the Luangwa including the
Lupita, Mukamadzi and Kangwa also have areas of riverine woodland. Mosaics of
this woodland are also commonly found surrounding the ox-bow lakes and lagoons
formed by the changing path of the Luangwa River. This vegetation type is
associated with the rich, recently deposited alluvial soils which lie adjacent to the
rivers of the valley floor (Smith, 1998).
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In addition to the tall woodland species, this class contains a well developed layer of
dense shrubs and small trees. Although many of these species may be similar to those
in the thicket class itself, it is not possible to map this degree of detail separately.
This thicket layer is also an intrinsic component of the riverine vegetation class and it
would therefore be incorrect to attempt to map it separately.
Characteristic tall tree species in this class include Diospyros mespiliformis (African
ebony / jackal berry), Kigelia Africana, Trichilia emetica (Natal mahogany), Afzelia
quanzensis (pod-mahogony / lucky bean tree), Colophospermum mopane (mopane)
and Combretum imberbe (leadwood). Smaller tree and shrub species include Feretia
aeruginescens (pink-medlar), C. obovatum and many other Combretum species. C.
imberbe may occur as a shrub or a tall tree and is common, especially at areas
interdigitating with the semi-permanent water / aquatic association grassland class
(from here onwards refered to as aquatic grassland). The grass layer in this class is
again sparse.
3.3.6.3

Combretum-Terminalia woodland

Combretum-Terminalia woodland (CTW) (Figure 32) represents the largest class in
LNP and is also common outside the park. It is largely deciduous woodland
dominated by Combretum and Terminalia species and is commonly found in close
association with the thicket class. It occurs on deep, sandy soils (Smith, 1998).
Characteristic trees in this class include Terminalia sericea (silver terminalia),
various Combretum species, the most easily identifiable being C. fragrans (C.
adegonium, four-leaved combretum), C. collinum subsp. gazense (variable
combretum) and C. imberbe. Other species of Combretum and Terminalia are
common, but it was beyond the scope of this study to identify them to species level.
C. imberbe are often found in or around slight depressions where seasonal
inundations with water are more likely. A tall, well developed grass layer is
characteristic of this vegetation class.
Occasional Julbernardia species were found in this woodland towards the eastern
boundary of the park along the Mukamadzi River, but predominant vegetation still
represented this class and no Brachystegia species were observed. It is likely that this
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area represents the beginning of an area of intergrading between this class and the
scrub miombo woodland found outside the park. Relief was greater here and the
altitude closer to that at which miombo woodland might be expected to occur (Smith,
1998).
3.3.6.4

Acacia woodland

Acacia woodland (AW) (Figure 33) makes up only a small component of the
vegetation of LNP and occurs on the seasonally flooded alluvial clay soils of the
valley floor. This land cover class is represented in the most part by very distinctive,
dense, homogenous stands of A. kirkii (flood-plain acacia). The tree is very dominant
and few other plants or grasses are found within these dense stands. It is often found
near mopane woodland or mopane scrub woodland (from here onwards refered to as
mopane scrub), and occurs mostly in the north-western region of the park near the
Luangwa River.
Other Acacia species are also found occasionally and often exist as a minor species
within other land cover classes such as riverine woodland and thicket (from here
onwards refered to as riverine woodland) or Combretum woodland. In some areas,
especially along the banks of the Luangwa River, Acacia species other than A. kirkii
form a large enough area to be mapped as this class. Characteristic species in these
areas include A. sieberiana (paperbark acacia) and A. polyacantha (white-stem
acacia). Also occasionally found is Faidherbia albida (winter-thorn) which was
previously classified in the Acacia genus.
3.3.6.5

Mopane woodland

Large areas of LNP are dominated by Colophospermum mopane (mopane) trees.
This plant species is unusual in that it may either grow into tall dominant trees or
short stunted scrub forms. It was considered desirable to map these two classes
separately and the tree form is therefore represented by the mopane woodland class
(MW) (Figure 34) and the scrub form by the mopane scrub class (MSW, see below)
(Figure 35).
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The mopane woodland class itself may also be subdivided into two woodland types.
In the first type, known as ‘cathedral mopane’ and found mainly in the north-western
region of the park, mopane trees may grow into very tall distinctive woodland trees
up to 30m in height. In other areas the trees do not develop as tall as this, reaching a
height of nearer 15m, but still distinct from mopane scrub. This type of mopane
woodland sometimes interdigitates with the scrub form of mopane.
Mopane woodland occurs in alluvial soils near the Luangwa River or its tributaries.
Typically there is a shallow, sandy loam surface layer over a layer of slightly acidic
impermeable clay (Smith, 1998). Drainage is poor, resulting in flooding in the rainy
season and damage due to erosion.
C. mopane is the only characteristic tree species, but several other trees and shrubs
are occasionally found. These include C. obovatum, and Capparis tomentosa (woolly
caper-bush). The grass layer is short and not normally well developed.
3.3.6.6

Mopane scrub woodland

Mopane scrub woodland (MSW) (Figure 35) occurs less extensively than the mopane
woodland class, but is still common throughout the park. In this class, C. mopane
trees rarely grow more then a few meters in height and are often stunted and multistemmed shrubs. Soils differ from that found in the mopane woodland class in that
they consist of a sandy silt loam over an alkalinic impermeable clay layer (Smith,
1998). Erosion is again significant and the landscape may be dissected by many
drainage channels and gullies.
C. mopane are the only dominant species in this class and other plant species are less
common than in the mopane woodland class. The grass layer is almost non-existent.
3.3.6.7

Grassland

The grassland class (G) (Figure 36) is invariably associated in some way with water.
The majority component is formed by the floodplain of the various Luangwa River
tributaries, primarily the Lumimba River, but also the Lupita, Mukamadzi and
Kangwa rivers. This floodplain forms an extensive area in the centre of LNP and
accounts for the majority of the grassland in the park. Some grassland is also
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associated with the Luangwa River itself, both on sandy deposits on the bends of the
river, and on areas prone to flooding after high seasonal rainfall in the catchment area
in the Mafingi Hills (Astle, 1999). The soils supporting the grasslands of the
floodplain are poorly draining, heavy clays making much of the park impassable by
vehicle during the rains.
Tall grassland up to 3 m in height is common and supports many of the grasses used
for traditional thatching. Occasional tree or shrub species are found in this grassland
including C. obovatum, K. africana, and C. mopane. Grassland associated with the
sandy soils of the Luangwa River banks may also be associated with the occasional
Acacia species. The secondary grassland formed from degraded mopane woodland,
abundant in both NLNP (Smith, 1998) and SLNP, is rarely found in LNP.
3.3.6.8

Semi-permanent water / aquatic association grassland

This land cover class is represented by areas of land that are seasonally inundated
with water (Figure 37). It consists of the ox-bow lakes and lagoons associated with
the Luangwa River belt, the areas of the floodplain most closely associated with the
tributary rivers, and clay depressions. Many of these areas hold water well into the
dry season and, as such, support a range of aquatic association grasses, sedges and
herbs.
Characteristic trees are few, but occasionally C. imberbe may be found, particularly
in the drier areas represented by this class and towards the periphery of clay
depressions. This class may be closely associated with a belt of thicket or riverine
woodland.
3.3.6.9

Water

In LNP, this class is almost exclusively represented by the Luangwa River (Figure
38). Even this river, however, is not perennial and may stop flowing towards the end
of the dry season. The tributary rivers, with their source in the hills forming the
eastern boundary of the Luangwa Valley, are all seasonal and only flow during the
rainy season and for a short period afterwards.
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3.3.6.10 Termitaria
Although covering an area too small to map as a land cover class on their own,
termitaria (Figure 39) support very distinctive plant colonies. In particular, the
Tamarindus indica (tamarind) tree is very commonly associated with termite
mounds. Other trees and shrubs also showing an affinity include K. africana, C.
obovatum and other thicket species.

Figure 39: A termite mound supporting the growth of a large tamarind tree.
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3.4

Discussion

3.4.1 Study Design
3.4.1.1

Classification scheme

In an ideal classification scheme the classes selected should be both exhaustive and
mutually exclusive (Congalton, 1991). However, the classes selected are also often
dictated to a certain extent by the objectives of the study. There is therefore a tradeoff between the accuracy achieved and the level of detail that the classification
encompasses. In this instance the primary objective of the classification was to
generate an image suitable for the design and analysis of scientific surveys into tsetse
and trypanosomiasis. It thereby had to include the most significant tsetse habitats in
the park and the classification scheme had to reflect this level of resolution. For
example, it is likely that the overall accuracy of the classification could be improved
by mapping to the level of physiognomic unit (for example woodland) rather than to
the level of those vegetation units within each physiognomic unit (for example
individual types of woodland). Hierarchical schemes have been recommended
(Congalton, 1991) so that the classes with lower than desired accuracy may be
collapsed to form more general categories if required. This would be possible with
the scheme used in this study, as the classes representing each physiognomic unit
could be grouped together, which could further increase the accuracy of the
classification.
The major problem encountered with this classification scheme involved the scrub
miombo woodland class which was removed from the final classification. Although
not ideal, it is acceptable to remove very small classes if they are having a
deleterious effect on the accuracy of the rest of the classification (Congalton, 1991;
Lillesand et al., 2004). This was a very small class with a small sample size relative
to the other classes. The main reason for this was the lack of accessibility to the south
eastern section of the park where it was thought to occur, but also the fact that it was
a small class made it difficult to find large enough polygons of homogenous
vegetation. At the time of the study there was no road network at all in this part of
the park so access was entirely by foot. With the time and resources available,
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obtaining reference data from this part of the park was limited (as illustrated by the
distribution of reference polygons in Figure 14). For this reason it is not known with
any degree of certainty how much of this woodland class exists in Luambe.
The scrub miombo woodland class was based on ground survey results from more
accessible areas outside the boundaries of the park. Scrub miombo woodland with
intervening areas of more open woodland or grassland was identified on small hills
with shallow stony soil, 1 km outside the south-eastern boundary of the national
park. It was only found at an altitude of 660 m or greater, and the highest point in
LNP based on the 1:250,000 topographical maps11, is approximately 680 m in the far
south eastern corner. It may therefore be assumed that this land cover class exists to
some degree on the small hills towards the south-eastern boundary of the park. The
scrub miombo woodland class (Figure 40) may be considered to be the same as
Smith’s Julbernadia-Brachystegia lower escarpment and hill miombo woodland and
scrub woodland (Smith, 1998), and Astle’s miombo scrub on shallow soils (Astle et
al., 1969). Most of this area is mapped by the classification as Combretum woodland
with some scrub mopane woodland. The area is likely to represent more of a
transition zone from Combretum woodland to scrub miombo woodland rather than
just the latter.

Figure 40: Hill scrub miombo woodland outside the south-eastern boundary of LNP.

11

Scale 1:250000. Published by the Surveyor General, Lusaka, 1972. Series ZS 51 1232 C2, 1232 A3,
1232 A4, 1232 C1
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Also of interest was the question of whether any true miombo woodland (as opposed
to scrub miombo woodland) occurs in LNP. Its occurrence was recorded in annual
reports produced by the Game Department which described LNP as mostly mopane
woodland and miombo woodland. Although occasional Julbernadia species were
observed during ground surveys along the Mukamadzi River, no evidence of any true
miombo woodland was found by the author. This is consistent with literature
suggesting that true miombo woodland only occurs at heights of 700-1000 m (Astle
et al., 1969; Smith, 1998). The Game Department Reports were written nearly half a
century ago so it is possible that the vegetation has changed since then, or that their
definition of miombo woodland may also have included scrub miombo woodland.
Indeed, the park was only a reserve at that time and it is not clear where the boundary
was.
3.4.1.2

Sampling scheme

Probability sampling designs allow a more robust statistical assessment of accuracy
post classification. Simple random sampling designs may simplify statistical analysis
of the results as illustrated by the fact that the kappa statistic is based on assumptions
that only this form of sampling fulfils. However, simple random sampling may
under-represent small classes resulting in potentially insufficient sample sizes.
Stratification by land cover class is commonly used to overcome this (Congalton,
1991) and was carried out in this study. Despite this it was still difficult to collect
enough reference data for some classes due to their occurrence over small areas, in a
mosaic with other vegetation units. This was particularly the case with the scrub
miombo woodland and acacia woodland classes.
Polygons of homogenous vegetation were selected as the sample unit rather than
pixels as this lessens the risk of problems due misregistration or locational errors
(Foody, 2002). The downside of this approach was that it increased the difficulty in
locating sample sites for land cover classes that occurred in small units or as part of a
mosaic. However, converting the polygon data to equally spaced points representing
a pixel before using it for training or test purposes increased the sample size
substantially. Post-stratification meant that the test data was not purposive.
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Despite this, in all classes other than the grassland class, the sample size was lower
than the target 50 recommended by Congalton as a rule-of-thumb guide (Congalton,
1991). However, the author also goes on to state that a balance must be found
between what is statistically sound and what is practically attainable. Although the
smaller than desired sample sizes will have increased the confidence intervals, the
overall accuracy achieved by the classification is within the target range. Given more
resources and time it would have been possible to improve the sample sizes.
Unequal coverage of the study area, which was the result of limited access to some
regions of the park, is also not desirable from a statistical evaluation point of view.
Probability sampling requires that the inclusion probability of each sample unit is
greater than zero (Stehman, 1997). Leaving out an inaccessible area effectively
means that the inclusion probability of sample units in those areas will be zero and
therefore the sample method is non-probability. However, deviations from
probability sampling are sometimes unavoidable and it is better to probability sample
a restricted area than to do no probability sampling at all (Stehman, 1997).
In this study, training and test data were collected at the same time as is common
practice in supervised classifications. Double sampling (i.e. the collection of training
data before the image is processed and test data after) would have made probabilistic
collection of test data of the desired sample sizes from all classes easier. However,
there is a substantial increase in effort and cost involved with data collection and
there may be changes in the land cover if the time between visits is large (Congalton,
1991).

3.4.2 Relative performance of the two Landsat images
A clear difference was observed between the classifications produced from the 1999
Landsat image and the 2001 Landsat image. This difference was believed to result
from a combination of two factors. Firstly, fires are widespread during the dry season
(see below) and a large part of the park is burnt every year. The amount of nonwoody vegetation is greatly reduced by these fires and this is likely to have adversely
affected the signatures produced. Secondly, most of the woodland and thicket species
are deciduous and would have been leafless in September, resulting in reduced
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signature separability. Signatures from different vegetation classes would have been
less separable due to the lack of green vegetation. In contrast, the 2001 image was
taken at the period of maximum vegetation greenness which resulted in more unique
class signatures.

3.4.3 Accuracy Assesment
An important aspect of the whole classification process, and the reason why correctly
collected test data is important, is the assessment of the degree of error contained
within the resultant image. The production of any map using a classification
algorithm should always be regarded as a generalisation of the real landscape types
(Bourne & Graves, 2001). In fact, any map is, in reality, simply a model or
generalisation that will contain error (Smits et al., 1999). A robust accuracy
assessment process gives the end user an objective view of the usefulness of the map
for the intended purpose. It may also, to a degree, allow comparison of the map
accuracy with other maps of the same area, although this may be statistically
complex. A fuller discussion of the main accuracy parameters used in this study is
presented below.
3.4.3.1

Overall accuracy

The overall accuracy of 71.2% achieved using the fuzzy logic algorithm was
considered to be satisfactory. A pre-determined target had been set at 70% which
may be considered as a general bench-mark for classifications such as this. 95%
confidence intervals (65.3%-76.7%) were wider than desired as a result of logistical
difficulties in collecting a sufficient sample size for all classes in the test data.
3.4.3.2

Producers accuracy

The producer’s accuracies of the riverine woodland, aquatic grassland, and the acacia
woodland classes were low. The riverine woodland class was mainly mis-classified
as thicket which is not surprising as there is a large amount of similarity in the
vegetation present. Thicket species were included within the riverine woodland class
as they often form a dense base layer below the tall riverine canopy trees. There is
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also a problem of scale and, at a pixel resolution of 30 m, it is not possible to
differentiate between these two components of the riverine vegetation belt. Indeed,
Astle describes the vegetation types in his alluvial complex class as being distinctive,
but too small to be mapped individually (Astle, 2002). Some mis-classification with
the Combretum woodland and mopane woodland classes also occurred which may be
a result of the interdigitation of these vegetation types and the joint membership of
some plant species of both classes. Mopane trees are sometimes found as a
component of riverine woodland and the distinction between the classes in this
situation is somewhat artificial.
The acacia woodland class also had a low producer’s accuracy, but in this case it was
mis-classified mainly as grassland and Combretum woodland. That it is mistaken as
grassland may be a result of the fact that there is not much green-leafy vegetation
(especially in the case of A. kirkii) and the ground layer is largely bare resulting in a
similar signature. Poor performance may also be in part due to having a smaller
sample size for this class as it forms only a small component of the park. Confusion
with the Combretum woodland class is most likely a result of the poor uniqueness of
the signature of the latter, being a fairly diverse mixed woodland class.
The aquatic grassland class again had an unsatisfactory producer’s accuracy, but in
this case there was a general mis-classification with the majority of other classes and
no pattern is observed. Again, the sample size for this class was less than desired as it
occurs in small pockets presenting difficulties in reference data collection.
In the accuracy assessment, the water class achieved the highest accuracy which is
not surprising as it is a very homogenous land cover type with a signature that is
normally very different from vegetation classes. It was also taken directly from the
satellite image itself which eliminates the possibility of registration errors with
reference data. Combretum woodland, mopane woodland and grassland classes also
achieved high producer’s accuracies.
3.4.3.3

User’s accuracy

As was mentioned in the results section, the user’s accuracy is more relevant than the
producer’s accuracy to the end user as it represents the probability that the class
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denoted on the map is the same class found on the ground (Story & Congalton,
1986). Assessment of the user’s accuracies for this image reveals problems with two
classes in particular.
Firstly, the Combretum woodland class performs poorly and is mis-classified as
several other classes on the classified image. In particular, confusion exists between
this class and the thicket and riverine woodland classes. This is not entirely
unexpected as there is joint membership by several species, in particular the
Combretum species, in these vegetation types. Many pixels are also wrongly
classified as grassland which may be related to the fact that there is a well developed
grass layer in this vegetation class. However, there is also mis-classification with
most other classes suggesting that the signature for this class is not very unique. This
point is illustrated by TD values of 782 and 945 for this class with thicket and
riverine woodland, respectively. It may be that it contains too diverse a variation in
vegetation for one class and could possibly be sub-divided further. Examination of
histograms, however, did not suggest the presence of more than one vegetation type
(i.e. did not reveal two peaks in reflectance values). A hybrid classification approach
using signatures generated from an unsupervised classification could also be used to
improve the performance of this class.
Secondly, the figures for the thicket class were also disappointing. This class was
largely mis-classified as riverine woodland with performance with respect to other
classes being satisfactory. Again this reflects the difficulties of trying to map areas at
a scale larger than that at which they exist in their natural mosaic. It is not possible,
at the scale required for a Landsat image, to collect reference data for riverine
woodland without including the thicket layer. Indeed, it is a natural component of
this class anyway, so it could be argued that this would be an artificial segregation of
the class boundaries. Use of greater resolution remotely sensed imagery might reduce
this problem, but it is unlikely to overcome it (Foody, 2002).
The two mopane woodland classes performed better in the analysis than the above,
but were still a little low. Mopane woodland itself was predominantly mis-identified
as mopane scrub, which is not altogether surprising given that they are composed
largely of the same vegetation species. Leaf cover would be expected to be higher,
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however, and there is a more developed grass and shrub layer in mopane woodland.
Mopane woodland was also wrongly classified as riverine woodland to a lesser
extent, most likely because C. mopane trees sometimes form part of the canopy in
riverine woodland. The mopane scrub class was commonly mis-classified as
grassland, a result which may be a result of the sparse leafy cover in both of these
classes.
The classes with highest user’s accuracies were the water, aquatic grassland,
grassland and acacia woodland classes. These are all very homogenous, distinctive
vegetation classes in LNP and would be expected to perform well.
3.4.3.4

Kappa statistics and statistical tests of significance

The kappa coefficient of agreement (Cohen, 1960) is a commonly used measure to
describe the level of agreement between two ‘raters’. It has become increasingly
popular as a method of assessing agreement with reference data for classified images
(Stehman, 1997). The use of the kappa coefficient has many advantages within this
field, including the fact that it includes the marginals from the error matrix and
therefore reflects errors of both commission and omission (Stehman, 1997).
However, there is controversy over the adjustment due to chance agreement
incorporated within the measure. Some authors argue that this is not relevant to the
end user, as what is important is simply whether or not the classification is correct
and not why it is correct (Stehman, 1997). Others have argued that the adjustment
due to chance agreement is too high (Foody, 1992). A further problem with the
kappa coefficient is that it may be biased when a sampling scheme other than simple
random sampling is used (Congalton, 1991; Stehman, 1996). An alternative,
modified estimator of kappa for stratified random sampling was proposed by
Stehman, but does not appear to have been widely adopted by the remote sensing
community (Stehman, 1996).
Despite these concerns and, in light of the widespread use of KHAT, this measure
was included in the accuracy assessment for completeness. In addition, Stehman’s
modified estimator of kappa was also presented for the final image as it may be more
statistically valid for the sample scheme used in this study.
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The use of KHAT in the comparison of the accuracy of classifications produced by
different algorithms has also received attention (Foody & Mathur, 2004). When used
in this way the samples used must be independent, an assumption which is
commonly violated. When comparing two algorithms it is often desirable to use the
same set of reference data so that any differences in accuracy may be attributed to the
algorithm itself rather than the reference data used. An alternative method for
comparing kappa coefficients from related samples based on the Monte Carlo
resampling techniques has been proposed (McKenzie et al., 1996). However,
alternatives based on the proportion of correctly classified pixels are also possible
(Foody, 2004) and were used in this study. Specifically, the McNemar test may be
used to estimate the statistical significance of the differences between two
proportions (Thrusfield, 2007). This test was used to assess the improvement offered
by the use of the fuzzy logic algorithm over the standard maximum likelihood
algorithm. The McNemar test only requires a 2 X 2 contingency table of correct and
incorrect classifications, so it is therefore possible to collapse down the larger error
matrices to generate one table for use in the analysis (presented in the results
section). This does, however, preclude the comparison of results from classifications
with different classification schemes and therefore different classes or categories. A
comparison of classifications with different schemes is dubious anyway as the
information presented by the two images is not the same.
The results of McNemar test for significance suggest that the fuzzy logic algorithm
presented statistically significant improvements over the maximum likelihood
algorithm (p=0.03) at the 95% level. Possible reasons for this are examined below.

3.4.4 Benefits of an approach based on fuzzy logic
As was alluded to in the introduction, mixed pixels have been identified as a major
source of error in traditional ‘hard’ classifications that assign only one class to each
pixel (Wang, 1990; Foody, 1996; Benz et al., 2004), and as the most important cause
of misclassifications (Foody, 2002). Detailed information on joint membership by
other classes, particularly around boundary areas, is lost. The use of a fuzzy
supervised classification algorithm overcomes this by assigning complete or partial
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membership to pixels by different classes in the form of a multi-layered ‘soft’ image.
This may then be ‘hardened’ into a single layered image in order to generate an
output image.
Mixed pixels are likely to have been a significant problem in Luambe as the
vegetation of the Luangwa Valley exists in a natural mosaic, as it does in most
natural ecosystems. In his detailed floristic study of NLNP, Smith grouped his
vegetation categories into mosaics of vegetation types that could not be mapped
separately at the chosen resolution (Smith, 1998).
Finding homogenous polygons of vegetation in Luambe to use as reference data
during the ground-truthing study was challenging. This was less so for the larger land
use classes such as mopane woodland and grassland which exist in large
homogenous units, and these classes generally performed better in the classification.
The smaller land cover classes such as the riverine woodland class were often
fragmented and inter-digitating with other classes. This is also an issue of scale
which is pre-determined by the spatial resolution of Landsat data set being used to
map small diverse habitats. Although an increase in the spatial resolution of the
imagery might reduce the frequency of occurrence of mixed pixels, it is unlikely to
eliminate them (Foody, 2002).
Homogenous reference data is also not required for fuzzy classifiers which may be
another reason for the improved performance of this algorithm. Although attempts
were made to collect homogenous reference data, there is no doubt that it contained a
degree of heterogeneity and many mixed pixels. This in effect represents ‘fuzzy’
ground truth data that is a much more accurate reflection of the real state of the
natural vegetation within the park. It would, however, have limited the accuracy of
the conventional maximum likelihood classifier.

3.4.5 Area figures for LNP
The figures for the area of LNP produced from the classified image differ quite
considerably from the regularly quoted figures for the size of the park. Figures used
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by the Zambian Wildlife Authority record the park as being only 254 sq. km.12 in
comparison with the 331 sq. km. figure extracted from the classified image.
Unfortunately it is not clear where the figure of 254 sq. km. originates from. One
possible source of the discrepancy is the fact that the eastern bank of the Luangwa
River forms the western boundary of the national park and this has clearly altered
since the topographical maps were published in 1972. The park boundary shapefile
used to produce the classified image was created by digitalising the park boundary on
the topographical map for the northern, eastern and southern boundaries, but the river
bank from the classified subset image was used to complete the western boundary.
This was considered to be more accurate as meandering of the river had changed its
path by quite a large amount in some places. Therefore the figure would be expected
to be slightly different, but this cannot account for such a large discrepancy.
Another issue worthy of mention is the fact that the shapefiles used by ZAWA are
based on digitalization of 1:250,00013 scale topographical maps rather than the more
detailed 1:50,000 maps used in this work. The boundary on these maps is visibly
different, especially in the south-western region. However, the figures extracted from
the ZAWA shapefile give an area of 336 sq. km. which is again very different from
the 254 sq km. widely quoted as the area of the park. It is much closer to the figure of
331 sq. km. from this classified image.
One of the benefits of GIS is the ability to produce very accurate summary statistics
for images or maps with relative ease. It is thus highly probable that the figures
produced as an output from the classified image are a more accurate estimate of the
true size of the park, and consequently they should be adopted by the wider
community. The current official maps of the boundary of SLNP are also considered
to be incorrect and to not agree with the legal definition (Astle, 1999). At the time of
writing, boundary disputes existed between the local communities and ZAWA
around LNP, NLNP and SLNP and more work is required to clarify the true
boundaries of theses parks as defined in the legislation.

12

www.zawa.org.zm
Scale 1:250,000. Published by the Surveyor-General, Lusaka, 1989. Printed by the Government
Printer, Lusaka.

13
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3.4.6 Miscellaneous factors affecting the vegetation of LNP
3.4.6.1

The effect of regular uncontrolled burning

Figure 41: Fire-resistant Combretum-Terminalia woodland thrives in much of LNP and the
surrounding areas.

Large areas of the national park and surrounding GMA are burnt every year. These
fires are invariably man-made and occur throughout the dry season. At the time of
writing there was no official policy to conduct controlled burning of the national
park, as there is in both the NLNP and SLNPs (Yang & Prince, 2000) to prevent
damaging fires late in the dry season. These so-called ‘hot’ burns late in the dry
season may be very damaging to vegetation due to the high temperatures generated.
Fires of this nature in Luambe are likely to be affecting the balance of vegetation
classes present and it is probable that this is a contributing factor to the widespread
occurrence of Combretum woodland in the park and surrounding areas (Figure 41).
Combretum species in particular are known to be relatively fire-resistant. Smith also
postulated that this vegetation type is probably maintained by the fierce dry-season
fires in NLNP (Smith, 1998). Combretum species are also relatively unpalatable to
browsers and artificially encouraging this vegetation class through uncontrolled
burning may have a deleterious effect on large herbivore conservation. Mopane
woodland, in contrast, is relatively susceptible to fire damage due to oils contained
within the trunks that burn readily. This susceptibility to fire damage is believed to
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be exacerbated by the damaging practice of bark removal and, in particular ringbarking, by elephants.
Regular burning also supports the development of grassland by preventing
encroachment by bushland. Although most of the grassland in Luambe is associated
with water in some way, fire may also be exerting an influence on the area covered
by this vegetation class. This might also be increasing the amount of biomass
available to grazers.
3.4.6.2

The effect of browsing damage by large herbivores

Many authors consider the damaging browsing habits of elephants, and in particular,
pollarding of young trees (Caughley, 1976) to be responsible for the maintenance of
the ‘cathedral mopane’ woodland. This characteristic form of the woodland is
common in LNP, but is absent from some other parts of the valley (Smith, 1998).
Pollarding by elephants has also been cited as the possible reason for the occurrence
of mopane scrub in some areas rather than the taller tree form. However, although
elephant numbers in Luambe have been low since the poaching crisis of the 1980s
(Leaderwilliams et al., 1990), both ‘cathedral mopane’ woodland and mopane scrub
are still relatively common.
The areas of grassland formed from degraded mopane woodland that cover parts of
the NLNP (Smith, 1998) and SLNP (personal observation) are rare in Luambe. As
elephant numbers are also likely to be lower, this may support the hypothesis that
browsing damage by elephants contributed to the succession from mopane woodland
to grassland. However, it is also possible that other factors such as changes in water
levels that have also been hypothesised as a possible causes, have not occurred in
Luambe in the same manner as the other parks.

3.4.7 Conclusion
Landsat ETM+ satellite imagery was successfully used to generate a classified image
of LNP of sufficient quality for the intended purpose. An approach based on ‘soft’
fuzzy logic afforded a greater level of accuracy than that offered by conventional
‘hard’ classification techniques.
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4 Chapter IV

An investigation into the ecology of tsetse

(Glossina species) in the Luangwa Valley, Zambia
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4.1

Introduction

The first tsetse survey in the Luangwa Valley took place in Nabwalya as part of the
Sleeping Sickness Commission investigating the cause of recent cases of human
disease in the valley (Kinghorn et al., 1913). As part of a wide-ranging investigation
they demonstrated that Glossina morsitans Westwood (now reclassified as Glossina
morsitans morsitans Westwood) was capable of transmitting what they considered to
be the human parasite. Sleeping sickness has continued to occur at a low endemic
level in the Luangwa Valley since then with the majority of cases in the northern
districts of Chama and Isoka (Buyst, 1977). Cases elsewhere are sporadic with
occasional epidemics occurring (Rickman, 1974; Dukes et al., 1983). The Luangwa
Valley forms part of the common fly belt of southern Africa with three species of
tsetse present, namely G. m. morsitans, G. pallidipes and G. brevipalpis. The tsetse
challenge, alongside high levels of predation by wild animals, is considered to be
high enough to preclude the keeping of livestock in most of the valley (Kinghorn et
al., 1913; Marks, 1984). The low density of people means that agricultural activities
have little effect on tsetse densities, especially around sources of water on which
livestock wound be dependent.
The role of the tsetse fly as a vector in the Luangwa Valley has been investigated by
Clarke who studied trypanosome infection rates in G. m. morsitans in Nsefu and
another location towards the eastern plateau, as part of a country wide investigation
into the epidemiology of trypanosome infections of tsetse in Zambia (Clarke, 1969).
Much research was also conducted as part of the Regional Tsetse and
Trypanosomiasis Control Programme (RTTCP) that took place during the late 1980s
and through the 1990s. As part of this programme, a tsetse research station was built
at Kakumbi in the central Luangwa Valley near South Luangwa National Park
(SLNP), to enable the monitoring of tsetse densities and trypanosome infection rates.
An investigation using data collected as part of the RTTCP, used dissection and
DNA probes to investigate trypanosome infection rates and age prevalence curves in
G. pallidipes (Woolhouse et al., 1994). This data was further analysed, in
combination with data collected from the Zambezi Valley, Zimbabwe (Woolhouse et
al., 1993), to investigate the distribution and abundance of trypanosome infections of
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G. pallidipes (Woolhouse et al., 1996). Epidemiological models have also been used
on this dataset along with data from seven other sites in southern and eastern Africa
to demonstrate differences in the association of age and trypanosome prevalence in
Duttonella and Nannomonas genus infections (Woolhouse & Hargrove, 1998).
Another multiple site study included data collected at Kakumbi during the RTTCP to
study the dynamics of trypanosome infections in G. m. morsitans and G. pallidipes
and, in particular, the association of prevalence with age (Leak & Rowlands, 1997).
Outside the Luangwa Valley, the association between age and trypanosome
prevalence in G. m. morsitans has been investigated on the plateau in Eastern
Province (Kubi et al., 2007).
The original work by Clausen et al on host preferences of tsetse included some data
collected from the Luangwa Valley (Clausen et al., 1998) and confirmed earlier
findings that warthog were the preferred host for G. m. morsitans tsetse (Weitz,
1963). Other investigations into host preferences include work on the feeding habits
of G. m. morsitans on the plateau of Eastern Province which identified cattle as the
main source of blood meals in the area (Van den Bossche & Staak, 1997). The
relationship between host preference and trypanosome infections was also
investigated in Central Province where warthog were identified as the main source of
feeds (Okiwelu, 1977). However, few published studies of the densities of potential
tsetse hosts in the Luangwa Valley in recent years are available. Aerial surveys have
been carried out, but normally do not include densities for the smaller hosts such as
warthog (Lewis, 2005a). A large ground survey was conducted in Upper Lupande
Game Management Area with the aim of investigating the sustainable off-take
potential from safari hunting (Ndhlovu & Balakrishnan, 1991), but data on animal
densities in national parks is sparse. Several in depth studies of warthog ecology
have been carried out in other parts of southern Africa (Cumming, 1975; Rodgers,
1984; Somers et al., 1994).
Factors affecting tsetse distribution and abundance have been reviewed by Rogers
and Randolph (Rogers & Randolph, 1985). Much work has been conducted on the
factors affecting the geographical distribution of tsetse, with the use of remotely
sensed imagery increasingly used for this purpose in recent years (Rogers, 1991).
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However, factors affecting the local abundance of tsetse are more complex and
studies are complicated by bias inherent in methods used to sample tsetse
populations (Hargrove, 1991). The behaviour of tsetse entering traps and artificial
refuges during the hot season in Zimbabwe has been studied as part of an
investigation into the effect of microclimate on the reproductive status of tsetse (Torr
& Hargrove, 1999).

4.1.1 Aims
This chapter has four main aims. Firstly, to investigate the epidemiology of
trypanosome infections in tsetse in the Luangwa Valley using mixed effects models
to identify risk factors for infection. Secondly, to investigate factors affecting the
distribution and apparent density of tsetse, also through the use of mixed effects
models. Thirdly, to estimate the densities of potential tsetse hosts through a ground
survey and the use of distance sampling methods. Finally, to investigate the density
and distribution of warthog burrows as part of this ground survey.
These aims were achieved through the completion of a pilot tsetse survey in South
Luangwa National Park (SLNP) in 2005, followed by a second tsetse survey in
Luambe National Park (LNP) in 2006. A tsetse host and warthog burrow survey was
also conducted in LNP in 2006. It was hoped that this work would help to provide a
better understanding of the ecology of trypanosome infections in tsetse which would
assist in the development of targeted and environmentally sensitive control measures.
It was also hoped to provide a better understanding of the ecological link between
warthog and tsetse.

4.1.2 Null hypotheses
1. HO – There is no significant effect of fly inherent factors such as species, sex and
age on trypanosome prevalence detected in tsetse flies in the Luangwa Valley.
2. HO – There is no significant effect of environmental variables such as vegetation
type, month, odour baits, fire, temperature and vegetation greenness on trypanosome
prevalence detected in tsetse flies in the Luangwa Valley.
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3. HO – There is no significant effect of fly inherent factors such as species on the
apparent density of tsetse in the Luangwa Valley.
4. HO – There is no significant effect of environmental factors such as vegetation
type, month, odour baits, fire, temperature, vegetation greenness and host animal
density on the apparent density of tsetse in the Luangwa Valley.
5. HO – Warthog are not an abundant wild animal species in the Luangwa Valley.
6. HO – The distribution of warthog burrows shows no association with tsetse
apparent density.
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4.2

Materials and methods

4.2.1 Tsetse surveys
4.2.1.1

Study areas

4.2.1.1.1 South Luangwa national park
The pilot tsetse dissection study took place in South Luangwa national park (SLNP)
which was described in detail in Chapter II. It is the second largest national park in
Zambia, occupying 9050 sq. km. in the mid-Luangwa Valley. The study area was the
same as that used during monitoring for the Regional Tsetse and Trypanosomiasis
Control Programme (RTTCP) reviewed in Chapter II. It covered a small area of
thicket (TH) and riverine woodland and thicket (RWT) near the Mushilashi River
with easy access from Kakumbi tsetse research station. The study areas for both the
SLNP and the Luambe national park (LNP) surveys are shown in Figure 42.

Figure 42: Map showing the location of the study areas in South Luangwa national park and
Luambe national park.

Chapter IV

186

4.2.1.1.2 Luambe national park
The tsetse trypanosome prevalence survey, tsetse abundance survey and tsetse host
density survey were carried out in Luambe national park (LNP) which has been
described in detail in the previous chapter. As the road network is restricted in
Luambe and most of the southern and eastern sections of the park were largely
inaccessible during 2006, a study area in the north-western section of the park was
selected. This area has a reasonable network of seasonal roads that are maintained by
the Non-governmental Organisation (NGO), Luangwa Wilderness Trust, who were
co-managing the park with the Zambian Wildlife Authority (ZAWA). An area
covering 47 square kilometres (sq. km.) was identified and all three surveys
conducted within this area (Figure 43). The study area included all vegetation types
identified in Luambe national park in the previous chapter.

Figure 43: Study area in Luambe national park.
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4.2.1.2

Study design

4.2.1.2.1 Pilot study in South Luangwa National Park
The study design for the pilot study utilised non-randomised convenience sampling.
Tsetse trap sites used during the RTTCP, the positions of which had been optimised
to collect as many flies as possible, were used for the study (Figure 44). Trap sites in
three vegetation types were selected with three traps positioned in each site. The first
site was in an area of riverine woodland and thicket (from here onwards refered to
simply as riverine woodland). One trap was moved to a new location 100 m away
during the study after a resident cobra was disturbed during tsetse fly collection. The
second site was in an area of closed thicket (CTH) vegetation and the final site was
in an area of degraded Colophospermum mopane woodland, which was now mostly
open thicket vegetation (OTH).

Figure 44: Location of the tsetse survey sites for the 2005 pilot study in South Luangwa National
Park.
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Flies were sampled using Epsilon traps (Figure 45; Bonar Industries (Pvt) Ltd,
Zimbabwe) with three traps placed 200 m apart in each study site. Each trap was
baited with two sachets (5 cm X 5 cm, 150 µm thick) containing 3-n-propylphenol,
octenol and 4 methylphenol in the ratio 1:6:12. An open 500 ml bottle containing
methylethylketone (MEK) was also placed at the entrance to the traps. Traps were set
at 14.00 hrs and flies collected the following day at 06.00 hrs. Three traps were set
up each day in one sample site and a rotation initiated that resulted in two catches per
week from each trap (working a six day week).

Figure 45: An Epsilon trap in use in Lower Lupande Game Management Area.
Tsetse flies are attracted to the trap as a result of the blue colour and once inside are
encouraged to land at the back of the trap by the black cloth. When trying to leave the trap they
fly towards the light which leads them through a funnel and into a plastic collection chamber
which has a narrow entrance making it unlikely they will be able to escape. Odour baits are
also used to attract tsetse over greater distances and to increase the trap efficiency.

The study took place over a six week period in April and May, 2005. Count and
species data were collected from all traps for three days at the beginning of the study
period in order to assess the population structure. From this initial data, it was
decided to concentrate the dissection study on G. pallidipes only as numbers of the
other species were not large enough to be able to collect enough data for statistical
analysis of the results.
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4.2.1.2.2 Tsetse survey in Luambe national park
A stratified random sampling design was used for the Luambe national park study.
Ten trap sites were randomly selected with stratification by vegetation type. Only the
five vegetation types that were considered to provide suitable tsetse habitat in the
study area were selected for the study. These were riverine woodland, thicket,
mopane woodland (MW), mopane scrub woodland (MSW) and CombretumTerminalia woodland (CTW). For the sake of brevity, riverine woodland and thicket
is refered to as riverine woodland from here onwards, mopane scrub woodland as
mopane scrub and Combretum-Terminalia woodland as Combretum woodland.
Tsetse trap sites were randomly selected using the classified land cover image
described in Chapter III. A 500 m grid was placed across the study area and the
Spatial Analyst extension for ArcView 3.2 (Esri) was then used to extract the
vegetation classes from the classified image for each grid square and this was saved
in a spreadsheet file. Using the software program R (R Development Core Team,
2006), the percentage of each vegetation class contained within each grid square was
calculated. Squares with a percentage composition for the vegetation types selected
in the study that was over a pre-set threshold were then selected as prospective trap
sites. The threshold was set at 55% for all vegetation types, but had to be reduced to
50% for mopane scrub and 10% for riverine woodland as there were not enough 500
m2 areas of sufficiently homogenous vegetation type in the study area for these two
classes. Ten trap sites, two for each vegetation type, were then randomly selected
from the candidate list using a random number generator.
The central point for the selected 500 m squares was entered into a hand-held
Garmin global positioning device (GPS). This was then used to locate the trap site on
the ground and assess its suitability. One Combretum woodland trap site was found
to be predominantly mopane woodland and a new trap site was randomly selected
from the list of Combretum woodland grid squares to replace it. All other trap sites
were considered to consist predominantly of the expected vegetation type. One trap
was placed in the most suitable location as close as possible to the central point for
each grid square. A second trap was then placed 200 m from the first in a direction
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that was perpendicular to the prevailing wind direction so that both traps were within
the same grid square.
Epsilon traps were used to sample the tsetse flies, as in the SLNP study. However, in
contrast to that study traps were set once daily as close to 06.00 hrs as possible and
flies collected the following day at the same time. Most traps were set without the
use of odour baits as it was considered desirable not to attract flies over large
distances in order to study the effects of vegetation type. However, all traps were
used with baits (as in the SLNP study) for a period during the study so that their
effect could also be investigated. The study ran from June to October, 2006 with
sampling occurring during one week of each month during that period. In an attempt
to ensure that similar numbers of flies for the dissection study were obtained from
each stratum, increased sampling effort was applied to strata with smaller catches.
During October, when ambient temperatures were at their greatest, three artificial
refuges were created to sample G. brevipalpis. They were sited in well shaded areas
of riverine woodland within 50 m of the Luangwa River. A 200 l metal drum with
one open end was spilt in half longitudinally and buried in soil and leaf litter as
described by Vale (Vale, 1971) (Figure 46). Flies were sampled over several days
towards the end of the study period by placing a net over the open end of the refuge
during the hottest period of the day.

Figure 46: The use of an artificial refuge for sampling G. brevipalpis tsetse.
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4.2.1.3

Laboratory analysis

4.2.1.3.1 Pilot tsetse trypanosome prevalence study in South Luangwa
national park
Laboratory facilities at Kakumbi tsetse research station were utilised for the study.
Experienced tsetse dissection technicians, employed by the Veterinary Department of
Zambia, were recruited to assist with the tsetse trapping and laboratory work.
Samples of flies collected from traps were stored in a refrigerator at 4ºC until
required for dissection. The trypanosome infection status of each fly was assessed
using the dissection method originally described by Lloyd and Johnson (Lloyd &
Johnson, 1924). Flies were dissected using dissection forceps and needles using a
standard dissecting microscope under low power (X10). Midgut, salivary glands,
labrum and hypopharynx were removed from each fly, placed on a microscope slide
and saline was added to prevent desiccation. A coverslip was applied and each piece
of tissue examined for the presence of trypanosomes under a compound microscope
at high power (X100). The identification of trypanosomes detected was classified to
the genus level based on differing sites of maturation in the tsetse fly as illustrated in
Table 27 below. Approximately 20 male flies and 20 female flies from each trap
were dissected each day. Teneral flies which had not yet fed were not dissected.

Labrum or
hypopharynx

Midgut

Salivary gland

Trypanosome
genus

+

-

-

Duttonella

+

+

-

Nannomonas

+

+

+

Trypanozoon

Table 27: The classification scheme used for the identification of trypanosome genus based on
the site of maturation in the tsetse fly.

Each fly was assigned a unique identification number and the infection status
recorded. Additional data was recorded as to the species and sex of each fly, as well
as the date and time of sampling, the trap that each sample came from and the use of
odour baits. The wings from each fly dissected were also placed on the recording

Chapter IV

192

sheet and secured using adhesive tape in line with the dissection results for the fly.
The wings were used to categorise the age of each fly using the method first
described by Jackson (Jackson, 1946). Each set of wings was examined under a low
power microscope and the degree of fraying or damage to the posterior edge of the
wing assessed against a reference scale from one to six. The corresponding category
was then recorded alongside the dissection results for the fly.
The age of a subset of 200 female flies was also categorised by the ovarian dissection
technique (Saunders, 1962) at the beginning of the study. In this technique the
ovaries are carefully examined at high power under a compound microscope for
evidence of previous ovulations. The uterine contents are also examined for the
presence of an egg or larvae and the combined results used to assign an ovarian
category from zero to seven. As this is a technically demanding and labour intensive
technique, only a subset of flies was aged using this method which allowed a much
greater number of dissections to be conducted.
4.2.1.3.2 Tsetse trypanosome prevalence survey in Luambe national
park
A temporary field laboratory was set up at the research base in Luambe national park
for the duration of the study. Flies were stored in a refrigerator at 4ºC until required
for dissection. The dissection procedure was the same as that described above. Each
fly was assigned a unique identification number and the infection status recorded.
Additional data was recorded as to the species and sex of each fly, the date and time
of sampling, the trap the sample originated from, the use of odour baits and any other
relevant information such as the occurrence of fire. Wing fray categories were
recorded for all flies and ovarian categories for a subset of females.
4.2.1.3.3 Tsetse density survey in Luambe national park
In contrast to the pilot study in South Luangwa NP, all tsetse sampled in this study
were counted and recorded even if they were not dissected. Data was recorded in a
similar manner to above, but without the dissection result, wing fray categories and
ovarian categories for those flies not dissected.
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4.2.1.4

Statistical analysis

4.2.1.4.1 General approach
All the study designs for the tsetse surveys involved repeat sampling from the same
trap over time. As a result the trap catches could not be treated as independent
replicates and adjustment needed to be made for potential pseudo-replication. This
was achieved through the use of generalised linear models with mixed-effects
(Glmm). The models were computed using the lme4 package (Bates, 2008,
http://lme4.r-forge.r-project.org) for the statistical software program R (R
Development Core Team, 2008). For all the analyses, statistical significance was
accepted at the 95% confidence level. Prevalence is presented as a percentage with
associated 95% confidence intervals calculated using the binomial exact method.
4.2.1.4.2 Trypanosome prevalence studies
The tsetse dissection results were analysed using a Glmm with a binomial error
structure. Variables were first analysed at the univariate level and then at the
multivariate level. The significance of each fixed effect was evaluated statistically
using the likelihood ratio test (LRT). The statistical significance of individual
categories was computed using the Walds test. The odds ratio (OR) for each category
was calculated as the exponential of the regression coefficient and is presented with
the 95% confidence interval (CI) and associated p value for the Walds test.
The relationship between wing fray category and ovarian age was investigated using
linear regression analysis and both the Pearson correlation coefficient (r) and the
squared Pearson correlation coefficient (r2) are presented, together with 95%
confidence intervals and the associated p value for the test statistic.
4.2.1.4.3 Tsetse count data
Initially the tsetse count data was analysed as apparent density using quasi-Poisson
regression models to adjust for overdispersion evident with standard Poisson models.
Quasi-Poisson regression models are based on Poisson quasi-likelihood where the
variance is allowed to be the mean multiplied by an overdispersion factor (Crawley,
2007). As the models were based on quasi-likelihood, a LRT could not be performed
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to assess the significance of the fixed effects. Quasi-Akaike Information Criterion
(Quasi-AIC) has been found to be a reliable method for model selection (Richards,
2008) as a substitute for the conventional Akaike Information Criterion (AIC).
Therefore, the model with the lowest quasi-AIC was accepted as providing the best
fit to the data. The lme4 package does not provide p values for the regression
coefficients of quasi-Poisson models due to disagreement over their method of
calculation, so these are not presented for the count data. Incidence density ratios
(IDR), calculated from the regression coefficients, are presented along with the
respective 95% confidence intervals.
Due to difficulties in the statistical assessment of the quasi-Poisson regression
models with mixed effects outlined above, the tsetse count data was also analysed
with presence or absence models using a Glmm with binomial errors. This process is
a robust method of overcoming overdipersion in count data, but has the disadvantage
of losing resolution in the data. Statistical evaluation of the model output was the
same as for the prevalence investigation, using the LRT and Walds test. As it is a
binomial model structure the regression coefficient is used to calculate the OR rather
than the IDR calculated from the Poisson family of models.
4.2.1.4.4 Pilot study in South Luangwa national park
Response variable: The data was analysed at the individual fly level with a binary
response variable with a value of one (1) for infected flies or zero (0) for uninfected
flies. Binary variables were allocated for the infection status for all trypanosome
genera combined and then for Duttonella, Nannomonas and Trypanozoon infections
separately. However, the data for Trypanozoon infections was insufficient to include
in the analysis. There were also insufficient data for G. m. morsitans and G.
brevipalpis species of tsetse so only data for G. pallidipes was analysed in this study.
The model was initially run with a response variable for all trypanosome infections.
Duttonella and Nannomonas infections were then analysed individually in separate
models.
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Fixed effects: Only three variables were analysed as fixed effects in this study as it
was primarily a pilot study to estimate the trypanosome prevalence before
conducting the second part of the investigation in Luambe NP.
1. Tsetse fly sex: This was a dichotomous variable with female (F) and male (M)
categories. The female category was used as the reference in the analysis.
2. Wing fray category: This was a variable with categories one to six, used to
approximate the age of each fly. Wing fray category one, the youngest age category,
was used as the referent category for the analysis.
3. Vegetation type: This was a three category variable corresponding to the
vegetation type in which each tsetse trap was sited. The three categories included in
the design were riverine woodland, closed thicket and open thicket, with riverine
woodland used as the referent category.
Random effect: The trap of origin for each sample was included as a random effect in
order to adjust for any effects of pseudo-replication due to repeat sampling from the
same traps over time.
model.all3<-glmer(allspp~wing+(1|trap),data=kakgp,family=binomial)
summary(model.all3)

Figure 47: Example R-command lines for a univariate model with trap as the random effect,
wing fray as the fixed effect and all trypanosome infections as the response variable.

4.2.1.4.5 Trypanosome prevalence study in Luambe national park
Response variable: The prevalence data from the Luambe NP study was again
analysed at the individual fly level with a binary response variable as detailed above
for the SLNP pilot study. The data was initially analysed with all trypanosome
infections combined as the response variable. The data was then analysed for
Duttonella and Nannomonas genus infections separately. There was inadequate data
to analyse the results for G. pallidipes or G. m. morsitans separately so data for both
species was pooled and analysed together.
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Fixed effects: Both individual fly-inherent factors and environmental factors were
investigated.
Individual fly-inherent factors
1. Tsetse species: This was a two category factor including G. pallidipes (GP) and G.
m. morsitans (GM) as the categories. The former was used as the referent category in
all the analyses. It was not possible to include G. brevipalpis in the analysis as the
sample size was too small.
2. Tsetse fly sex: As for the South Luangwa NP study, this was a dichotomous
variable with female (F) and male (M) categories. The female category was used as
the reference in the analysis.
3. Wing fray category: As for the South Luangwa NP study, a six category factor
approximating the age of the flies in the sample with one as the reference category
for the analysis.
Environmental factors
4. Vegetation type: Vegetation type which was a factor with five categories, namely
riverine woodland, thicket, mopane woodland, mopane scrub and Combretum
woodland. Riverine woodland was used as the referent category in the analyses.
5. Month: Seasonal effects were studied using month of sampling as a factor in the
analyses. The first month of study (June) was used as the referent category and the
other categories were July, August, September and October.
6. Odour baits: The effect of using odour baits was studied using baiting as a
dichotomous factor. ‘No’ was entered for samples where odour baits were not added
to Epsilon traps and ‘yes’ where they were added. No was the referent category for
the analyses.
7. Bush fire: Although the effect of fire was not a design variable, bush fires were
common in the study area during the study period and the vegetation around several
traps was burnt. Fire was therefore included as a dichotomous variable with the
absence of fire (‘no’) and the occurrence of fire (‘yes’) as the two levels. Once an
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area had been affected by fire it was classified as burnt for the rest of the study. The
absence of fire was used as the referent level.
8. Mean weekly temperature: The mean temperature during each week of the study
was used as a continuous variable. As the temperature in Luambe NP was not readily
available and there were inadequate project funds to purchase electronic data loggers,
records from the meteorological station at Mfuwe airport were used.
9. Previous month’s mean weekly temperature: The mean temperature for the study
week during the preceding month was investigated as a continuous variable.
10. Normalised difference vegetation index (NDVI) at the trap level: The NDVI
values for each trap were extracted from the unprocessed Landsat image described in
Chapter III and used as a continuous variable in the analyses.
11. NDVI at the vegetation level: The mean NDVI for all the traps in each vegetation
type was calculated and used as a continuous variable in the analyses.
Random effect: Trap of origin was again used as the random effect in order to adjust
for potential pseudo-replication due to repeat sampling over time from the same
traps.
modeldut.1<-glmer(dutt~tsetsespp+(1|trap),family=binomial,data=lnpdiss)
summary(modeldut.1)

Figure 48: Example of R-command line for a univariate model with trap as the random effect,
tsetse species as the fixed effect and Duttonella infections as the binary response variable.

4.2.1.4.6 Tsetse apparent density and presence / absence studies in
Luambe national park
Response variable: For the analysis of apparent tsetse density, the response variable
was the count of tsetse flies recorded for a trap covering a sampling period of 24
hours. The data for both tsetse species combined was analysed first, followed by the
data for G. pallidipes only and then G. m. morsitans only.
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For the analysis of the presence or absence of tsetse, the response variable was a
binary variable for the presence of tsetse (1) or the absence of tsetse (0), in a trap
catch, over a 24 hour sampling period. The presence or absence of all tsetse flies in
trap catches was considered first, before the separate analysis of the presence or
absence of G. pallidipes and G. m. morsitans species on their own.
Fixed effects: As not all flies that were counted were dissected, wing fray categories
were not available for the count data. Tsetse sex was also not analysed as a fixed
effect for the count data. In order to analyse the effect of tsetse species on trap
counts, the data for each species were entered separately so that they were effectively
treated as separate counts. This resulted in an increase in the frequency of zero
counts in the data and thus increased the overdispersion present in the quasi-Poisson
regression models. Consequently, tsetse species was only analysed as a factor in the
binomial presence or absence models.
Variables examined therefore included tsetse species, vegetation type, month of
sampling, odour baits, bush fire, mean weekly temperature, NDVI at the trap level
and NDVI at the vegetation type level. These variables have all been outlined above
in the section on the analysis of trypanosome prevalence. Two additional variables
were investigated for the count data which are outlined below.
1. Grouped NDVI: Each trap was categorised on a scale of one to nine according to
the NDVI value for the trap. The categories used are illustrated in Table 28 below.

Category

NDVI value

One

0-0.049

Two

0.05-0.099

Three

0.1-0.149

Four

0.15-0.199

Five

0.2-0.249

Six

0.25-0.299

Seven

0.3-0.349

Eight

0.35-0.399

Nine

0.4-0.449

Table 28: The categories of the Normalised Difference in Vegetation Index used for the analysis.
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2. Host density: The tsetse host density survey outlined below was used to produce
estimates of host density, stratified by vegetation type, to create a continuous
variable to analyse the effect of host densities on tsetse counts.
Random effect: Trap of origin was used in each model as a random effect to adjust
for potential pseudo-replication due to the study design.
model.1<-glmer(count~veg+(1|trap),data=lnpcount,family=quasipoisson)
summary(model.1)

Figure 49: Example of R code for a univariate quassi-Poisson regression model with trap as the
random effect, vegetation type as the fixed effect and tsetse count as the response variable.

unimodelall.1<-glmer(binary~veg+(1|trap),data=lnpcount,family=binomial)
summary(unimodelall.1)

Figure 50: Example of R code for a univariate mixed effects model with trap as the random
effect, vegetation type as the fixed effect and a binary response variable for the presence or
absence of tsetse in a count.

4.2.2 Host density survey in Luambe national park
4.2.2.1

Study area

The tsetse host density survey was conducted in the same study area as the tsetse
surveys outlined above.
4.2.2.2

Study design

A systematic grid of parallel transects with a random starting point was designed
using the land cover classification of Luambe national park, described in Chapter III.
The software program ArcView 3.2 (Esri, Redlands) was used to create a straight
line in a north-south direction for 10 km on the western side of the study area. It was
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placed as near as possible to the Luangwa River without crossing it at any point. The
spreadsheet software, Excel (Microsoft Office 2003 ®) was then used to select a
random start point along this line. Points were selected at 250 m intervals along this
line and transects were placed perpendicular to it with the points as the start points.
Each transect was 4.5 km long giving a total survey length of 180 km. The transects
were intentionally placed to be approximately perpendicular to the river as a density
gradient of animals often occurs towards physical features such as this (Buckland et
al., 2001). The transect survey design is illustrated in Figure 51.
4.2.2.3

Survey protocol

The statistical analysis of distance sampling data relies on the validity of three main
assumptions (Buckland et al., 2001). The first, and most important, assumption is
that objects directly on the transect line are always detected. The second assumption
is that objects are detected at their initial location before any movement due to the
presence of the observer. The final assumption is that distances to the objects are
measured accurately. Survey protocol was therefore designed to satisfy these
assumptions and was strictly adhered to during the data gathering process in the
field.
The personnel conducting the transect survey were the same for the whole survey
and consisted of a ZAWA officer as an observer and the author as the distance
measurer and data recorder. All transects were conducted on foot using a hand held
global positioning device (GPS) (Garmin, Etrex) to follow the exact transect line as
much as the physical environment would allow. Occasional diversions from the
transect line were necessary, mainly for reasons of safety to avoid elephants.
Standard field binoculars were used to assist in the identification of objects. The
initial location of detection was noted and the perpendicular distance from the
transect line recorded using a laser range-finder (Bushnell Laser Rangefinder
Yardage Pro 1000) to ensure accuracy. Exact distance intervals were therefore
recorded without grouping. Data was recorded on a separate recording sheet for each
transect and later entered into a spreadsheet. Data recorded included the date, time
and transect number for each transect and the species, cluster size, distance and
direction from the transect line (i.e. north or south) for each observation. The
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direction from the transect line was recorded so that the vegetation type that the
animal was observed in could be obtained from the land cover classification and used
in a habitat analysis.

Figure 51: Map illustrating the placement and location of transect lines for the transect survey
and tsetse traps for the tsetse surveys.
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The study was conducted from August to October, 2006 during the dry season when
vegetation was less dense allowing good accessibility and visibility. All transects
were started at approximately the same time each day. One transect line would be
walked in an easterly direction and the personnel would continue 250 m beyond the
finish before walking one kilometre either south or north to return along a different
transect line in a westerly direction. Only observations seen whilst on the transect
lines were recorded.
Two separate sets of observations were recorded during the survey. Firstly, in order
to estimate the density of potential tsetse host species, all observations of mammal
species were recorded. Secondly, in order to study the density and distribution of
warthog burrows (Figure 52), all observations of burrows were recorded. Additional
data regarding whether or not the burrows were in use at the time of the survey was
also recorded.

Figure 52: A typical warthog burrow observed during the transect survey.

4.2.2.4

Statistical analysis

4.2.2.4.1 General approach
The statistical analysis was conducted using the specialist distance sampling software
program Distance (Thomas et al., 2006). The conventional distance sampling engine
packaged within the software was used for all the analyses. The process
recommended by Buckland et al was followed during all parts of the analysis
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(Buckland et al., 2001) with the transect lines defined as the sampling units. The data
was initially assessed for evidence that the assumptions outlined above had been
violated. Histograms were examined for evidence of evasive movement, heaping of
distances and the presence of a shoulder (i.e. detection is not only certain at zero, but
for a small distance away from the line). Qq-plots of the residuals were examined to
assess model fit. In all analyses data was grouped into distance intervals rather than
using exact distances to limit any adverse effects from heaping of data, especially
around zero. Truncation of data to remove outliers was also carried out as these
provide little information about density and are frequently difficult to fit a model to
(Buckland et al., 2001). Truncation was carried out to remove approximately 5-10%
of the furthest observations, after examination of histograms.
After grouping and truncation of data, the second phase of the analysis was to fit an
appropriate model to the data. Several models, implemented within the Distance
program, are recommended by Buckland et al for the analysis of distance sampling
data (Buckland et al., 2001). The models contain a key function which may then be
adjusted to improve the fit using a series expansion term. Where the data involved
clusters, the size-bias regression method was used to adjust for detection bias due to
cluster size. Models were selected on the basis of the AIC and examination of the
variance. Models with a small sample number were selected using AICc which is a
modification of AIC for small sample sizes. Goodness of fit for the selected model
was assessed after pooling using the chi-squared distribution. Once a suitable model
had been identified, the variance was estimated using bootstrap to sample with
replacement from the replicate lines. Confidence intervals for the density estimates
were calculated at the 95% level.
4.2.2.4.2 Stratification by species
The wild mammal survey was analysed firstly with stratification by species and then
with stratification by habitat (vegetation type). For stratification by species, the
observations for all species with a sample number of 40 or greater were examined
using the detection function specific for that species. Species-specific grouping
intervals and truncation distances were used. For species with an inadequate sample
number for this approach, the global detection function was used for the calculation
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of density estimates. Data was truncated at 380 m with ten intervals. No adjustment
to allow for the different visibility of mammals in different vegetation types was
made other than truncation to remove outliers as described above. This was
considered to be adequate as visibility was good in all vegetation types at this time of
year.
4.2.2.4.3 Stratification by habitat
For the habitat study, the vegetation type for each observation was extracted from the
GPS positions and perpendicular distance from the transect line using ArcView 9.1
software (Esri, Redlands). The observations were then stratified by habitat and
density estimates made using the stratum specific detection function. It was possible
to use the stratum specific detection function for all habitat density estimates as,
unlike the species data, sample sizes were large enough. A half-normal key with the
cosine series expansion provided the best fit to the data when stratified by habitat. A
truncation distance of 380 m was used with 10 intervals.
4.2.2.4.4 Warthog burrow analysis
The warthog burrow data was analysed to estimate the overall density in the study
area, but sample numbers were inadequate to allow the estimation of habitat specific
densities. Density estimates were made for all burrows detected and also for burrows
that were in use at the time of the survey. Half-normal key functions with cosine
series adjustment provided the best fit to the data in both cases. Truncation was
applied at 29 m with seven intervals used for all burrows detected and eight intervals
used for the used burrow analysis.
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4.3

Results

4.3.1 Pilot study in South Luangwa National Park
4.3.1.1

Data collected

The total numbers of flies caught was recorded for a three day period at the start of
the study and is summarised in Table 29. Fly catches of G. pallidipes species were
large (371.2 / trap / day), with approximately 2.5 times as many females caught as
males. Very few G. m. morsitans species were caught (1.6 / trap / day), and even
fewer G. brevipalpis species were caught (0.2 / trap / day). As it was unlikely to be
able to dissect a large enough sample of flies from these two species to be able to
analyse statistically, a decision was taken to concentrate the dissection study on G.
pallidipes flies only.

Species

Total number of

Apparent density (flies / trap / day)

flies caught

Male

Female

Total

10765

110.0

261.1

371.2

G. m. morsitans

47

0.3

1.3

1.6

G. brevipalpis

7

0.1

0.2

0.2

10819

110.4

262.6

373.0

G. pallidipes

Total

Table 29: Summary of tsetse flies caught over the first three days of the study.
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Figure 53: Age distribution, based on the physiological ovarian age, of G. pallidipes sampled
from South Luangwa national park (n=200). Approximate minimum ages for flies in each
category are 0: 0-10 days, 1: 10-20 days, 2: 20-30 days, 3: 30-40 days, 4: 40-50 days, 5: 50-60
days, 6: 60-70 days and 7: 70-80 days.

A total of 3186 tsetse flies were dissected during the study (Table 30), the majority
of which were G. pallidipes for the reasons detailed above. Numbers of males (1527)
and females (1659) dissected were roughly similar. The mean age of the flies
dissected was estimated to be 32 days using the wing fray category. The age
distribution of a subset of G. pallidipes as estimated using the ovarian dissection
technique is shown in Figure 53. Category 0 is under-represented as teneral flies
were not dissected and are not included. Categories 4 and above may be overrepresnted as, although it is possible to detect that an ovulation has taken place, it is
not possible to accurately differentiate the number of ovulations that have taken
place. Therefore category 4 might include flies from category 8 and 12, and category
5 flies from categories 9 and 13.
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Species

Sex

Total

Male

Female

1523

1640

3163

G. m. morsitans

2

15

17

G. brevipalpis

2

4

6

1527

1659

3186

G. pallidipes

Total

Table 30: Summary of tsetse flies dissected during the study in South Luangwa national park.

The overall prevalence of mature trypanosome infections recorded in the study was
4.46% (95% CI: .3.77-5.23). The prevalence for each trypanosome species detected
in G. pallidipes is summarised in Table 31 below. Only one Trypanozoon infection
was recorded throughout the study.

Trypanosome

Positive

Prevalence %

95% confidence interval

Duttonella

111

3.48

2.87-4.18

Nannomonas

30

0.94

0.64-1.34

Trypanozoon

1

0.03

0.00-0.17

Immature gut infections

18

0.56

0.34-0.89

Total (mature infections)

142

4.46

3.77-5.23

Table 31: Trypanosome prevalence recorded in G. pallidipes.
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Table 32 below shows a summary of the data recorded for the variables under
investigation in the analysis of risk factors for infection with trypanosomes.

Variable

Category

Total
number of
flies

Individual fly factors
Sex

Wing fray
category

Duttonella

Total

Nannomonas

Combined

Male

1523

47

12

59

Female

1640

64

17

82

One

693

16

2

18

Two

721

16

6

22

Three

496

16

6

23

Four

343

13

4

17

Five

294

11

4

15

Six

609

39

7

46

Environmental factors
Vegetation

Number of positive flies

Duttonella

Nannomonas

Combined

RWT

981

30

7

37

CTH

1187

34

15

50

OTH

995

47

7

54

-

3163

111

30

1

Combined totals for overall trypanosomiasis include one fly with a Trypanozoon infection.
Table 32: Summary of the G. pallidipes data recorded for the variables under investigation in
the study in South Luangwa national park.

4.3.1.2

Analysis of trypanosome prevalence

No statistically significant differences in the prevalence between male and female G.
pallidipes were observed for any of the trypanosome species investigated. Although
the effect of vegetation type as a factor approached significance for Duttonella
infections at the univariate level (p=0.054), the effect was not significant at the
multivariate level. Vegetation type did not have a significant effect on the overall
prevalence of trypanosomiasis or on Nannomonas infections. Age, as categorised by
wing fray category, was the only significant factor for the overall trypanosome
prevalence in G. pallidipes (p<0.001) and the inclusion of other variables in a
multivariate model did not provide a better fit to the data. Similarly, wing fray
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category was the only significant factor for Duttonella infections (p=0.001). In
contrast, the effect of age, as categorised by wing fray, was not significant for
Nannomonas infections (p=0.323). Indeed, none of the design variables had a
significant effect on Nannomonas infections in this dataset.

Variable
Wing fray
category

Duttonella infections
Adjusted
OR

95% CI

Nannomonas
infections
Adjusted
OR

95% CI

Overall trypanosome
infections
Adjusted
OR

95% CI

One

Referent

-

Referent

-

Referent

-

Two

0.96

0.48-1.94

2.90

0.58-14.41

1.18

0.63-2.22

Three

1.41

0.70-2.85

4.23

0.85-21.05.

1.82

0.97-3.42.

Four

1.67

0.79-3.51

4.08

0.74-22.37

1.96

0.99-3.84.

Five

1.64

0.75-3.59

4.77

0.87-26.16.

2.02

1.00-4.06*

Six

2.90

1.60-5.24***

4.02

0.83-19.41.

3.06

1.76-5.34***

*** p<0.001; * p<0.05; . p<0.1
Table 33: Summary of the age related ORs for trypanosome infections in G. pallidipes. In all
tables, figures in red font are statistically significant, those in orange approach statistical
significance.

Odds ratios for the respective wing fray categories are summarised in Table 33
above. For overall trypanosome prevalence, wing fray categories three (p=0.061) and
four (p=0.052) approach significance and categories five (p=0.049) and six
(p<0.001) are significant. For Duttonella infections, only wing fray category six
(p<0.001) was significantly different from the referent category. For Nannomonas
infections categories three (p=0.078), five (p=0.072) and six (p=0.084) approached
significance.
Figure 54 and Figure 55 illustrate the relationship between trypanosome prevalence
and age graphically through plots of the ORs for Duttonella infections and
Nannomonas infections, respectively.
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Figure 54: Adjusted odds ratios and 95% confidence intervals for the wing fray categories for
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all Duttonella infections detected.
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Figure 55: Adjusted odds ratios and 95% confidence intervals for the wing fray categories for
all Nannomonas infections detected.

4.3.2 Luambe national park trypanosome prevalence study
4.3.2.1

Data collected

A total of 1562 flies were dissected over the five month period. The prevalence of
trypanosomes detected in the study is summarised in Table 34 and displayed
graphically in Figure 56. The overall prevalence of all species of trypanosome
detected during the study was 4.87% (95% CI: 3.85-6.05). No Trypanozoon
infections were detected during the study.
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Figure 56: The prevalence of trypanosome species detected in the study in Luambe national
park.

The difference in prevalence between Duttonella and Nannomonas was significant
with an odds ratio of 1.95 (95% CI: 1.19-3.29, p=0.007). The prevalence of all
mature infections detected in G. m. morsitans was 8.27% (95% CI: 5.26-12.25%)
compared to 4.18% (95% CI: 3.15-5.41%) in G. pallidipes. Immature midgut
infections were detected in 0.77% (95% CI: 0.40-1.34) of all flies dissected during
the study.

Trypanosome
genus

G. pallidipes

Total

G. m. morsitans

Prevalence
%

95% CI

Prevalence
%

95% CI

Prevalence
%

95% CI

Duttonella

2.86

2.02-3.92

4.89

2.63-8.21

3.20

2.39-4.20

Nannomonas

1.31

0.77-2.10

3.38

1.56-6.33

1.66

1.09-2.43

Trypanozoon

0.00

0.00-0.28

0.00

0.00-1.38

0.00

0.00-0.24

Total

4.18

3.15-5.41

8.27

5.26-12.25

4.87

3.85-6.05

Immature
midgut
infections

0.62

0.27-1.22

1.50

0.41-3.81

0.77

0.40-1.34

Table 34: Summary of trypanosome prevalence by tsetse species, for the study in Luambe
national park.
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A total of 1293 G. pallidipes were dissected compared to 266 G. m. morsitans. Only
three G. brevipalpis were caught in the study so they were not included in the
statistical analysis. Males were under-represented in trap catches and only 202 were
dissected in comparison to 1360 females. The mean age of all flies dissected during
the study, calculated from the wing fray values, was 30 days. The mean age of G.
pallidipes dissected was 31 days compared with 25 days for G. m. morsitans flies.
Wing fray data alone was used to categorise age in the analysis for two reasons.
Firstly, although ovarian dissections were conducted on as many flies as possible, the
final number dissected was 402 (Table 35) was too few to be useful for the analysis.
Had more been dissected it would have had a detrimental effect on the overall
sample number for the rest of the analysis. Secondly, significant correlation was
demonstrated between the age estimates from the two techniques (r=0.63, 95% CI:
0.56-0.69, r2=0.47, p<0.001), especially considering that the categories for the two
techniques do not equate to the same age intervals. The use of wing fray data for
ageing is considered in more detail in the discussion.

G. pallidipes

G. m.
morsitans

All species

Zero

12

1

13 (3.2)

One

66

25

91 (22.6)

Two

60

18

78 (19.4)

Three

32

13

45 (11.2)

Four

47

17

64 (15.9)

Five

44

10

54 (13.4)

Six

30

8

38 (9.5)

Seven

15

4

19 (4.7)

Total

306

96

402

Ovarian
category

(%)

Table 35: Summary of numbers of flies in each age category as estimated by ovarian dissection.

The age distribution using ovarian age is illustrated in Figure 57. As no teneral flies
were dissected, category zero is under-represented. Categories greater than 3 may be
also over-represented for the same reasons as discussed for the pilot study in SLNP.
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Figure 57: Frequency distribution of tsetse fly age in Luambe national park using ovarian
category.

Table 36 below summarises the variables and data used for the analysis. This differs
from that above as the three G. brevipalpis flies were removed from the dataset and
42 flies with no wing fray category recorded were also removed.
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Variable

Category

Number of flies

Individual fly-inherent factors
Species

Duttonella

Nannomonas

Combined

G. pallidipes

1293

37

17

54

G. m.
morsitans

266

13

9

22

Male

200

3

4

7

Female

1359

47

22

69

One

200

2

3

5

Two

341

9

1

10

Three

289

5

2

7

Four

188

8

5

13

Five

188

7

3

10

Six

311

17

11

28

CTW

166

8

6

14

MSW

369

12

6

18

MW

296

12

8

20

RWT

472

14

3

17

TH

256

4

3

7

June

263

7

6

13

July

245

9

1

10

August

416

14

7

21

September

412

14

8

22

October

223

6

4

10

Yes

151

4

3

7

No

1408

46

23

69

Yes

61

3

4

7

No

1498

47

22

69

-

1559

50

26

76

Sex

Wing
category

Number of positive flies

fray

Environmental factors
Vegetation type

Month

Baited
Bush fire
Total
Numerical variables

Mean weekly temperature

NDVI at the trap level

Preceding month’s mean weekly temperature

Mean NDVI at the vegetation type level

Wing fray category values were missing for 42 flies.
Three G. brevipalpis flies were excluded from the analysis.
Table 36: Summary of the variables used in the analyses of trypanosome prevalence.
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4.3.2.2

Analysis of data for all trypanosome species combined

At the univariate level, tsetse species (p=0.019), wing fray category (p<0.001) and
the occurrence of fire (p=0.032) all had a statistically significant effect on the
trypanosome prevalence detected. The effect of vegetation type approached
significance (p=0.082) as a factor, with the lowest prevalence recorded in thicket.
Significant ORs were recorded for Combretum woodland (2.87, 95% CI: 1.09-7.56,
p=0.034) and mopane woodland (2.59, 95% CI: 1.08-6.22, p=0.034) only. No
statistically significant seasonal effects were detected using the month of sampling as
a factor (p=0.853) or from the addition of odour baits to traps (p=0.278). None of the
temperature variables had a significant effect on prevalence, nor did any of the NDVI
variables investigated.
At the multivariate level, the model providing the best fit to the data included the age
of fly (categorised by wing fray), the species of tsetse and the occurrence of bush
fires (Figure 58).
model6<-glmer(allspp~burnt+wing+tsetsespp+(1|trap),family=binomial,data=lnpdiss)

Figure 58: R code for the final model for the combined trypanosome prevalence detected.

The occurrence of bush fires had a significant effect on trypanosome prevalence
detected (p=0.031) with a significantly higher OR (2.89, 95% CI: 1.20-6.93,
p=0.017). Tsetse species was also statistically significant as a factor (p=0.011) with
G. m. morsitans having a significantly higher likelihood of being detected as infected
(OR=2.13, 95% CI: 1.22-3.72, p=0.008). Tsetse age was the most statistically
significant factor in the model with a LRT p value of <0.001. Adjusted ORs for
categories four (OR=6.91, 95% CI: 3.73-11.53, p=0.022) and six (OR=9.00, 95% CI:
6.07-12.75, p=0.002) were statistically significant. The output from the multivariate
model is summarised in Table 37.
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Figure 59: Adjusted odds ratios and 95% confidence intervals for the wing fray categories for
all trypanosome species detected.

The conditional modes for the random effects at the trap level were all zero and the
variance was very small (≈0) indicating that random effects at the trap level were
minor.

Variable

Prevalence
%

95% CI

Adjusted OR

95% CI

P value
(Walds)

Wing fray category (LRT p<0.001***)
One

2.50

0.82-5.74

Referent

-

-

Two

2.93

1.41-5.33

1.21

0.40-3.62

0.733

Three

2.42

0.98-4.93

1.05

0.33-3.38

0.933

Four

6.91

3.73-11.53

3.48

1.20-10.10

0.022*

Five

5.32

2.58-9.56

2.78

0.92-8.44

0.071.

Six

9.00

6.07-12.75

4.57

1.71-12.21

0.002**

4.2

3.16-5.45

Referent

-

-

7.87

4.88-11.9

2.13

1.22-3.72

0.008**

No

4.53

3.52-5.73

Referent

-

-

Yes

11.48

4.74-22.23

2.89

1.20-6.93

0.017*

Tsetse species (LRT p=0.011*)
G. pallidipes
G. m.
morsitans
Fire (LRT p=0.031*)

Table 37: Summary of the output from the multivariate model for all trypanosome species
combined.
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4.3.2.3

Analysis of data for Duttonella infections

For Duttonella infections, the only factor that had a significant effect on the
prevalence detected was the age of the fly (p=0.034). Tsetse species was not a
significant factor for Duttonella infections (p=0.135) and no other factors had a
significant effect on the trypanosome prevalence detected. The model with the best
fit was therefore a simple model with wing fray as the only fixed effect (Table 38).
The variance of the random effects at the trap level was zero.

Prevalence

Variable

%

95% CI

OR

95% CI

P value
(Walds)

Wing fray category (LRT p<0.001***)
One

1.00

0.12-3.57

Referent

-

-

Two

2.64

1.21-4.95

2.68

0.57-12.55

0.210

Three

1.73

0.56-3.99

1.74

0.33-9.07

0.509

Four

4.26

1.85-8.21

4.40

0.92-21.00

0.063.

Five

3.72

1.51-7.52

3.83

0.79-18.67

0.097.

Six

5.47

3.22-8.61

5.72

1.31-25.05

0.021*

Table 38: Summary of the output from the model for Duttonella infections.
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Figure 60: Adjusted odds ratios and 95% confidence intervals for the wing fray categories for
all Duttonella infections detected.
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4.3.2.4

Analysis of data for Nannomonas infections

At the univariate level three factors had a significant effect on the Nannomonas
prevalence detected during the study. Tsetse species was significant as a factor
(p=0.019) and G. m. morsitans was significantly more likely to be detected as
infected than G. pallidipes (OR=2.86, 95% CI: 1.25-6.55, p=0.019). The age of the
fly was again a significant factor (p=0.015) as was the effect of bush fires (p=0.018).
The effect of vegetation type on the prevalence of Nannomonas infections
approached significance (p=0.099). All other factors investigated had no statistically
significant effect on the detected prevalence.
At the multivariate level, the model providing the best fit to the data included all
three factors that were significant at the univariate level (Figure 61). Random effects
at the trap level were again very minor with a variance of 3.19e-14.
model10<-glmer(nano~burnt+wing+tsetsespp+(1|trap),family=binomial,data=lnpdiss)
Figure 61: R code for the final model for Nannomonas infections detected.

Variable

Prevalence
%

95% CI

Adjusted OR

95% CI

P value
(Walds)

Wing fray category (LRT p=0.003**)
One

1.50

0.31-4.32

Referent

Two

0.29

0.01-1.62

0.19

0.02-1.88

0.156

Three

0.69

0.08-2.48

0.51

0.08-3.11

0.463

Four

2.66

0.87-6.1

2.52

0.57-11.12

0.221

Five

1.60

0.33-4.59

1.65

0.31-8.64

0.556

Six

3.54

1.78-6.24

3.16

0.84-11.88

0.088.

1.27

0.73-2.05

Referent

3.54

1.63-6.62

2.96

1.24-7.07

0.015*

No

1.44

0.89-2.20

Referent

Yes

6.56

1.82-15.95

5.33

1.61-17.60

0.006**

Tsetse species (LRT p=0.029*)
G. pallidipes
G. m.
morsitans
Fire (LRT p=0.017*)

Table 39: Summary of the output from the multivariate model for Nannomonas infections.
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G. m. morsitans species of tsetse had a greater likelihood of being infected than the
referent G. pallidipes with an adjusted OR of 2.96 (95% CI: 1.24-7.07, p=0.015)
(Table 39). Flies trapped in an area that had been affected by bush fire were
significantly more likely to be detected as infected than flies from areas unaffected
by bush fire (adjusted OR=5.33, 95% CI: 1.61-17.60, p=0.006). None of the wing
fray categories carried a significantly increased likelihood that Nannomonas
infections would be detected, although the adjusted OR for flies in wing fray
category six approached significance (adjusted OR=3.16, 95% CI: 0.84-11.88,
p=0.088) (Figure 62).
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Figure 62: Adjusted odds ratios and 95% confidence intervals for the wing fray categories for
all Nannomonas infections detected.

4.3.3 Summary of trypanosome prevalence results
1. Age had a significant effect on the prevalence of Duttonella, Nannomonas and
combined trypanosome infections detected. In each case the prevalence increased
with increasing age.
2. Tsetse species had a significant effect on the prevalence of Nannomonas
infections and on the combined trypanosome prevalence. G. m. morsitans tsetse had
a significantly greater likelihood of being detected as infected.

Chapter IV

220

3. Fire in the vicinity of a trap had a significant effect on the Nannomonas and
combined trypanosome prevalence. The likelihood of a fly being detected as
infected was greater in areas affected by fire.

4.3.4 Luambe national park tsetse count data
4.3.4.1

Data collected

A total of 2738 flies were caught during the study period with a mean of 20.74 flies /
trap / day. A large difference was observed in the numbers of female and male tsetse
flies caught with the total count of female tsetse 5.8 times as great as the number of
male tsetse caught.
There was a relatively wide range in counts recorded, particularly for G. pallidipes
(Figure 63). A greater proportion of G. m. morsitans tsetse was caught than in the
pilot study, allowing the investigation of species differences in this dataset. Only
three G. brevipalpis were caught during the survey, however, so this species was not
included in the analysis. Differences in the counts recorded for each species in each
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vegetation type were apparent on box and whiskers plots (Figure 64).
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Figure 63: Box and whiskers plot showing counts (flies/trap/day) of G. m. morsitans (GM) and
G. pallidipes (GP) recorded during the study in Luambe National Park.
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Figure 64: Box and whiskers plots showing the counts recorded in each vegetation type for the
two tsetse species investigated.
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Categories

Number of flies

Sampling effort
(trap days)

Apparent density (mean
flies / trap / day)

G. pallidipes

2147

132

16.2

G. m. morsitans

591

132

4.5

CTW

358

33

10.8

MSW

567

25

22.7

MW

682

28

24.4

RWT

646

22

29.4

TH

485

24

20.2

June

241

12

20.1

July

295

14

21.1

August

454

21

21.6

September

620

24

25.8

October

1128

61

18.5

Yes

844

38

22.2

No

1894

94

20.1

Yes

168

26

6.4

No

2570

106

24.2

One (0-0.049)

385

17

22.6

Two (0.05-0.099)

182

8

22.8

Three (0.1-0.149)

351

15

23.4

Four (0.15-0.199)

N/A

N/A

N/A

Five (0.2-0.249)

212

20

10.6

Six (0.25-0.299)

332

22

15.1

Seven (0.3-0.349)

561

18

31.2

Eight (0.35-0.399)

404

18

22.4

Nine (0.4-0.449)

213

10

21.3

-

2738

132

20.74

Mean

Min.

Max.

Host density

6.3

2.0

14.2

Mean weekly temperature

30.6

23.5

34.9

NDVI at the trap level

0.23

0.00

0.42

NDVI at the vegetation level

0.23

0.03

0.37

Variable
Categorical variables
Species
Vegetation type

Month

Baited
Burnt
NDVI grouped†

Total
Numerical variables

† Data was missing for the trap for 2 catches from CW1 and MW2 so no NDVI group could be assigned
Table 40: Summary of the variables under investigation in the analysis of tsetse count data.
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4.3.4.2

Frequency distributions of the data

As has already been mentioned, the inclusion of tsetse species as a factor under
investigation for the density of tsetse detected in the study resulted in zero-inflated
data. This is illustrated in Figure 65 (a) which shows a histogram of the count data
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Figure 65: Frequency distributions for the count data: (a) with species included as a variable;
(b) without species included as a variable.

A large proportion of the zero counts were for trap catches of G. m. morsitans, as
illustrated by separate frequency distributions for both species (Figure 66). When
species was not included as a factor the degree of zero-inflation was less and a model
with a poisson error structure provided a better fit, as illustrated in Figure 65 (b).
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Figure 66: Frequency distributions for the count data: (a) G. pallidipes; (b) G. m. morsitans.

4.3.4.3

Analysis of data for all tsetse species combined

4.3.4.3.1 Presence / absence of all tsetse species combined
At the univariate level species of tsetse fly had a significant effect on tsetse
occurrence (p<0.001) with an OR for G. pallidipes of 6.92 (95% CI: 2.26-21.22,
p<0.001). The effect of an area being burnt was also significant (p=0.03) with burnt
areas having a significantly lower likelihood of detection of tsetse (OR=0.37, 95%
CI: 0.16-0.88, p=0.02). Vegetation type was not significant as a factor at the
univariate level (p=0.121). Of the various NDVI variables examined, NDVI at the
vegetation type level (p=0.092), NDVI at the trap level (p=0.095) and the grouped
NDVI factor (p=0.052) all approached significance. Seasonal effects, measured as
the month of sampling, were not significant (p=0.85) and nor were the effects of
baiting traps (p=0.253), host density (p=0.249) and mean weekly temperature
(p=0.623).
At the multivariate level a model including the effect of tsetse species, fire and
vegetation type provided the best fit for the data (Figure 67).
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model<-glmer(binary~veg+spp+burnt+(1|trap),data=lnpcount,family=”binomial”)
Figure 67: R code for the final multivariate model for the presence of tsetse.

Vegetation type did not have a significant effect on the presence or absence of tsetse
(p=0.128), but had a confounding effect on the coefficient for the fire factor (Table
41). AIC for the model including vegetation type was virtually unchanged compared
to the model without vegetation type, so it was retained in the model. The effect of
fire on the presence of tsetse was significant (p=0.032) with an adjusted OR for burnt
areas of 0.23 (95% CI: 0.06-0.95, p=0.042). However, the effect of tsetse species on
the presence or absence of tsetse detected during the study was the most significant
factor (p=<0.001). The presence of G. pallidipes was significantly more likely than
G. m. morsitans in the study area with an adjusted OR of 7.37 (95% CI: 2.43-22.43,
p<0.001). Epsilon traps are known to be biased towards G. pallidipes, a fact which is
considered in more detail in the discussion.

Fixed effects

Adjusted OR

95% CI

P value

Vegetation type (LRT p=0.128)
RW

Referent

-

CTW

4.29

0.86-21.50

0.077.

MS

3.79

0.90-16.02

0.070.

MW

6.14

1.19-31.83

0.031*

TH

3.13

0.78-12.59

0.108

No

Referent

-

-

Yes

0.23

0.06-0.95

0.042*

Fire (LRT p=0.032*)

Tsetse species (LRT p<0.001***)
GM

Referent

-

-

GP

7.37

2.43-22.43

<0.001***

Table 41: Adjusted odds ratios for the multivariate model for the presence of all tsetse.
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4.3.4.3.2 Apparent density of tsetse
When considering the overall apparent density of tsetse, a multivariate model
including the month of sampling, the occurrence of fire in the vicinity and the use of
odour baits presented the best fit to the data (Figure 67). Both vegetation type and
NDVI at the vegetation level resulted in very marginal increases in quasi-AIC.
Added to this, confidence intervals for the incidence density ratios were wide so their
inclusion did not add to the model and consequently they were left out of the final
model. Random effects at the trap level were comparatively large in this model with
a variance of 18.53. The residual variance for the random effects was also large at
84.54.
model<-glmer(count~month+burnt+baited+(1|trap),data=lnpcount,family=quasipoisson)
Figure 68: R code for the final multivariate model for presence or absence of all tsetse.

Variable

Adjusted incidence
density ratio

95% CI

Month
June

Referent

-

July

0.87

0.16-4.89

August

1.36

0.28-6.50

September

1.77

0.40-7.88

October

0.75

0.16-3.64

No

Referent

-

Yes

0.31

0.05-2.13

No

Referent

-

Yes

2.04

0.63-6.65

Fire

Odour baiting

Table 42: Summary of the adjusted incidence density ratios for the apparent density of all tsetse
species.

None of the adjusted incidence density ratios (IDR) were significant as all
confidence intervals included one (Table 42). However, the IDR by month shows an
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increase up to September before more than halving in October. Tsetse apparent
densities were also lower in areas affected by fire, although not significantly so.
Apparent densities increased as the result of using odour baits, but again the change
was not significant.
4.3.4.4

Analysis of G. pallidipes data

4.3.4.4.1 Presence / absence of G. pallidipes
At the univariate level the effect of fire was the only significant factor explaining the
variance in the presence of G. pallidipes in trap catches (p=0.038). The OR,
representing the likelihood of detecting G. pallidipes in trap catches in burnt areas
compared to non-burnt areas, was 0.07 (95% CI: 0.01-1.02, p=0.052). The effect of
baiting traps approached significance (p=0.080). Vegetation type had no effect on the
occurrence of G. pallidipes for the vegetation types selected for the study (p=0.197)
and neither did any of the NDVI variables examined or any other variables
examined. Multivariate analysis of this data was not possible due to the lack of
negative events in the baited variable. As it was a dichotomous variable no regrouping was possible.
4.3.4.4.2 Apparent density of G. pallidipes
When the apparent density was considered rather than presence or absence, a model
including month of sampling, vegetation type, occurrence of fire and odour baiting
provided the best fit to the data (Figure 69). Seasonal effects were particularly
pronounced with the removal of month from the model resulting in an increase in the
quasi-AIC of 209.62. The removal of odour baiting from the model also had a large
impact on the quasi-AIC value which increased by 137.85. Other variables made a
smaller impact on the value of quasi-AIC.
modelgp.7<-glmer(count~veg+burnt+baited+month+(1|trap),data=lnpcount.gp,
family=quasipoisson)

Figure 69: R code for the final model for the apparent density of G. pallidipes.
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Random effects at the trap level were again comparatively large with a variance of
7.80 and a residual variance of 42.10.
IDRs suggested that counts of G. pallidipes were much lower in October, although
the difference was not statistically significant and the overall trend was the same as
for all tsetse species combined. The IDR for riverine woodland was higher than any
other vegetation type, but no statistically significant differences occurred. Fire in the
vicinity of the trap also reduced the density of G. pallidipes and baiting increased the
density, but again the differences did not reach statistical significance. The adjusted
IDRs for the final model are presented in Table 43 below.

Variable

Adjusted incidence
density ratio

95% CI

Vegetation type
RWT

Referent

-

CTW

0.26

0.00-17.24

MSW

0.36

0.01-20.50

MW

0.44

0.01-23.66

TH

0.56

0.01-25.79

June

Referent

-

July

0.85

0.21-3.44

August

1.50

0.44-5.14

September

1.69

0.51-5.59

October

0.64

0.18-2.24

No

Referent

-

Yes

0.31

0.06-1.71

No

Referent

-

Yes

2.42

0.92-6.34

Month

Fire

Odour baiting

Table 43: Summary of the adjusted incidence ratios for the final model for apparent density of
G. pallidipes.
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4.3.4.5

Analysis of G. m. morsitans data

4.3.4.5.1 Presence / absence of G. m. morsitans
At the univariate level vegetation type approached significance as an effect
(p=0.073), in contrast to the data for G. pallidipes. NDVI at the vegetation type level
was significant as a factor (p=0.021) indicating that vegetation greenness had an
effect on the likelihood of detecting G. m. morsitans in trap catches. The OR was
0.01 (95% CI: 0.00-0.62, p=0.03) indicating that the presence of this species in trap
catches became less likely as vegetation greenness increased. This is illustrated by
the limited number of G. m. morsitans in catches from riverine woodland and thicket.
NDVI at the trap level approached significance (p=0.055). The effect of fire on
detection of G. m. morsitans was not significant at the univariate level (p=0.183), nor
was the effect of baiting (p=0.589) or the month of trapping (p=0.892).
At the multivariate level vegetation type was the most significant factor, but its effect
only approached significance (p=0.063). The effects of bush fires confounded the
effects of vegetation type and were included in the model although their effect was
not significant (p=0.143). Leaving the fire factor out of the model also increased the
AIC which also justified its inclusion in the final model (Figure 70).

modelgm.3<-glmer(binary~veg+burnt+(1|trap),data=lnpcount,family=binomial)
Figure 70: R code for the final model for the presence of G. m. morsitans in trap catches.
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The output from the final multivariate model is summarised below in Table 44.

Variable

Adjusted OR

95% CI

P value (Walds)

Referent

-

-

CTW

5.70

0.92-35.22

0.061.

MSW

6.57

1.22-35.47

0.029*

MW

6.86

1.27-36.94

0.025*

TH

2.94

0.71-12.23

0.137

No

Referent

-

-

Yes

0.31

0.06-1.56

0.157

Vegetation type (LRT p=0.063.)
RW

Fire (LRT p=0.143)

Table 44: Summary of the output from the model for the presence of G. m. morsitans in trap
catches.

4.3.4.5.2 Apparent density of G. m. morsitans
In contrast to the model for the data for G. pallidipes, including the baiting of traps
with odours as a factor in the model did not provide a better fit. The effect of
vegetation on the fit of the model to the data was also very marginal for G. m.
morsitans and its removal increased the quasi-AIC by only 0.24.

The most

significant factors for apparent density of G. m. morsitans were the month of
sampling and the occurrence of fire in the close vicinity of the trap. Inclusion of any
of the NDVI variables did not provide an improvement on the quasi-AIC value in
comparison to the model with vegetation type. The factors included in the final
model are summarised in Figure 71. The variance in the random effects was 2.67 and
the residual variance of the random effects was 10.65.
modelgm<-glmer(count~veg+burnt+month+(1|trap),data=lnpcount.gm,family=quasipoisson)
Figure 71: R code used for the final model describing the apparent density of G. m. morsitans
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The adjusted IDR for areas that had been burnt was significantly lower than for areas
unaffected by fire (IDR 0.26, 95% CI: 0.07-0.89). No other incidence density ratios
were significant, although the figures for vegetation type showed a possible upward
trend in G. m. morsitans densities as the vegetation became more open (Table 45).

Variable

Adjusted incidence density ratio

95% CI

RWT

Referent

-

CTW

3.68

0.26-52.40

MSW

2.11

0.17-26.17

MW

2.43

0.20-29.31

TH

1.72

0.14-21.18

June

Referent

-

July

1.04

0.31-3.45

August

0.85

0.24-2.96

September

2.09

0.68-6.40

October

1.59

0.53-4.79

No

Referent

-

Yes

0.26

0.07-0.89

Vegetation type

Month

Fire

Table 45: Summary of the model output for the apparent density of G. m. morsitans.

4.3.4.6

G. brevipalpis

Only three G. brevipalpis were recorded during the main study, all of which were
trapped in riverine woodland. However, as detailed in the methods, artificial refuges
were also investigated to catch this species. The mean count for G. brevipalpis
sampled from the refuges was 8.86 flies / trap / day, but catches were large on the
first day and were then reduced substantially on subsequent days. A greater number
of G. pallidipes were caught in the refuges, but catches contained very few G. m.
morsitans. Catches from the artificial refuges are summarised in Table 46 below.
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Species

Count

Apparent density
(flies/trap/day)

G. brevipalpis

62

8.86

G. pallidipes

120

17.14

9

1.29

191

27.29

G. m.
morsitans
Total

Table 46: Apparent densities of tsetse sampled from artificial refuges.

4.3.5 Summary of results for the presence / absence of tsetse in
trap catches
1. Tsetse species was a significant factor for the detection of tsetse in a trap catch. G.
pallidipes was significantly more likely to be detected than G. m. morsitans.
2. The effect of fire in the vicinity of the trap was a significant factor for the
detection of all tsetse species combined. Tsetse flies were significantly less likely to
be present in trap catches from areas affected by fire. Fire also had a significant
effect at the univariate level on the presence of G. pallidipes in trap catches.
3. The effect of NDVI at the vegetation type level was significant for G. m.
morsitans at the univariate level. The effect of various NDVI measures on the
presence of all tsetse species combined approached statistical significance.
4. Vegetation type approached significance as a factor for the presence of G. m.
morsitans in trap catches.

4.3.6 Summary of the results for the apparent density of tsetse
1. Inclusion of the month of sampling as a fixed effect provided the best fit to the
data for the apparent density of all tsetse species combined as well as for the
apparent density of G. pallidipes and G. m. morsitans.
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2. The inclusion of fire in the vicinity of a trap as a fixed effect provided the best fit
to the data for the apparent density of all tsetse species combined as well as for the
apparent density of G. pallidipes and G. m. morsitans.
3. The inclusion of odour baits as a fixed effect was necessary to provide the best fit
to the data for models for the apparent density of all tsetse species combined and G.
pallidipes.
4. The inclusion of vegetation type as a fixed effect provided a better fit to the data
for G. pallidipes and, very marginally, for G. m. morsitans, but not for all tsetse
species combined.

4.3.7 Tsetse host abundance
4.3.7.1

Data collected

A total of 784 observations of animal clusters were made during the survey. Cluster
size varied depending on the species and the habitat, with the largest clusters
recorded in the grassland habitats. The total number of the animals recorded during
the survey was 3213 (Table 47). Recordings of mopane squirrels, mongooses and
rodents were not included in the analysis as previous studies (Ndhlovu &
Balakrishnan, 1991) indicate that they contribute little to the overall mammalian
biomass; studies of blood meal composition (Clausen et al., 1998) have not shown
such mammals to be significant sources of tsetse blood meals. Observations of these
species were recorded during the survey, however, as it was considered to help
maintain interest on transects where observations of the larger mammals were rare.
Figure 72 illustrates some of the transect lines followed and observations recorded.
The land cover classification generated in Chapter III forms the backdrop and this
was used both to design the survey and to extract the vegetation class values for each
observation.
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Species

No. of observations

Mean cluster size

No. of animals

Baboon

34

13.6

464

Banded mongoose

5

3.2

16

Bushbuck

12

1.3

15

Elephant

20

3.6

72

Grysbok

11

1.1

12

Impala

150

5.3

797

3

4.3

13

Mopane squirrel

249

1.1

270

Puku

216

5.9

1267

Reedbuck

7

2.9

20

Serval

1

1.0

1

Slender mongoose

2

1.0

2

Spotted hyaena

1

2.0

2

Vervet monkey

5

3.4

17

Warthog

46

2.3

104

Waterbuck

6

2.2

13

Wildebeest

4

8.8

35

Zebra

12

7.8

93

Total

784

3.9

3213

Greater kudu

An additional 45 rodents were observed, but could not be accurately identified. The
majority of these were suspected to be elephant shrews.
Table 47: Summary of animals observed during the transect survey (rodents other than
squirrels were omitted from the above table).
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Figure 72: An example of some of the transects followed and the observations recorded.
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4.3.7.1.1 Density stratified by species
Models with a half-normal key function and a cosine series expansion were found to
provide the best fit for the data when stratified by species. Histograms of the
observations revealed a degree of pooling at zero so the data was grouped to reduce
this. This created more of a shoulder in the data as required for successful modelling
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of density (Figure 73).
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Figure 73: Plots of the global detection function without stratification: (a) before truncation to
remove outliers; (b) after truncation at 380m to remove outliers and grouping into ten intervals

The data was also truncated at 380 m to remove outliers. Qq-plot of the data for all
species suggested a good fit for the model and density estimates should therefore be
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reliable (Figure 74).

0.0

0.2

0.4

0.6

0.8

1.0

Empirical distribution function

Figure 74: QQ-plot of the residuals for the fitted model without stratification, after truncation
at 380m.
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Estimates of individual species densities were only possible for a limited number of
species due to the number of observations recorded. Histograms for the three species
with the most observations, impala, puku and warthog revealed the presence of a
good broad shoulder, although there was again some pooling around zero (Figure 75,
a-c). Grouping of the data should have limited any negative impact of this on the
reliability of the estimates. In contrast the histograms for species such as bushbuck
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had a poor shape for modelling due to the small sample size (Figure 75, d).

0

50

100

150

200

0

100

Distance

300

400

500

Distance

1.0
0.8
0.6
0.4
0.2
0.0

0.0

0.2

0.4

0.6

0.8

Detection probability

1.0

1.2

(b)

1.2

(a)

Detection probability

200

0

50

100

150

200

0

Distance

(c)

50

100

150

200

Distance

(d)

Figure 75: Plots of the global detection function: (a) impala; (b) puku; (c) warthog; (d)
bushbuck.

Density estimates for all species, where sample number permitted an estimate to be
made, are presented in Table 48 below. The densities of species with 40 or more
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observations were estimated using the species-specific detection function and should
be considered to be more reliable than the other estimates. Forty three observations
were recorded for warthog, the main target species for the survey, which enabled a
reasonable estimate of density to be made. Many of the observations recorded for
zebra were a long distance away from the observer and consequently a density
estimate for this species was not possible despite there being a similar number of
observations to bushbuck and grysbok.

Chi-squared
Strata

No. of

GOF

observations

Density
Bootstrap 95%
(animals / square

(p value)

kilometre)

CI

Baboon

33

0.305

15.4

7.48-26.16

Bushbuck

12

0.305

0.4

0.18-0.68

Elephant

16

0.305

2.3

0.88-4.68

Grysbok

11

0.305

0.3

0.15-0.55

Impala

144

0.822

14.3

8.75-23.47

Puku

195

0.439

21.0

12.38-35.78

Warthog

43

0.225

3.4

1.93-5.98

Bold type indicates species where the number of observations permits a more reliable
estimate of density.
Table 48: Summary of the density estimates for the more abundant species in the study area.
The estimates for the species highlighted in bold font were made using the species-specific
detection function and should be considered to be more reliable.

The overall density of animals in the study area, for all species combined, was
estimated to be 63.1 / sq. km. (95% CI: 47.56-85.80). A model with a hazard rate key
function with a simple polynomial series expansion provided the best fit for the data
when not stratified.
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4.3.7.1.2 Density stratified by vegetation type
Histograms of the data when stratified by vegetation type revealed a good shape for
most vegetation types (Figure 76). However, the paucity of observations for the
acacia woodland (AW) class meant that no estimate was possible. Mopane scrub also
had a low number of observations and, although an estimate was possible, it may be
less reliable than desired. The densities estimated for each vegetation type are
summarised in Table 49 below. Not surprisingly, the highest density of animals was
found in the grassland (G) vegetation type, predominantly due to the large
concentrations of puku found on the floodplains. Densities were also high in mopane
woodland. Densities detected in thicket, riverine woodland, semi-permanent water /
aquatic-association grassland (SPW/AAG) and Combretum woodland were all lower
and were broadly similar to each other. Low densities were detected in mopane scrub
which is reflected by the low number of observations recorded despite covering a
substantial part of the study area. Acacia woodland forms only a very small
component of the vegetation in the study area and animals were rarely observed in
the dense stands of Acacia kirkii, but were more commonly seen in more open acacia
woodland near the Luangwa River.
No. of

Chi-squared

Density

Bootstrap

type

observations

GOF (p value)

(animals / sq. km)

95% CI

CTW

43

0.220

5.2

3.24-8.72

G

178

0.262

20.4

10.98-42.03

MSW

21

0.248

2.0

0.82-4.74

MW

93

0.339

14.2

7.62-28.91

RWT

38

0.651

5.3

3.00-12.88

SPW/AAG

73

0.584

4.4

2.53-8.92

TH

39

0.161

4.0

2.47-7.80

AW

4

N/A

N/A

N/A

489

0.525

63.1

47.55-85.80

Vegetation

Total

Table 49: Summary of the estimated densities for each vegetation type in the study area.
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Figure 76: Plots of the global detection function stratified by habitat: (a) SPW/AAG; (b) CTW;

(c) G; (d) MSW; (e) MW; (f) RWT; (g) TH; (h) AW.
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4.3.8 Warthog burrow distribution
4.3.8.1

Data collected

A total of 86 warthog burrows were detected during the transect survey, 42 of which
appeared to have been recently used (Table 50). No burrows were detected in
mopane scrub and only one disused burrow was found in semi-permanent water /
aquatic-association grassland (from here onwards refered to as aquatic grassland) and
riverine woodland. The number of observations detected permitted an overall
estimate of density, but was not sufficient to allow density estimates stratified by
vegetation type.

Habitat

Used burrows

Disused burrows

All burrows

SPW / AAG

0

1

1

CTW

20

15

35

MW

11

7

18

RWT

0

1

1

TH

11

20

31

All burrows

42

44

86

Table 50: Summary of warthog burrow observations recorded during the transect survey.

4.3.8.2

Warthog burrow density

Histograms of the warthog burrow data again revealed some pooling around zero so
data was grouped for the analysis to minimise the effects of this. Truncation was
applied at 29 m to remove outliers. The overall shape of the histograms revealed a
good broad shoulder (Figure 77). Models with a half-normal key function and cosine
series expansion provided a good fit to the data.
The overall density of warthog burrows detected in the study area was 21.8 / sq. km.
(95% CI: 15.35-38.80) (Table 51). The density of warthog burrows that had been
recently used was estimated to be 9.8 / sq. km. (95% CI: 6.38-15.77) corresponding
to a total number of 461 in the study area.
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Figure 77: Plots of the global detection function for the warthog burrow survey: (a) all burrows
observed; (b) used burrows only

No. of

Chi sq. GOF

Density

Bootstrap 95%

observations

(p value)

( burrows / sq. km)

CI

Used burrows

40

0.946

9.8

6.38-15.77

All burrows

83

0.254

21.8

15.35-38.80

Stratum

Table 51: Density estimates for warthog burrows that were recently used and for all warthog
burrows detected.

4.3.8.3

Warthog burrow distribution by vegetation type

Due to the limited number of observations recorded it was not possible to estimate
the densities of warthog burrows by vegetation type. However, from the results in
Table 50 it would appear that the numbers were highest in the Combretum woodland
and thicket vegetation, with intermediate levels in mopane woodland vegetation.
Only disused burrows were detected in riverine woodland and aquatic grassland and
no burrows were detected in mopane scrub.
The geographical distribution of warthog burrows is illustrated in Figure 78 below
and demonstrates a marked preference for the belts of thicket or Combretum
woodland. The large belt of mopane woodland and mopane scrub in the centre of the
study area was largely bereft of any burrows.
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Figure 78: Geographical distribution of warthog burrows in the study area.
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4.4

Discussion

4.4.1 Study design and sampling bias
In all epidemiological surveys the study design is of critical importance with respect
to the validity of assumptions made during the statistical analysis. Although a large
amount of literature exists relating to trypanosome infection rates of tsetse and tsetse
abundance, in many of these investigations the effects of the study design on
statistical inference have been largely ignored. One of the reasons for this is that it is
very difficult to sample insect populations without bias. In many studies the sampling
sites are chosen to optimise tsetse sample sizes with no attempt to randomise the
selection procedure, as is the case in the previous studies in the Luangwa Valley
which used data collected as part of the RTTCP (Woolhouse et al., 1994; Leak &
Rowlands, 1997). The pilot study in SLNP in this thesis was also designed in this
manner and consequently a more cautious approach must be taken in drawing
conclusions from these results than from those from the LNP study. A drawback
from using a randomised study design in LNP, however, was that trap catches may
have been lower as a result of the failure to optimise trap sites, presenting limitations
on the power of the study.
Tsetse trap catches are known to be biased (Rogers & Randolph, 1985) and some
potential reasons for this have been suggested (Hargrove, 1991). Firstly, older flies
are more active and are therefore more likely to be trapped, although this is less so
with traps that are not baited. Secondly, trap efficiency is lower for G. m. morsitans
compared with G. pallidipes. Finally, female tsetse flies are more likely to be
trapped, either because they live longer or because of behavioural differences
between the sexes. Epsilon traps are no exception and are subject to these biases.
However, despite these limitations, they are an efficient and practical method for
sampling tsetse under southern African conditions and have been widely used in
tsetse surveys in the region (Woolhouse et al., 1993; Woolhouse et al., 1994). The
implication of any bias induced through the use of this sampling method in this study
is discussed where relevant below.
The dissection method for characterising trypanosome infections to the genus level
(Lloyd & Johnson, 1924) is one of the oldest methods and has been very widely used
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for tsetse surveys. Disadvantages of the technique include the inability to detect
mixed mature infections with Duttonella and Nannomonas trypanosomes, or mature
Duttonella infections with immature Nannomonas infections (Leak & Rowlands,
1997). Mixed infections in tsetse may be common (Majiwa & Otieno, 1990;
Woolhouse et al., 1994) leading some authors to suggest that molecular techniques
are more reliable than the dissection technique (Njiru et al., 2004). However,
molecular techniques are expensive and laborious and cannot distinguish mature
from immature infections unless carried out on mouth parts and salivary glands
(Leak & Rowlands, 1997). The preservation of infected fly material for subsequent
analysis presents practical difficulties and the improved sensitivity may not outweigh
the reduced sample number achieved. For these reasons, and to facilitate comparison
with other studies, the dissection technique was preferred for this study.
The use of the wing fray technique (Jackson, 1946) as a method of categorising the
relative age of tsetse has also been questioned by some authors (Allsopp, 1985). The
use of ovarian dissections (Saunders, 1962) is considered to be more accurate, but
has the disadvantages of being laborious, technically difficult and error-prone, as
well as being only applicable to female flies (Leak & Rowlands, 1997). A large study
of tsetse dissections from multiple sites found a good correlation between the two
age determinants for the six species or sub-species examined (Leak & Rowlands,
1997). The authors concluded that wing fray could be used instead of ovarian age in
the investigation of associations between trypanosome infection rates and age in
tsetse. A similar level of correlation between the two techniques was found in this
study. Furthermore, the benefits for the analysis of the increased sample number
achieved through using wing fray rather than ovarian dissections was considered to
outway any potential improvement in the accuracy of age estimates achieved through
using ovarian dissections.

4.4.2 Statistical analysis
As the sampling scheme for both tsetse studies included the repeat collection of
samples from the same traps over time, each sample was not an independent
replicate. This is a common feature of many study designs for tsetse surveys and one
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that has been largely overlooked in the past. To allow for potential pseudoreplication resulting from this aspect of the sampling scheme, mixed effects models
were used in the analysis (Crawley, 2007). The random effects in all of the models
for the prevalence data were insignificant, indicating that there was little trap-specific
variation in catches unaccounted for by the fixed effects measured. The same was
true for counts in the presence / absence models, but the variance of the random
effects for the apparent density models was much greater. This demonstrates that
there was substantial variation in apparent densities due to random effects at the trap
level, over and above those estimated by the fixed effects. Failure to take account of
this in the statistical analysis would have resulted in overly optimistic estimates of
confidence intervals and, therefore, statistical inference.
The count data also presented problems for the analysis due to overdispersion with
regard to a standard Poisson error structure. Overdispersion is the presence of greater
variability in a data set than would be expected based on a given simple statistical
model. It is said to have occurred when the sample variance exceeds the variance
predicted by the model. It is a common feature of ecological data and may occur for
two main reasons. Firstly, it may occur if not all the important factors influencing the
counts are measured (Crawley, 2007; Richards, 2008). Secondly, it may also occur
when the underlying distribution of the population being sampled is actually nonPoisson (Crawley, 2007). In this investigation, the biological factors governing
catches of flies are complex and it is quite possible that an important factor
governing trap catches was not measured. The experiment was designed primarily to
investigate the prevalence of trypanosome infections in tsetse rather than to
investigate ecological factors influencing tsetse density. Trap catches are largely
related to fly activity and this may be influenced by both fly variables such as hunger
state and environmental variables such as wind and cloud cover, many of which
could not be measured. Outside tsetse ecology, examples of the biological causes of
overdispersion in count data include the propensity for individuals to live in groups
(such as flocks of geese) and the concentration of large numbers of ticks in a small
proportion of a cattle population (most likely because of immuno-suppression caused
by the presence of the original ticks on those animals).
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Count data that includes a lot of zeros (so-called zero-inflated data) is also often
overdispersed with standard error structures (Martin et al., 2005). One solution for
overdispersed data is to use the negative binomial distribution rather than the Poisson
(Lindsey, 1999), but this is currently not implemented within the standard
generalised linear mixed effects model packages for R. The quasi-Poisson error
structure has been used successfully as a method of adjusting for overdipsersion in
count data (Kamper-Jorgensen et al., 2006; Crawley, 2007; Richards, 2008) and is
available within the lme4 package for R (Bates, 2008, http://lme4.r-forge.rproject.org). However, the confidence intervals for all categories were unexpectedly
wide, but this was considerd to be preferable to using over-optimistic confidence
intervals and may reflect the fact that the models were too simplistic to accurately
model such a complex biological system.

4.4.3 Trypanosome prevalence
The prevalence of mature trypanosome infections reported in G. pallidipes in
previous surveys in the Luangwa Valley (Table 6, chapter II) has varied from 1.80%
to 6.20% for Duttonella infections, from 1.00% to 3.03% for Nannomonas infections
and from 0.08% to 1.10% for Trypanozoon infections (Woolhouse et al., 1994; Leak
& Rowlands, 1997). The prevalence detected in both the SLNP study and LNP study
is within these bounds, although no Trypanozoon infections were detected in LNP.
Previous surveys of G. m. morsitans tsetse have involved much smaller sample
numbers and prevalence reported has varied from 3.10% to 4.76% for Duttonella
infections and from 2.20% to 3.57% for Nannomonas infections (Clarke, 1969; Leak
& Rowlands, 1997). Clarke only examined mouthparts and would not have been able
to detect Trypanozoon infections, but Leak reported a prevalence of 0.02% for this
genus. The prevalence detected in this study was almost exactly the same as that
reported by Clarke in nearby Nsefu (Clarke, 1969). These prevalence results would
appear to indicate that trypanosome infection rates in the Luangwa Valley have
remained fairly stable in recent years and that no substantial changes in G. m.
morsitans infection rates have occurred since Clarke’s study nearly 40 years ago.
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4.4.4 Presence / absence of tsetse
The presence or absence of tsetse and therefore their distributional limits have been
studied in depth and accurate predictions can now be made, particularly with the use
of remotely sensed imagery (Rogers & Randolph, 1985; Rogers, 1991). However,
studies at the local level are much more difficult and trap catches are believed to
relate as much to fly activity as to population density (Rogers & Randolph, 1985).
Although the original aim of this part of the study was to investigate apparent density
rather than the presence or absence of flies, presence or absence models were
investigated as a robust alternative to the density models due to the difficulties
encountered with the latter. They also allowed the effect of tsetse species on trap
counts to be investigated.

4.4.5 Apparent density of tsetse
Factors influencing the apparent density of tsetse may be divided into abiotic
(density independent) and biotic (density dependent) factors (Rogers & Randolph,
1985). Both have an effect on tsetse abundance, but the latter are much more difficult
to measure. As the primary aim of this investigation was to investigate the factors
affecting the prevalence of trypanosomes in tsetse, design variables were chosen for
this reason and consequently the investigation of apparent tsetse density concentrated
only on abiotic factors.
The apparent density of tsetse was much lower in LNP than SLNP, but this reflects
the differences in study design more than differences in true density. In LNP most
traps were set without the use of odour baits and the location of traps was not
optimised to maximise catches in the same way as it was in the pilot study. The small
numbers of G. brevipalpis recorded from the artificial refuges demonstrate the
presence of suitable habitat for this species in LNP. However, the fact that catches
dropped off quickly after only one or two samples were collected suggests that the
population density in those particular sites may not have been very high.
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Variables investigated for their effects on both trypanosome prevalence and tsetse
counts are considered together below as this was considered to be more intuitive than
considering prevalence results separately from tsetse count results.

4.4.6 Variables under investigation
4.4.6.1

Tsetse species

Tsetse species was identified as a significant risk factor for overall trypanosome
infections and for Nannomonas infections in the LNP study. G. m. morsitans flies
were significantly more likely to be detected as infected than G. pallidipes with an
adjusted OR of 2.13 (95% CI: 1.22-3.72) for overall trypanosome infections and 2.96
(95% CI: 1.24-7.07) for Nannomonas infections. It was not, however, a significant
factor for Duttonella infections. This may indicate differing rates of maturation of
Nannomonas infections in the two species of tsetse, but could also reflect their
differing feeding habits. Tsetse species was still a significant factor after adjustment
for age and the mean age of each species as estimated by wing fray was 25 days for
G. m. morsitans compared with 31 days for G. pallidipes. The only study in the
Luangwa Valley to have previously investigated prevalence in both tsetse species did
not compare infection rates statistically (Leak & Rowlands, 1997).
Tsetse species was highly significant as a factor explaining the presence or absence
of flies in a catch with G. pallidipes significantly more likely to be detected. This is
not surprising given the bias in Epsilon trap catches towards this species (Hargrove,
1991; Torr & Hargrove, 1999). Tsetse species was not investigated as a factor in the
apparent density models because its inclusion increased zero-inflation of the data
resulting in poor model fit to the data.
4.4.6.2

Tsetse age

The age distributions of tsetse in the SLNP pilot study and the LNP study appear to
be very similar with mean ages for the populations of 32 days and 30 days,
respectively, as estimated by wing fray. However, this is likely to be an over-
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estimate of the true mean age of the population sampled as Epsilon traps are known
to be biased in favour of older flies (Hargrove, 1991).
Tsetse age, as categorised by wing fray, was highly significant as a risk factor for
infection with both Duttonella and Nannomonas trypanosomes, as well as for overall
trypanosome infection rates. This finding is consistent with many other
investigations whereby a significant association has been identified between age and
trypanosome infection rates in tsetse (Okiwelu, 1977; Woolhouse et al., 1993;
Woolhouse et al., 1994; Leak & Rowlands, 1997; Kubi et al., 2007). Although
laboratory evidence has suggested that flies are only susceptible to infection during
their first feed (Welburn & Maudlin, 1992), this may not be the case for Duttonella
infections which can be accumulated continuously throughout life (Woolhouse &
Hargrove, 1998). In contrast, the association with age for Nannomonas trypanosomes
is more complex and it has been proposed that rates of infection may decline though
life, some flies may be resistant, infected flies may have a higher mortality rate and
the maturation period may vary (Woolhouse & Hargrove, 1998). The G. pallidipes
data from the SLNP pilot study would appear to be consistent with this theory as
illustrated by the plots of adjusted ORs against age category. The OR for Duttonella
infections shows a steady increase across all age categories (Figure 54) whereas the
OR for Nannomonas infections climbs steadily up to category three before levelling
out and then falling in category six (Figure 55). In this study age was only significant
for Duttonella infections and not for Nannomonas infections. The results from the
LNP study are less clear graphically (Figure 60 and Figure 62). However, adjusted
ORs for Duttonella approached significance for age categories four and five, and
were significant for category six (Table 38), but adjusted ORs for Nannomonas only
approached significance for age category six (Table 39).
4.4.6.3

Bush fires

Bush fire in the vicinity of the trap was also identified as a significant factor
explaining the variation in overall trypanosome infection rates and Nannomonas
infection rates. As far as the author is aware this has not been investigated as a risk
factor before. Indeed, it is not obvious why tsetse flies in an area recently affected by
fire should have a greater likelihood of carrying trypanosome infections. Given the
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differences between Duttonella and Nannomonas results it is possible that fire in the
environment increases the likelihood that trypanosome infections in the midgut will
mature. Tsetse flies surviving in a burnt environment are likely to be more stressed
due to the lack of shelter and scarcity of potential hosts. However, some potential
hosts are more likely to be found in burnt areas once new grass grows (especially
zebra and warthog) and this may change the hosts available to those flies, thereby
having an effect on infection rates.
Fire was also a significant factor explaining the variation in the presence or absence
of tsetse from trap catches, most likely because of the lack of shady resting places
and hosts to feed on. In separate tsetse species models, it was a significant factor for
the presence or absence of G. pallidipes in trap catches, but the data was inadequate
to investigate this in a multivariate model (as few counts were zero for this species).
Fire was not significant in the model for G. m. morsitans suggesting that G.
pallidipes may be more susceptible to its effects. This would not be surprising given
that G. m. morsitans is adapted to a more open and dry habitat. Although this could
potentially influence the increase in trypanosome infection rates seen in areas
affected by fire, the effect was still significant when adjusted for tsetse species.
Fire in the vicinity of a trap was, however, a significant factor explaining the
variation in apparent densities of both tsetse species. The IDR’s for the effect of fire
were below one for both species indicating that fire depressed densities of tsetse, as
would be expected. Only the IDR for G. m. morsitans was significant, however. Fire
would seem more likely therefore to alter the absolute occurrence of G. pallidipes,
but alters the densities of both species. These results, along with the trypanosome
prevalence results above, illustrate that fire is having a significant effect on the
ecology of Glossina and the trypanosomes that they carry.
4.4.6.4

Vegetation type and NDVI

Vegetation type also had no effect on trypanosome infection rates detected and no
associations were found with vegetation greenness as measured by NDVI. The
results of the presence / absence models suggest a significant association between
NDVI and the occurrence of G. m. morsitans, but only at the univariate level. At the
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multivariate level, the effect of vegetation type became more significant. Catches of
this species of tsetse were rare in riverine woodland and thicket, the vegetation types
with the highest NDVI. Both types of mopane woodland were found to be very
suitable for G. m. morsitans and both species of tsetse were most likely to be found
together in mopane woodland. Vegetation type was a significant factor explaining
the variation in apparent densities of both species, but particularly G. pallidipes. This
species is well adapted to thicket vegetation, but is less well suited to the more open
habitats included in the study. Overall tsetse apparent densities did not vary
significantly between vegetation types, presumably because, where one species did
not thrive, the other species was more abundant. This point is clearly illustrated by
the graph of adjusted IDR’s by vegetation type in Figure 79 below. Riverine
woodland is the referent category and is the vegetation type with the highest density
of G. pallidipes, but the lowest density of G. m. morsitans.
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Figure 79: Adjusted IDR’s for G. pallidipes and G. m. morsitans plotted against vegetation type.
Confidence intervals were wide and are not shown. CTW = Combretum-Terminalia woodland,
MSW = mopane scrub woodland, MW = mopane woodland, TH = thicket. Riverine woodland
and thicket (RWT) was the referent category.
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4.4.6.5

Odour baits

The majority of traps in the LNP study were set without the use of odour baits as one
of the aims was to investigate the hypothesis that infection rates might be different in
different vegetation types. Consequently, the attraction of tsetse over greater
distances through the use of odour baits would not be desirable. However, the use of
baits was sufficient to assess its impact on infection rates and fly counts. No effect of
baits on trypanosome infection rates was detected in the study. Similarly, no effect
on the presence or absence of tsetse from trap catches was detected. However, the
inclusion of the use of odour baits in the models for apparent density resulted in an
improved fit for G. pallidipes and overall tsetse, but not for G. m. morsitans. This
would suggest that the attractant effect of the odour baits used in the study is greater
for G. pallidipes than for G. m. morsitans.
4.4.6.6

Seasonal effects and temperature

No significant effects of either temperature or season on trypanosome prevalence
were detected in this study. Temperature may potentially influence infection rates
through direct effects on trypanosome maturation periods (Molyneux & Ashford,
1983) and indirect effects on the survival rates of tsetse (Torr & Hargrove, 1999;
Hargrove, 2005). Seasonal changes in trypanosome infection rates have been
reported and in one study were negatively correlated to temperature (Woolhouse et
al., 1993). In contrast other studies, like this one, have not found any seasonal effects
on prevalence (Woolhouse et al., 1994; Leak & Rowlands, 1997). However, in this
investigation the study period was short which will have limited the influence of any
seasonal effects.
Inclusion of the month of sampling as a fixed effect improved the fit of the apparent
density models for both species of tsetse and for combined counts, suggesting that
seasonal effects were significant. The IDR for G. pallidipes dropped substantially in
October, although the October level was not significantly lower than the June level
(Figure 80a). The IDR for G. m. morsitans peaked in September, but did not show
such a dramatic decline in October and remained above the June level (Figure 80b).
This would suggest that the increased sampling effort in October was not responsible

Chapter IV

254

for the fall in tsetse densities and that this fall is more likely to be a result of the
environmental conditions at this time of year. The latter half of the dry season is
characterised by high ambient temperatures and a lack of shelter in much of the
vegetation. The Combretum woodland, mopane woodland, mopane scrub and thicket
vegetation types are largely deciduous and leafless at this time of year. However, it
has been suggested that the decline in tsetse numbers seen in Zimbabwe during the
hot season may not be due to the direct effects of the increased temperature, but to
the indirect effects of increased rates of reproductive abnormalities coupled with an
increase in adult mortality due to a reduction in the pupal period (Torr & Hargrove,
1999). Catches of tsetse on odour baited targets in the afore-mentioned study were
shown to correlate with season, but not with maximum temperature.
In this study, none of the temperature variables investigated improved the fit of
apparent density models, also suggesting that temperature was not directly
responsible for the seasonal effects. However, the temperature data used in this study
was recorded at Mfuwe airport which is approximately 90 km from the study area.
Although temperatures are normally fairly similar in the two locations, differences in
cloud cover, especially in September or October might result in some differences
occurring. It would have been preferential to have used electronic data loggers at the
trap sites, but this was not possible within the financial limitations of the project.
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Figure 80: Adjusted IDR’s plotted against month for (a) G. pallidipes (b) G. m. morsitans.
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4.4.6.7

Other factors

There was no association detected between trypanosome infection rates and sex in
this study. Sex was not investigated as a fixed effect in any of the apparent density
models as it would have substantially increased the zero-inflation of the data and
Epsilon traps are known to be biased in favour of females. No effect of host density
on trypanosome prevalence, tsetse presence or absence, or the apparent density of
tsetse was detected during the study. The host density variable was a rough measure
estimated by vegetation type and did not distinguish between hosts so this finding is
not surprising. However, the lack of host animals in Combretum woodland and
deciduous thicket towards the end of the dry season was noticeable and appeared to
correspond to lower trap catches.

4.4.7 Tsetse host densities
The transect survey of potential hosts of tsetse flies in LNP was limited by the
number of observations recorded for each species. At least 40 observations are
necessary to make a reasonably accurate estimate of species densities (Buckland et
al., 2001) and this was only achieved for three species in this survey. This illustrates
one of the difficulties of conducting this type of ground survey in areas with low
densities of wild animals. The precision of the results achieved is dependent on the
sampling effort and the densities of the target species. In this case the tsetse survey
was being conducted at the same time and it was not possible to commit any more
effort to the host survey without negatively affecting the tsetse survey. However, a
list of many of the potential hosts for tsetse present in the park was recorded and a
reliable estimate of the most abundant of these was made.
Of the preferred hosts for the tsetse species found in the Luangwa Valley (Clausen et
al., 1998) bushbuck, elephant and warthog were observed on the transects. Other
species observed such as kudu and wildebeest were not tested for specifically in
Clausen’s study, but are known to be preferred hosts for tsetse. Another preferred
host for tsetse, buffalo, was not observed on the transect survey, but was observed in
the park in large numbers on other occasions. Impala and puku were the two most
abundant species recorded, neither of which are preferred hosts for tsetse. Although
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baboons were abundant in the study area, an accurate estimate of density could not
be made. Of the preferred hosts for tsetse, warthog were clearly the most abundant
species. Studies have recorded a high proportion of blood meals taken from warthog
by G. m. morsitans (Weitz, 1963; Clarke, 1964; Clausen et al., 1998) which is of
interest considering the increased rate of trypanosome infection detected in G. m.
morsitans in this study and the density of warthog in the study area. In a survey in
nearby Upper Lupande game management area (GMA), impala was the most
abundant host recorded, followed by buffalo, zebra, wildebeest, warthog, elephant
and hippopotamus in decreasing order of density (Ndhlovu & Balakrishnan, 1991).
The vegetation type with the highest density of potential hosts was grassland which
is also the least suitable habitat for tsetse. A large proportion of the animals observed
on the grassland were puku which are not often fed on by tsetse. Impala were also
common although they are not strictly a grassland species and often feed around the
edges of woodland (Kingdon, 1997). The density of animals in mopane woodland
was also high and this is the vegetation type where both species of tsetse were most
likely to be found together. All other vegetation types, with the exception of mopane
scrub and acacia woodland which carried very low densities, carried similar and
fairly low densities of wild animals. As was mentioned previously no association
between trypanosome infection rates or tsetse apparent densities and wild animal
densities in the different vegetation types was detected.
The density of warthog in the study area (3.4 / sq. km., 95% CI: 1.93-5.98) was
slightly higher than the density of 2.2 / sq. km. recorded in nearby Upper Lupande
GMA (Ndhlovu & Balakrishnan, 1991), although their estimate was within the
confidence limits of this study. It was comparable to that recorded in a large survey
in the Zambezi Valley, Zimbabwe (Cumming, 1975). Mean annual densities
recorded during the survey in Sengwa Wildlife Research Area over eight years
ranged from 2.32 / sq. km. (95% CI: ± 0.568) to 5.13 / sq. km. (95% CI: ± 1.090). A
longstanding ecological survey in the Selous Game Reserves in Tanzania reported
slightly higher overall densities ranging from 4.4 / sq. km. to 9.4 / sq. km. (Rodgers,
1984). Both studies reported temporal changes over the study period suggesting that
warthog densities may fluctuate.
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Rodgers study reported higher densities in areas with short grassland compared to
areas with longer grassland and particularly high densities where wooded grassland
communities adjoined floodplain grasslands with rhizomatous forage (Rodgers,
1984). In LNP, warthogs were often observed to graze on aquatic grassland during
the dry season. Out of a total of 43 clusters of warthog observed during the transect
study, ten were in aquatic grassland which covered only 4% of the transect area. This
vegetation is frequently surrounded by dense thicket or riverine woodland, providing
ideal refuge for tsetse. Warthog were also comparatively frequently observed in
Combretum woodland, with eleven clusters detected in this vegetation type. These
figures may be misleading, however, due to potential differences in detectability in
different vegetation types. Unfortunately, specific density estimations by vegetation
type were not possible due to the limited number of observations. Also noticeable
from the transect study was high densities of warthog in areas with new grass
appearing after a bush fire. Marked local increases in warthog density after dry
season fires have been noted before (Cumming, 1975).

4.4.8 Warthog burrow density
The results from the warthog burrow survey would suggest that there were
approximately 2.9 burrows in use per warthog in the study area. This finding is in
keeping with other studies where warthog sounders used several different burrows
within their home ranges (Cumming, 1975; Somers et al., 1994), with some sounders
using as many as ten burrows (Cumming, 1975). The numbers of used and disused
burrows recorded in LNP in this survey were also very similar. Although no warthog
burrow density estimates were possible for the different vegetation types included in
the survey, the numbers of observations in each vegetation type would suggest that
the density would be highest in Combretum woodland. Nearly half of all the burrows
in use at the time of the survey were recorded in Combretum woodland which
covered 14% of the transect study area. Of the only other two vegetation types in
which a significant number of burrows was recorded, 26% of all used burrows were
observed in each of thicket and mopane woodland vegetation types which covered
13% and 26% of the transect area respectively.
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A clear pattern was apparent in the spatial distribution of burrows (Figure 78). The
study area consisted of a large central area of mopane woodland and mopane scrub
bounded on the north, east and south by slightly elevated Combretum woodland and
thicket. The vast majority of burrows were located in or around this band of
Combretum woodland and thicket. Mopane woodland and mopane scrub generally
occur on clay soils that are prone to seasonal flooding (Smith, 1998) which is likely
to be a significant factor governing the distribution of warthog burrows. Combretum
woodland and thicket generally occurred on more sandy soils which are likely to
have better drainage in the rains and would be more readily excavated. Warthog have
been reported to thrive in areas of wooded grassland bounding suitable floodplain
grassland (Rodgers, 1984), a situation which occurs especially towards the south of
the study area in LNP. The close proximity of patches of aquatic grassland to
burrows in much of the study area makes suitable dry season grazing readily
available.
The association of warthog with G. m. morsitans tsetse is also apparent from these
results as Combretum woodland, the vegetation type likely to have the highest
density of burrows, is also the vegetation type with the highest IDR for this species
of tsetse. As has already been stated, warthog is one of the preferred hosts for G. m.
morsitans (Clausen et al., 1998). The presence of so many used burrows in this
vegetation type means that a blood meal is readily available when the tsetse are at
their most active in the early morning when the warthog leave their burrows and in
the late evening when they return. Many of the blood meals will, of course, be taken
when the warthog are grazing on grassland, but there is still evidence for an
ecological association between the two species.
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4.5

Conclusion

A significantly higher rate of infection was identified in G. m. morsitans suggesting
that this species may be a more important vector of trypanosomes than G. pallidipes.
The age of tsetse flies is a significant factor governing trypanosome infection rates in
tsetse with possible differences occurring between trypanosome species. The
occurrence of fire may be an important factor in the ecology of tsetse and the
trypanosome infections that they carry. Vegetation type is an important factor in the
distribution of tsetse, but has no influence on trypanosome infection rates.
Warthog are the most abundant of the preferred hosts for tsetse in the study area and
the position of their burrows provides evidence for an ecological link with G. m.
morsitans.
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5 Chapter V

The wildlife reservoir for trypanosomiasis in

the Luangwa Valley and role of the common warthog,
Phacocoerus aethiopicus, as a reservoir host
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5.1

Introduction

In many areas of Africa, where wildlife, domestic animals and humans co-exist in
close spatial and temporal proximity, there is the potential for disease transmission to
occur between species. Disease transmission across the so-called wildlife / livestock /
human interface may be in any direction (Bengis et al., 2002) and is important in the
ecology and epidemiology of many diseases in sub-Saharan Africa (Kock, 2005b).
Trypanosomiasis is an example of one such disease and transmission can occur
across this interface due to the ability of the parasites to infect a wide range of host
species. The widespread infection of wild animals with trypanosomes in the
Luangwa Valley was first identified by Kinghorn et al in 1913 (Kinghorn et al.,
1913). Since then many surveys from across Africa have identified extensive natural
infection of wild animal hosts with a variety of trypanosome species (Vanderplank,
1947; Geigy et al., 1967; Baker, 1968; Keymer, 1969; Burridge et al., 1970; Geigy et
al., 1971; Allsopp, 1972; Mwambu & Woodford, 1972; Geigy et al., 1973b;
Carmichael & Hobday, 1975; Drager & Mehlitz, 1978; Dillmann & Townsend,
1979; Mattioli et al., 1990; Claxton et al., 1992; Truc et al., 1997; Kaare et al.,
2003). The results of these surveys and, in particular, the host distribution of
trypanosomes, were reviewed in detail in the first chapter of this thesis.
Three general surveys of trypanosome infections of wildlife have been conducted in
the Luangwa Valley (Kinghorn et al., 1913; Keymer, 1969; Dillmann & Townsend,
1979). All three utilised parasitological methods of diagnosis, although the latter
combined this with rodent inoculation and used the blood incubation infectivity test
(BIIT) (Rickman & Robson, 1970) to investigate the presence of human infective
Trypanosoma brucei rhodesiense. A wildlife reservoir for this parasite was first
demonstrated in a bushbuck in the Lambwe Valley in Kenya (Heisch et al., 1958)
and infection has subsequently been identified in bushbuck, duiker, giraffe, impala,
lion, warthog and waterbuck (Rickman et al., 1991), impala and zebra (Mulla &
Rickman, 1988) and warthog (Awan, 1979; Dillmann & Townsend, 1979) in the
Luangwa Valley using the BIIT. Much interest has been generated by the role of the
bushbuck in maintaining foci of infection with T. brucei s.l. due to the high infection
rates demonstrated in this species, its sedentary nature and its position as a favoured
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host for Glossina pallidipes species of tsetse (Allsopp, 1972). However, a more
recent survey using molecular methods for diagnosis identified a high rate of
infection with T. b. rhodesiense in warthog in Tanzania (Kaare et al., 2003). In the
Luangwa Valley, Dillmann and Townsend (Dillmann & Townsend, 1979) also
suggested that the role of the warthog as a reservoir host for the human infective
parasite was worthy of further investigation, along with that of the waterbuck. A
large study of tsetse blood meal preferences, using material collected from multiple
sites across Africa including the Luangwa Valley, identified the warthog as the
preferred host for G. morsitans species of tsetse (Clausen et al., 1998). An analysis
of risk factors for human infection with trypanosomiasis in the north of the Luangwa
Valley identified the presence of zebra near villages as a significant risk factor for
infection (Wyatt et al., 1985).
Although much knowledge about infection rates in wildlife has been generated, there
have been few attempts to conduct epidemiological analyses of data from wildlife
surveys. This is due, in part, to difficulties in the collection of sufficiently large
sample sizes of a representative nature from wildlife species to enable a thorough
statistical analysis (Bertram, 1973; Bengis et al., 2002; Gortazar et al., 2007).
Consequently, knowledge of the factors associated with trypanosome infection in
wildlife is limited. Some studies have investigated the association between wildlife
infection rates and factors that might influence them (Vanderplank, 1947; Drager &
Mehlitz, 1978), but most have concentrated only on host species susceptibility.
The investigation of the wildlife reservoir for infection with the human infective
parasite has for a long time been hampered by difficulties in the definitive diagnosis
of the parasite. Although the advent of the BIIT (Rickman & Robson, 1970)
represented a significant improvement in diagnostic capabilities, recent advances in
molecular diagnostic methods have resulted in the development of a new, highly
specific, test for the parasite (Picozzi et al., 2008). Advances in molecular methods
of diagnosis have also resulted in the development of a multispecies polymerase
chain reaction (PCR) that is capable of differentiating all the major pathogenic
trypanosomes of domestic livestock in a single test (Cox et al., 2005).
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5.1.1 Aims
The principle aim of this chapter was to investigate the epidemiology of trypanosome
infections in wildlife species of the Luangwa Valley using novel molecular
techniques for diagnosis. This was to be achieved by utilising professional safari
hunting as a source of samples for a cross-sectional survey. Additional samples were
to be collected through veterinary intervention where possible.
The data collected was to be analysed using logistic regression analysis to identify
risk factors for infection. The results were to be used to test the hypothesis that the
warthog was a significant reservoir host for trypanosomiasis in the Luangwa Valley.
The host distribution for Trypanosoma congolense, T. brucei s.l., T. b. rhodesiense
and T. vivax was to be investigated and the principle components of the reservoir
community for each trypanosome species elucidated. It was hoped that improved
understanding of the epidemiology of this important interface disease would assist
managers with land-use planning in the Luangwa Valley.

5.1.2 Null hypotheses
1. HO

–

Warthog are not a significant mammalian host for trypanosomes in the

Luangwa Valley.
2. HO – There is no significant effect of animal inherent factors such as species, age
and sex on trypanosome prevalence detected in wildlife of the Luangwa Valley.
3. HO – There is no significant effect of non-animal inherent factors such as area,
month and year on trypanosome prevalence detected in wildlife of the Luangwa
Valley.
4. HO – There is no significant effect of study design factors such as the sample
collection method and over-saturation of sample matrices on the prevalence of
trypanosomes detected in wildlife of the Luangwa Valley.
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5.2

Materials and methods

5.2.1 Study design
5.2.1.1

Outline of approach

Samples were collected from three sources for this study, all of which represented
convenience samples. Firstly, the harvesting of wild animals by professional safari
hunters throughout the Luangwa Valley was utilised as a source of samples.
Secondly, a targeted intervention was made to collect samples from warthog in North
Luangwa National Park (NLNP). Advantage was taken of the presence of a game
capture unit in the park as part of a translocation exercise. Additional samples were
collected from species being translocated as part of a re-stocking programme for the
Malawi / Zambia Transfrontier Conservation Area (TFCA). Finally, advantage was
taken of any other research or management activities in NLNP, South Luangwa
National Park (SLNP), Luambe National Park (LNP) or the game management areas
(GMAs) to collect samples. The study took place during the dry season only (May to
November) as large parts of the Luangwa Valley are inaccessible during the rains.
Sampling was conducted in 2005, 2006 and 2007.
5.2.1.2

Study areas

The study took place in the Luangwa Valley, Zambia which was described in detail
in Chapter II of this thesis. It is situated in the Eastern and Northern provinces of
Zambia and represents an extension of the Great Rift Valley in East Africa. The
study area for the survey of animals harvested by professional hunters covered eight
GMAs with a widespread distribution across the north and central Luangwa Valley.
Additionally, one professional hunter operating from a private hunting area further
south in the Luembe chiefdom was also co-opted into the study. The area covered by
this survey is shown in Figure 81.
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Figure 81: Location of hunting blocks used for sample collection. 1 - Chanjuzi / Nyaminga; 2 Chifunda; 3 - Lower Lupande; 4 - Luawata; 5 - Mukungule; 6 - Munyamadzi Game Ranch; 7 Mwanya; 8 - Nyampala; 9 - Upper Lupande. The inset figure shows the approximate location of
the Luangwa Valley in Zambia.

The second component of the study took place in NLNP in the north of the Luangwa
Valley. The park covers an area of 4640 km sq. between the latitudes 11°25’ and 12°
20’ south and longitudes 31°45’ and 32°40’ east. The samples were collected from
various locations on the valley floor near the Luangwa River. Figure 82 shows the
distribution of sample collection points within the national park. Finally, several
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miscellaneous samples from other management and research activities came from an
area covering NLNP, SLNP, LNP and Lower Lupande GMA.

Figure 82: Map of the distribution of sample collection sites for the North Luangwa National
Park dataset.

5.2.1.3

Sampling scheme

As has already been described above, three separate sampling schemes were used in
this study. Due to the many practical difficulties inherent in sampling from wild
animal populations, the schemes represented non-random convenience sampling.
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Assessment of bias resulting from this method of sampling, and limitations placed on
inferences made from the results, are considered in the discussion.
1. Survey utilising professional hunters to collect samples
The first component of the study involved the recruitment of professional hunters to
collect samples from animals harvested as part of the commercial ‘safari hunting’
system described earlier in Chapter II. These animals are shot in GMAs outside the
National Parks under licenses issued under a quota system operated by the Zambian
Wildlife Authority (ZAWA). The majority of animals are trophy animals and
therefore, mature males, but occasionally less mature or female animals are also
harvested. The quotas issued for each hunting block in the study area are presented in
Appendix 1. Hunters were requested to collect samples from a cross-section of all the
animals they hunted without emphasis on any particular species.
2. NLNP survey
The second component of the study involved the collection of samples from animals
immobilised or captured as part of research or management activities in NLNP. The
samples collected in this manner are summarised in Table 52 below.

Species

Reason for sampling

Elephant

GPS collar removal

Impala

Translocation

Puku

Translocation

Warthog

Research – on behalf of this project

Zebra

Translocation

Table 52: Summary of samples collected from NLNP.

The majority of the samples were collected through the use of a commercial game
capture team. The game capture team utilised specialised techniques for the handling
of wildlife commonly used in Southern Africa to handle large numbers of animals
safely, quickly and cost-effectively (Kock, 2006). An enclosure known as a boma
was erected using either nets or plastic sheeting depending on the species to be
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captured (Oelofse, 1970). A helicopter was then used to herd the animals into the
boma where they were physically or chemically restrained for sample collection.
In most cases the warthog were captured in net bomas using physical restraint
without the use of chemical tranquilisers. However, several were given azaparone
intramuscularly at the start of the operation to assist with safe handling. It was soon
decided that this was unnecessary and was not beneficial to the animal due to the
slow onset of action, so it was discontinued. All drug doses used in this study are
outlined in Table 53 below. One warthog sample was collected through the use of
chemical immobilisation alone, without the use of a boma. This was possible as it
was habituated to humans, but in general this technique was not rewarding in the
harsh terrain of NLNP.

Dose / animal

Species

Drug

Formulation

African painted
dog

Tiletamine / midazolam

Zoletil (100 mg/ml)

20 mg IM

Medetomidine††

Domitor (1 mg/ml)

0.9 mg IM

Etorphine hydrochloride†

M99 (9.8 mg/ml)

10 mg IM

Azaparone

Stresnil (40 mg/ml)

40 mg IM

Etorphine hydrochloride†

M99 9.8 mg/ml

1 mg IM

Azaparone

Stresnil (40 mg/ml)

36 mg IM

Etorphine hydrochloride†

M99 9.8 mg/ml

3-4 mg IM

Azaparone

Stresnil (40 mg/ml)

24-28 mg IM

Tiletamine / midazolam

Zoletil (100 mg/ml)

200 mg IM

Medetomidine††

Domitor( 1 mg/ml)

1.4 mg IM

Azaparone

Stresnil (40 mg/ml)

40 mg IM

Etorphine hydrochloride†

M99 9.8 mg/ml

4 mg IM

Azaparone

Stresnil (40 mg/ml)

40-60 mg IM

Elephant
Impala
Puku

Warthog

Zebra

(adults)

† Etorphine hydrochloride was reversed with diprenorphine at 2-3 times the etorphine dose
(mg).
†† Medetomidine was reversed with atipamezole (5 mg/ml) at the same dose volume as the
medetomidine.
Table 53: Summary of drug doses used for chemical restraint of animals in the study.
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The puku were captured using either chemical immobilisation or a net boma. All
impala were caught in plastic bomas and samples were collected from males as they
were chemically restrained to fit rubber pipes over their horns. This is necessary to
prevent injuries during transport and is not required in females as they are hornless.
All zebra were caught in plastic bomas and immobilised prior to loading onto the
transport vehicle using stretchers. The elephant samples were collected from
elephants that were chemically immobilised to remove global positioning system
(GPS) tracking collars.
The warthog in the NLNP survey were caught for the sole purpose of obtaining
samples for this thesis. All animals that were found within a close enough distance
from the boma were sampled without any other prior selection criteria. Of the other
species sampled, the zebra, puku and impala were caught as part of a translocation
operation for management purposes. For these species a breeding group of females
with sufficient healthy males for sustainable breeding was chosen according to the
herd structure of the species in question.
Each sample was assigned a unique identification number and supplementary data on
species, age, sex and date was recorded. Location was recorded using a hand-help
Garmin GPS device. This location referred to the sampling point not the location
where the animal was first observed.
3. Miscellaneous samples
Several samples were also collected as part of other organised research or
management activities in the national parks, but samples were also collected from
wildlife wherever the opportunity arose. The sample collection techniques used
followed the protocol for the NLNP samples.
5.2.1.4

Collection and storage of samples

1. Survey utilising professional hunters to collect samples
Professional hunters were requested to collect a blood sample from the animal as
soon after it had been shot as possible. Blood was collected onto Whatman FTA
Classic Cards (Whatman, Maidstone, Kent, UK) either directly from the bullet
wound or heart, or from a smear made onto the card from heart or skeletal muscle. In
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the case of collection from the bullet wound, this was done immediately after the
animal had died, but in the case of the other methods it was done later when the
animal was skinned. The time after death that this was done was variable ranging
from less than an hour to up to twelve hours after death. A smaller number of
samples were collected onto Isocode cards (Schleicher & Schuell, Dassel, Germany)
with the same method of sample collection being used. The blood spots were allowed
to dry naturally out of direct sunlight. They were then stored in multi-barrier pouches
(Whatman) with desiccant at ambient temperature until processed in the laboratory.
Whatman FTA cards are designed to enable the long-term preservation of nucleic
acids suitable for down-stream processing by PCR. They are composed of a filtration
matrix impregnated with a patented formulation of protein denaturants, a chelating
agent and a free-radical trap United States Patent: 5,756, 126). When blood is applied
to the matrix, cells are lysed and pathogens rendered non-infectious allowing the
export of samples safely across international boundaries. Samples collected onto
these cards may be stored at ambient temperature for over 10 years without
degrading. Punches from the cards may be used to seed PCRs directly, or an elution
step may be used and the eluted deoxyribonucleic acid (DNA) used in the PCR.
Isocode cards are composed of a similar filter paper matrix that is designed for the
isolation and archiving of nucleic acids from samples. The matrix binds proteins,
haemoglobin and other PCR inhibitors, allowing the isolation of DNA in a water
elution step. Pathogens are again rendered non-infectious and DNA is stable when
stored at room temperature for long periods.
2. NLNP samples
Blood samples were, wherever possible, collected from superficial ear veins using
heparinised capillary tubes and transferred directly to Whatman FTA cards. Blood
was applied evenly to all four sample areas on the cards, with approximately 100µl
applied to each sample area. Cards were allowed to dry naturally at ambient
temperature away from direct sunlight. They were stored in multi-barrier pouches
(Whatman) with dessicant at ambient temperature.
Additional EDTA anti-coagulated blood samples were collected from a peripheral
vein for use where insufficient blood was obtained from the ear. In warthog the
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saphenous vein was used where possible, but occasionally the cephalic or superficial
abdominal veins were used. Puku, zebra and impala were sampled from the jugular
vein and elephant from the large ear veins. All samples were collected into EDTA
anti-coagulated vacutainer tubes using a 20 gauge 1.5 inch vacutainer needle and
holder. Blood samples were stored as close to 4º centigrade as possible before
application onto FTA cards and treatment as above.
3. Miscellaneous samples
All the miscellaneous samples were collected and stored on Whatman FTA cards.
The impala sample was collected as per the professional hunter survey method,
whereas the African painted dog, warthog and black rhino samples were collected as
per the NLNP survey method.
5.2.1.5

Collection of supplementary data associated with each
sample

Each sample was assigned a unique identification number. Supplementary data on
the species, sex, age, date and location were recorded. For the samples collected
through the professional hunter survey, GPS coordinates were requested for all
samples, but a number of hunters were unable to provide this information. GPS
coordinates were recorded for all samples collected through the other sampling
schemes using a hand-held Garmin GPS device.

5.2.2 Laboratory techniques
5.2.2.1

Sample screening approach

All samples collected were screened using PCR methods. Samples were initially
screened using a multispecies nested PCR that distinguishes all clinically important
African trypanosome species and some sub-species (Cox et al., 2005). All samples
were also screened using a species-specific PCR for T. brucei s.l. (Moser et al.,
1989). Any samples detected as positive for T. brucei s.l. were then subjected to a
multiplex PCR for the detection of the T. brucei rhodesiense subspecies (Picozzi et
al., 2008).
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5.2.2.2

Purification of samples for PCR analysis

Two separate protocols were used for the purification of sample DNA stored on
Whatman FTA cards for PCR. In the first protocol, referred to below as the punch
protocol, circular punches from the cards were used as a template for the PCR. In the
second protocol, referred to below as the elution protocol, a step was included to
elute the DNA from several FTA card punches and the eluted DNA was used to seed
the PCR. A different elution protocol was used for the Isocode cards, but the eluted
DNA used to seed the reaction in the same manner.
1. Punch protocol
One 2 mm disc was cut from each Whatman FTA card using a Harris Micro-Punch
™ Tool on a cutting mat and the disc was placed in a microcentrifuge tube. In order
to prevent contamination between samples two punches were taken from a clean unused FTA card between samples. The sample discs were washed twice in 200 µl of
Whatman Purification Agent for 10 minutes to remove components of blood that
might inhibit the PCR. The discs were then washed twice in 200 µl of 1x
concentrated Tris-EDTA (TE) buffer (10 mM Tris HCl pH 8; 1 mM EDTA) to
remove any residual Whatman Purification Agent as this is also an inhibitor of PCR.
The discs were then transferred to PCR tubes and allowed to air-dry at room
temperature. One 2 mm disc was used as a template for each 25 µl reaction. Negative
controls for the PCR were provided by punching a disc from an un-used FTA card
and processing alongside the field samples.
2. Whatman FTA card elution protocol
Five 3 mm diameter discs were cut from each Whatman FTA card using a Harris
Micro-Punch ™ Tool on a cutting mat and the discs were placed together in a
microcentrifuge tube. Two punches were taken from a clean un-used FTA card
between the punches from each separate sample to prevent contamination. The
samples were washed twice in 1000 µl of Whatman Purification Reagent for 15
minutes. The samples were then washed twice in 1000 µl of 1x concentrated TE
buffer for 15 minutes. The discs were then transferred to 100 µl PCR tubes, with all
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five discs from each sample placed in one tube, and allowed to dry at room
temperature.
Once the discs had dried the DNA was eluted from the sample discs using a Chelex
100® resin elution protocol (Becker et al., 2004). 100 µl of 5% (w/v) Chelex
solution (sodium form, 100–200 mesh; Bio-Rad Laboratories, Hemel Hempstead,
Hertfordshire, UK) was added to each sample and mixed thoroughly by pipetting.
The samples were then heated to 90ºC for 30 minutes in a DNA Engine DYAD™
Peltier Thermal Cycler. Eluted DNA was stored at 4ºC and used in a PCR within 12
hours of elution. Unused sample DNA was stored at -20ºC for longer periods.
3. Isocode card elution protocol
Three 3 mm diameter discs were punched from each sample card using a Harris
Micro-Punch ™ Tool on a cutting mat. The discs were placed together in a sterile 1.5
ml microcentrifuge tube and 500 µl of sterile de-ionised water (dH2O) was added.
The tubes were pulse vortexed for five seconds a total of three times. The discs were
gently squeezed against the side of the tube and placed in a sterile 0.5 ml
microcentrifuge tube. 100 µl of dH2O was added and the tubes were then heated to
95ºC for thirty minutes in a DNA Engine DYAD™ Peltier Thermal Cycler. The
tubes were gently tapped twenty times to mix the sample and the discs containing the
matrix removed. The eluate was stored at 4ºC and used in a PCR within 12 hours of
elution. Excess sample eluate was stored at -20ºC in 10 µl aliquots.
5.2.2.3

Multispecies PCR

The ITS-PCR (Cox et al., 2005) is a nested PCR designed to amplify the Internal
Transcribed Spacers (ITS) of the small ribosomal subunit of the trypanosome
genome. The number of base pairs in the ITS 1 and 2 regions varies between
trypanosome species and amplification therefore produces different sized products
for different trypanosome species. The PCR conditions were optimised by Cox et al
(Cox et al., 2005) for use with blood samples collected on Whatman FTA cards. Two
hundred copies of the target region are present per trypanosome genome and, being a
nested PCR, the test is very sensitive.
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The ITS-PCR was performed on each sample in a standard reaction volume of 25 µl
using one punch (punch protocol) or 1µl of eluate (Whatman FTA card and Isocode
card elution protocols) as a template. The following conditions for the reaction were
used: 10 mM Tris-HCl, pH 9.0, 1.5 mM MgCl2, 50 mM KCl, 0.1% Triton X-100 and
0.01% (w/v) stabiliser (Super-Taq PCR Buffer, HT Biotechnologies, Cambridge,
UK), 1 mM total dNTPs (Bioline, London, UK), 1.25 Units of Biotaq per reaction
(Bioline, London, UK) and 0.2 μM of each outer primer ITS1 and ITS2. A positive
control (genomic DNA) and two negative controls (blank FTA punch and water)
were run with each reaction. A DNA Engine DYAD™ Peltier Thermal Cycler was
used to run the reactions, the conditions of which are summarised in Table 54 below.
The second round was run using 1 µl of first round product in a standard reaction
volume of 25 µl. The same PCR conditions as for the first round were used, other
than the substitution of the outer primers (ITS3 and ITS4) with the inner primers
(ITS1 and ITS2). First round products were stored at -20ºC.

Primer

Sequence

st

1 round:

Trypanosome

Product

species

size (bp)

T. congolense (Forest)

1501

ITS 1

5’-GAT TAC GTC CCT GCC ATT TG-3’

T. congolense (Kilifi)

1430

ITS 2

5’-TTG TTC GCT ATC GGT CTT CC-3’

T. congolense
(Savannah)

1408

T. simiae (Tsavo)

951

T. brucei s.l.

1215

nd

2 round:
ITS 3

5’-GGA AGC AAA AGT CGT AAC AAG G-3’

T. simiae

847

ITS 4

5’-TGT TTT CTT TTC CTC CGC TG-3’

T. vivax

620

T. theileri

998

Amplification conditions: 94ºC for 7mins., then 35 cycles of 94ºC for 60s, 54ºC for 60s and 72ºC
for 120s
Table 54: Amplification conditions and expected products sizes for the ITS-PCR (Cox et al
2005).
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5.2.2.4

Trypanozoon-specific PCR

The TBR-PCR (Moser et al., 1989) is a species specific PCR for trypanosomes
belonging to the Trypanozoon subgenus. The primers are designed to amplify a target
region with a copy number of 10,000 per trypanosome genome making it a highly
sensitive test. The PCR was carried out on each sample using 5 µl of eluate
(Whatman FTA and Isocode protocols) in a standard reaction volume of 25 µl. PCR
conditions were: 16.0 mM (NH4)2SO4, 67 mM Tris-HCl (pH 8.8 at 25ºC) 0.01%
Tween 20 (NH4 Buffer, Bioline, London, UK), 1.5 mM Mg2+, 800 μM of total
dNTPs, 0.7 Units of BIOTAQ RED™ DNA Polymersase per reaction (Bioline,
London, UK) and 0.4 μM of each of the primers TBR1 and TBR2. A positive control
(genomic DNA) and two negative controls (blank FTA punch and water) were run
with each reaction. A DNA Engine DYAD™ Peltier Thermal Cycler was used to run
the reactions, the conditions of which are summarised in Table 55 below.

Primer

Sequence

TBR-1

5’-CGA ATG AAT ATT AAA CAA TGC GCA GT-3’

TBR-2

5’-AGA ACC ATT TAT TAG CTT TGT TGC-3’

Trypanosome

Product

species

size (bp)

T. brucei s.l.

177

Amplification conditions: 94ºC for 3 mins., then 35 cycles of 94ºC for 60s, 55ºC for 60s and
72ºC for 30s, then 72ºC for 5 mins.
Table 55: Amplification conditions and expected product size for the TBR-PCR (Moser et al.,
1989).

5.2.2.5

Multiplex PCR for T. b. rhodesiense

The two T. brucei s.l. subspecies, T. brucei brucei and T. brucei rhodesiense are
distinguished by the presence of the SRA gene in the latter’s genome. The multiplex
PCR (Picozzi et al., 2008) is designed to amplify the SRA gene, thereby enabling the
differentiation of the two subspecies. As the SRA gene is a single copy gene, primers
amplifying the single copy GPI-PLC gene are also included within the PCR as a
positive control to show that enough genomic material was present for the SRA gene
to be detected if present.
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The PCR was only carried out on those samples detected as being positive for T.
brucei s.l. using the ITS-PCR or TBR-PCR. 5 µl of eluate from each positive sample
was used in a standard reaction volume of 25 µl under the following conditions: PCR
Buffer (Qiagen, Crawley, UK) containing a combination of KCl and (NH4)2SO4 and
a final concentration of 3 mM MgCl2, 1.25 µl of Rediload dye (Invitrogen), 200 μM
of each of the 4 dNTPs, 1.5 Units of HotStarTaq®DNA Polymerase (Qiagen) and
0.2 μM of each of the primers. In order to improve the sensitivity of the method, the
reaction was run three times for each sample using 45 cycles and three times using
50 cycles (see Table 56 below). The reaction cycle included an initial step at 95ºC for
fifteen minutes to activate the DNA polymerase. Positive controls of genomic T. b.
brucei and T. b. rhodesiense were run alongside each batch of samples as were
negative controls of a blank punch and de-ionised water.

Primer

Sequence

SRA-F

5’-GAA GAG CCC GTC AAG AAG GTT TG-3’

SRA-R

5’-TTT TGA GCC TTC CAC AAG CTT GGG-3’

PLC-F

5’-CGC TTT GTT GAG GAG CTG CAA GCA-3’

PLC-R

5’-TGC CAC CGC AAA GTC GTT ATT TCG-3’

Trypanosome

Product

species

size (bp)

T. brucei
rhodesiense

669

T. brucei s.l.

325

Amplification conditions: 95ºC for 15 mins., then 45 or 50 cycles of 94ºC for 30s, 63ºC for 90s
and 72ºC for 70s, then 72ºC for 10 mins.
Table 56: Amplification conditions and expected band sizes for the SRA-PCR (Picozzi et al.,
2008).

5.2.2.6

Gel electrophoresis

PCR products were stored at 4ºC prior to evaluation by electrophoresis. Gels of 1.5%
(w/v) agarose were prepared using 1x Tris Borate EDTA Buffer (TBE Buffer: 89
mM Tris Borate, pH approximately 8.3, containing 2 mM EDTA, Sigma-Aldrich,
Poole, Dorset, UK) and 5 µM Ethidium Bromide. 12.5 µl of sample PCR product
was added to a well and gels were run in 1x TBE Buffer with 5 µM Ethidium
Bromide at 100V. Superladder-Mid 100 bp Ladder (ABgene, Epsom, Surrey, UK)
was loaded alongside the PCR products to enable accurate sizing of the products.
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ITS-PCR gels were run for 60-120 minutes, TBR-PCR gels for 30-60 minutes and
SRA-PCR gels for 30-60 minutes prior to visualisation. Gels were exposed and
visualised using an ultraviolet transilluminator (Gel-Doc 2000, Bio-Rad). Bio-Rad
Software (Quantity One, Bio-Rad) was used to optimise the exposure and store
images of the gels. Examples gels are presented below for the ITS-PCR (Figure 83),
TBR-PCR (Figure 84) and SRA-PCR (Figure 85).

1400bp
1200 bp
1000 bp
850 bp
600 bp

1 2

3 3

V46

V41

V37

V30

Figure 83: Example of a gel produced using the ITS-PCR. Sample 1 - T. congolense positive
control; 2 - T. brucei brucei positive control; 3 - negative controls; V46 - T. vivax; V41 - T.
congolense; V37 - mixed infection with T. congolense and T. vivax; V30 – T. simiae.
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1000 bp

177 bp

1

2 3

BG8

Figure 84: Example of a gel produced using the TBR-PCR. Sample 1 - negative control; 2 – T.
brucei rhodesiense positive control; 3 – T. b. brucei positive control; BG8 – T. brucei s.l..

50 Cycles

45 Cycles

1000 bp
670 bp

325 bp

1 2 3

S22 S14

S10

3 2 1

S14

S10

Figure 85: Example of a gel produced using the SRA-PCR. Sample 1 – T. brucei brucei positive
controls; 2 – T. brucei rhodesiense positive controls; 3 – negative controls; S22 and S10 – T.
brucei brucei; S14 – T. brucei rhodesiense.
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5.2.2.7

DNA sequencing

Due to the requirement for accurate sizing of bands to enable speciation using the
ITS-PCR, all samples with positive bands sized between 660 bp and 1150 bp were
re-amplified a second time from stored first round products. The repeat sample
products were run on a 2% (w/v) agarose gel otherwise prepared in the same manner
as above. The repeat gels were run slowly at 80V to ease the accurate sizing of
bands. As the ITS-PCR had not previously been used with samples collected from
wildlife, a proportion of bands observed at unexpected band sizes using the published
ITS-PCR classification scheme were cloned and sequenced.
Once identified, bands to be cloned were carefully excised from the gel using a
sterile scalpel blade. PCR product was extracted using the standard protocol with a
Qiagen MinElute Gel Extraction Kit. A Qiagen PCR Cloning Kit utilising pDrive
Cloning Vector was used to enable hybridisation and transformation using Qiagen
EZ Competent Cells. Transformed cells were plated onto autoclaved Luria Bertani
(LB) agar plates containing ampicillin (100 mg/l), X-gal (80 mg/l) and IPTG (0.05
mM) and incubated overnight at 37ºC.
White colonies were selected and transferred to microcentrifuge tubes containing LB
broth (25 g/l) and after further incubation at 37ºC, 50 µl volumes from each culture
were boiled at 99.9ºC for 5 minutes. They were then amplified by PCR using the
ITS-PCR conditions described above and visualised on a 1.5% (w/v) agarose gel.
Cultures corresponding to the two brightest bands on the gels were then selected and
50 µl volumes were transferred to 2 ml LB broth (25 g/ml) and incubated at 37ºC
overnight. DNA was then purified from the clones using a QIAprep® Spin Miniprep
Kit (Qiagen) using the microcentrifuge protocol. Purified DNA was sent to GATC
Biotech, Konstanz, Germany for sequencing.
Sequences were analysed using BioEdit Sequence Alignment Editor (Hall, 1999) and
compared to published sequences for the target ITS 3 and ITS 4 regions using the
online NCBI blast search facility. Sequences were also compared with other
sequences from this study and from another study investigating trypanosomiasis in
wildlife in Serengeti National Park, Tanzania (Auty. H., pers. com.).
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5.2.3 Statistical analysis
5.2.3.1

Datasets used in the analysis

For the purpose of statistical analysis the results were analysed in terms of four
separate datasets. Firstly, the samples collected through the survey of animals
harvested by professional hunters were treated as one dataset, which is referred to as
the hunter dataset. Secondly, the samples collected through the survey of animals
sampled in NLNP are treated as another dataset, referred to as the NLNP dataset.
Thirdly, all samples from warthog (i.e. including those from the hunter and NLNP
datasets) were considered as one dataset, referred to as the warthog dataset. Lastly,
the samples from all the combined sources (the hunter dataset, the NLNP dataset and
the miscellaneous samples) are treated as one dataset, referred to as the combined
dataset. The two samples from black rhino are not included in any of the datasets as
they were recently re-introduced animals and may not reflect the natural
epidemiology of the disease in the Luangwa Valley.
5.2.3.2

General approach used for the statistical analysis

Tests of association including the chi-squared test and Fishers exact test were used
where appropriate in the analysis. Results of the chi-squared test are presented as the
chi-squared statistic with the degrees of freedom and the corresponding probability
value (p) of the null hypothesis being true. Fishers exact test results are presented as
the odds ratio (OR) with the 95% confidence interval for the OR and the
corresponding probability value (p) of the null hypothesis being true. Prevalence is
presented as a percentage with 95% confidence intervals (CI) calculated using the
binomial exact test.
Logistic regression models with binomial errors were used for the investigation of
risk factors for trypanosome infection. The analysis was first conducted at the
univariate level and then by multivariate logistic regression. The analysis was
conducted on the hunter dataset and the combined datasets, but not on the NLNP
dataset as sample numbers were inadequate.
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The likelihood ratio test was used to assess the significance of individual factors in
each model. This was presented as the probability value (p) for the factor under
investigation. For individual factor categories, the likelihood of infection in
comparison to the reference category was presented as the odds ratio (OR). The
Walds statistic was used to assess the significance of the OR and is presented as the
probability (p) value. Statistical significance was accepted at the 95% confidence
level throughout the analysis.
5.2.3.3

Software used in the analysis

Data was initially entered and evaluated using the Microsoft ®Office Excel 2003
spreadsheet program. All analytical exploration of data was conducted using the
statistical software package, R: A language and environment for statistical computing
(R Development Core Team, 2008). Additional functions included within the Epicalc
2.7.1.2. package for R (V. Chongsuvivatwong) were also used in the analysis.
5.2.3.4

Level of analysis

Risk factors at the individual animal level alone were examined. The logistic
regression analysis was firstly conducted on the two datasets using the prevalence
detected for all trypanosome species combined. The analysis was then conducted on
each dataset using the prevalence detected for each individual trypanosome species.
Multivariate logistic regression analysis was not possible for the individual
trypanosome species due to an inadequate number of positive samples detected.
5.2.3.5

Model building strategy used for the logistic regression
analysis

The four step procedure recommended by Hosmer and Lemeshow was used for the
regression analysis (Hosmer & Lemeshow, 1989). The first stage was to conduct a
univariate analysis of all explanatory variables and potential confounders. This
assisted with the identification of variables with large standard errors resulting in
odds ratios of zero or infinity. Inclusion of these in a multiple regression might result
in spurious results so variables were grouped to reduce standard errors or a sub-set of
the dataset was selected if grouping was not productive.
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modelw<-glm(elut.all~wildspp, family=”binomial”, data=hunter)
summary(modelw)
logistic.display(modelw)

Figure 86: Example of R code used in initial univariate analysis with species (‘wildspp’) as the
explanatory variable and overall trypanosome prevalence (‘elut.all’) as the response variable.
‘Summary’ provides the regression co-efficients and significance levels for the model. ‘Logistic
display’ is an Epicalc function producing a tabular display of the crude odds ratio, adjusted
odds ratio and Walds test p value for each category of the explanatory variable. It also provides
the p value of the likelihood ratio test for the explanatory variable.

The second stage was to select all factors with a significance level (p) of <0.25 to be
included in a multiple regression model. This is a conservative significance level to
use, but allows for factors that are insignificant in the univariate analysis that may
become significant in the multivariate analysis. All selected variables and potential
confounders were then included in one logistic model. Each variable was then
examined for its significance and on the change of the regression coefficient from the
univariate analysis.
modelw<-glm(elut.all~classgroup+oversat,family=”binomial”,data=hunter)
summary(modelw)
logistic.display(modelw)

Figure 87: Example of R code used in the multivariate regression analysis. ‘Classgroup’ is a new
grouping of the wild animal species factor to enable analysis in a multivariate model. Grouping
was necessary due to the large number of categories for the species factor (5.2.3.7).

The third stage was to remove the least significant factor from the model and repeat
the analysis. If any coefficients altered by a substantial amount after the factor was
removed from the model, it was returned to the model as a confounder. This process
of deleting, refitting and verifying continued until all factors in the model were
significant at the pre-determined 95% confidence level or were confounders. Finally,
the model was assessed for the presence of interactions.
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5.2.3.6

Factors under investigation in the logistic regression analysis

The effect of host species, age, sex, area, month and year was examined using each
factor as an explanatory variable in a logistic regression model with binomial errors.
The response variable was a binary variable with a value of 1 for infected samples or
0 for non-infected samples. Samples were classified in this way for all trypanosome
species combined as well as for each individual trypanosome species detected. The
additional effect of the potential confounding factors of sample collection method
and over-saturation of FTA sample matrices was also examined.
1. Species
Species was a categorical factor, the number of categories depending on the dataset
being analysed. Warthog was used as the reference for this factor as its role as a
reservoir host for trypanosomiasis was central to this thesis. The warthog was also a
good reference as the sample number was high and included positives for all three
trypanosome species investigated.
2. Age
Age was recorded as a factor with three categories, namely juveniles (first year of
life), sub-adults (second year of life) and adults (all other animals). However, only
two juveniles were sampled in the whole study so the two lower age categories were
combined and analysed together as young animals. Young animals were used as the
reference as the prevalence was expected to be lower in younger animals.
3. Sex
Sex was a categorical factor with males and females as the two categories. Any
effects of gender on trypanosome prevalence were examined using sex as a risk
factor.
4. Area
The presence of any spatial effects on trypanosome prevalence at a large scale was
examined using area as a risk factor. The hunting block or national park that the
samples were collected in was used as the area categories. Lower Lupande was used
as the reference area as it had the lowest prevalence of all the areas used in the final
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multivariate model. Although the prevalence was lower in NLNP, the sampling
method was also different making it unsuitable to be used as a reference.
5. Month
The month of sample collection was used to examine any season influences on
trypanosome prevalence. May was used as the reference month as it formed the first
month of the sampling season. Data for each month from all three years of sampling
were combined to form each category.
6. Year
Longer term temporal effects on trypanosome prevalence were examined using year
of sampling as a risk factor. 2005 was used as the reference as it was the first year in
the study.
7. Sample collection method
As the sample method collection differed between the surveys, any effects on the
prevalence detected resulting from this were examined. It was considered important
to assess this as a possible confounding factor when the combined dataset was
analysed. It might also influence any inferences made about the prevalence detected
in the separate datasets. This was a categorical factor with two levels, those animals
sampled after death and those sampled while alive. The site of sampling on the
animal differed between categories as well as the health status of the animal.
8. Saturation level of sample matrices
Over-saturation of Whatman FTA cards or Isocode cards with blood was identified
as a possible confounding factor during the laboratory analysis when it was observed
that some of the eluates were discoloured, suggesting that some residual haem might
be present. The sample saturation factor was divided into an over-saturated category
(eluate discoloured by visual examination) and a not over-saturated category (eluate
a clear colourless fluid by visual examination). The not over-saturated category was
used as the reference level.
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5.2.3.7

Grouping of categorical variables for multiple regression
analysis

Due to the large number of categories within many factors under investigation, some
grouping and sub-setting of the data was necessary before a multivariate logistic
regression analysis could be carried out. This was particularly the case where the
effect of species was considered as a factor, with samples from 24 species in the
combined dataset. Three separate methods of grouping species were investigated.
The first grouping method examined was taxonomic classification at the sub-family
level. The standard text by Wilson and Reeder was used as a reference to assign
group members (Wilson & Reeder, 2005). Classification at the sub-family level was
used as this provided adequate resolution for all species, especially the Bovidae
family from which a large proportion of samples were collected. If the taxonomy for
a particular species did not include a sub-family, classification at the family level
was used instead (see Appendix II). The taxonomic grouping still resulted in a factor
with a large number of levels (17), and consequently standard errors were still too
high for some levels. A subset of the group with all the sub-families with a sample
number of less than five removed was used in the multivariate analysis (see Table
57).
The second grouping method investigated was that of habitat. This grouping
considered both the predominant vegetation type that the species favoured (open,
closed or mixed) and the territorial or spatial movement patterns of the species
(sedentary or non-sedentary). Habitat was classified in this way in order to reflect
potential association with preferred tsetse habitat. This grouping resulted in a factor
with six categories.
The final grouping method investigated was designed to reflect the blood meal
preferences of tsetse species in the Luangwa Valley. Published host preferences for
the three species of tsetse present in the Luangwa Valley (Clausen et al., 1998) were
used to assign each wild animal species sampled from into one of three levels (low,
medium and high). These levels were chosen subjectively and inadequate data
existed for some species sampled. In these cases, general knowledge of tsetse
ecology and host preference was used to assign group membership.
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All groupings were analysed separately in a univariate model and the model with the
lowest residual deviance was selected to use in the multivariate analysis.

Species

Classification group

Habitat group

Blood meal group

African painted dog

Canidae

Non-sedentary mixed

Low

Buffalo

Bovinae

Non-sedentary mixed

Medium

Bushbuck

Bovinae

Sedentary closed

High

Crocodile

Crocodilinae

Aquatic

Low

Duiker

Cephalophinae

Sedentary closed

Low

Eland

Bovinae

Non-sedentary closed

Medium

Elephant

Elephantidae

Non-sedentary mixed

Medium

Giraffe

Giraffidae

Non-sedentary closed

Medium

Greater Kudu

Bovinae

Sedentary closed

High

Grysbok

Antilopinae

Sedentary closed

Low

Hartebeest

Alcelaphinae

Sedentary open

Low

Hippo

Hippopotamidae

Aquatic

High

Hyaena

Hyaenidae

Sedentary closed

Low

Impala

Aepycerotinae

Sedentary mixed

Low

Leopard

Pantherinae

Sedentary closed

Low

Lion

Pantherinae

Non-sedentary mixed

Low

Puku

Reduncinae

Sedentary open

Low

Reedbuck

Reduncinae

Sedentary open

Low

Roan

Hippotraginae

Sedentary mixed

Low

Vervet monkey

Cercopithecinae

Sedentary closed

Low

Warthog

Suidae

Sedentary mixed

High

Waterbuck

Reduncinae

Sedentary closed

Low

Wildebeest

Alcelaphinae

Non-sedentary open

Medium

Zebra

Equidae

Non-sedentary open

Low

Table 57: Comparison of methods of grouping species for multiple regression analysis.
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5.3

Results

5.3.1 Samples collected
5.3.1.1

Summary of all areas

A total of four hundred and twenty samples were collected from twenty five species
using all three sample schemes. The majority of these were collected from game
management areas through the professional hunter survey in which three hundred
and thirty one samples were collected from twenty two species (Table 58). A total of
87 samples were collected from national parks, with 80 collected from the NLNP
survey and an additional nine samples collected through miscellaneous sources
(Table 59).

Hunting area
Chanjuzi / Nyaminga
Chifunda
Lower Lupande
Luawata
Mukungule
Munyamadzi Game Ranch
Mwanya
Nyampala
Upper Lupande
Unknown
Total

GMA

Number of samples

Lumimba

70

Musalangu

41

Lupande

30†

Munyamadzi

67

Mukungule

5

N/A

17

Lumimba

30

Munyamadzi

16

Lupande

49

N/A

8

-

331

† Includes two hand-reared warthog that were not part of the hunter survey
Table 58: Summary of the samples collected from outside national parks.

The miscellaneous samples included a sample collected from an impala found with a
fractured leg and a vervet monkey that had died from a snake bite in LNP. Three
samples from African painted dogs were collected from animals immobilised in
order to fit GPS tracking collars as part of a research and monitoring programme
conducted by African Wild Dog Conservation (AWDC) in SLNP. Two warthog
samples were obtained from hand-reared warthog at Chipembele Wildlife Education

Chapter V

288

Centre in Lower Lupande GMA. Two black rhino samples were obtained from
NLNP, one from a post-mortem examination (PME) of an animal that had died and
the other from an animal that was chemically immobilised to enable treatment for
suspected infection with trypanosomiasis. These two animals were introduced from a
tsetse-free area of South Africa nine months previously and for this reason they were
considered separately from the rest of the samples from NLNP.

National Park

Number of samples

Luambe NP

2

North Luangwa NP

82

South Luangwa NP

3

Total

87

Table 59: Summary of the samples collected from within national parks

5.3.1.2

Professional hunter dataset

The samples collected as part of the hunter dataset are summarised in Table 60
below. They consisted largely of old male animals and the effect this might have on
statistical inference is considered in the discussion section. There was a wide species
distribution providing a broad representation of most of the abundant animals in the
Luangwa Valley. Many of the most common animals including buffalo, bushbuck,
greater kudu, hippopotamus, impala, puku and warthog were well represented. Some
species that are not easy to sample by any other means, such as leopard, were also
reasonably well represented.
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Species

Adult

Sub-adult

Juvenile

Total

Male

Female

Male

Female

Male

Female

Buffalo

63

0

0

0

0

0

63

Bushbuck

27

0

0

0

0

0

27

Crocodile

4

1

0

0

0

0

5

Duiker

2

0

0

0

0

0

2

Eland

1

0

0

0

0

0

1

Elephant

1

1

0

0

0

0

2

Grysbok

4

0

0

0

0

0

4

Hartebeest

4

0

0

0

0

0

4

Hippo

15

0

0

0

0

0

29†

Hyaena

4

1

0

0

0

0

5

Impala

40

0

0

0

0

0

40

Kudu

20

0

0

0

0

0

20

Leopard

14

0

0

0

0

0

14

Lion

13

0

0

0

0

0

13

Puku

34

0

0

0

0

0

34

Reedbuck

1

0

0

0

0

0

1

Roan

5

0

0

0

0

0

5

Warthog

23

1

0

0

0

0

24

Waterbuck

10

0

0

0

0

0

10

Wildebeest

10

0

0

0

0

0

10

Zebra

8

0

0

0

0

0

8

303

4

0

0

0

0

321

Age total by sex
Age totals
Sex totals

307
Male = 303

0

0

321

Female = 4

†The age and sex of 14 hippo was unknown
Table 60: Summary of the age and sex distribution of animals in the professional hunter dataset.

Information was missing as to the collection method for ten samples (Table 61) and
these may have been collected from animals that had been harvested by professional
hunters or that had been controlled by ZAWA officers. Some additional information
regarding sex was also missing from these samples. These samples were included
with the hunter dataset for analysis as they were all sampled after they had died.
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Species

Adult

Total

Male

Female

Unknown

Buffalo

0

1

1

2

Bushbuck

0

1

0

1

Elephant

1

0

1

2

Giraffe

0

0

1

1

Hyaena

0

0

2

2

Lion

0

0

1

1

Puku

0

0

1

1

Total

1

2

7

10

Table 61: Summary of samples where information regarding the method of collection was
missing.

5.3.1.3

NLNP dataset

The game capture techniques employed for the NLNP survey were a highly
successful method of obtaining samples from a large number of wild animals over a
short period of time. The dataset had a greater age and sex distribution than the
hunter dataset, but the range of species sampled was more restricted (Table 62).

Species

Adult

Sub-adult

Juvenile

Total

Male

Female

Male

Female

Male

Female

Elephant

0

3

0

0

0

0

3

Impala

2

0

4

0

0

0

6

Puku

6

10

4

2

0

0

22

Warthog

4

14

6

6

0

0

30

Zebra

6

9

2

0

0

2

19

Age totals by sex

18

36

16

8

0

2

80

Age totals

54

Sex totals

Male = 34

24

2

80

Female = 46

80

Table 62: Summary of the age and sex distribution of samples collected through veterinary
intervention in North Luangwa National Park.
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5.3.1.4

Miscellaneous samples

The miscellaneous samples collected outside of the two sample schemes mentioned
above are summarised in Table 63 below. They were included in the combined
dataset for analysis with the exception of the rhino samples.

Species

Adult

Sub-adult

Juvenile

Total

Male

Female

Male

Female

Male

Female

African painted dog

1

1

1

0

0

0

3

Impala†

-

-

-

-

-

-

1

Rhino

0

2

0

0

0

0

2

Vervet monkey

1

0

0

0

0

0

1

Warthog

0

0

1

1

0

0

2

Age totals by sex

2

3

2

1

0

0

9

Age totals

5

Sex totals

Male = 4

3

0

9

Female = 4

† The age and sex of the impala sample was unknown
Table 63: Summary table of samples collected that were not included in the datasets above.

5.3.2 Assessment of the ITS-PCR
5.3.2.1

Sequencing results

Visual analysis of the gels revealed strong clear bands of the size expected for T.
congolense, T. brucei s.l. and T. vivax. However, interpretation of bands in the region
of 650 bp to 1000 bp was not so clear. A number of weak bands appeared on some
gels particularly at around 660-700 bp and 780-820 bp and accurate differentiation of
bands at the expected sizes for T. simiae (847-850 bp), T. simiae Tsavo (951-954 bp)
and T. theileri (988-998 bp) was found to be difficult. When these bands were reamplified, the majority of the weak bands were negative and were considered to be
non-specific reactions.
Bands were chosen for sequencing at representative sizes for the most common
regions where unexpected bands occurred. Additionally, bands of the correct size for
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T. simiae and where interpretation was difficult between T. simiae Tsavo and T.
theileri were also selected for sequencing. Of the sequenced bands, no significant
match could be found for seven of the sequences using the NCBI database or a local
blast search using the other sequences. The results of the remainder are summarised
below in Table 64.

(sample number)

Measured
length on
gel (bp)

Sequence
length (bp)

Significant matches using NCBI or
local blast search (Accession
number if applicable)

Warthog (WA6307)

650

651

WA7407

Warthog (WA7407)

700

648

WA6307

Zebra (ZE4107)

790

766

Uncultured fungus (AM260792.1)

Buffalo (279.07)

800

771

Uncultured basidiomycete
(AM901819.1)

Warthog (WA5307)

870

874

T. simiae (U22320.1)

Waterbuck (187.06)

920

888

Dimatigella trypaniformis (AY028447.1)

Puku (PU2807)

950

930

T. theileri (AB007814.1)

Puku (PU2707)

970

931

T. theileri (AB007814.1)

Puku (181.06)

980

930

T. theileri (AB007814.1)

Warthog (WA7307)

1000

972

T. simiae Tsavo (U22318.1)

Warthog (WA6107)

1020

968

T. simiae Tsavo (U22318.1)

Species

Table 64: Summary of significant matches found for the cloned bands.

From the sequencing results it was clear that interpretation of positive bands between
790 bp and 1000 bp was problematical. The amplification of 18s rRNA subunits
from Dimastigella trypaniformis and two uncultured fungi revealed a degree of lack
of specificity of the PCR for trypanosomes. T. theileri sequences were identified at a
size smaller than that expected from the published ITS band sizes, and were also very
close to expected T. simiae Tsavo band sizes. T. simiae Tsavo samples were larger
than the expected band size and were considered to be undistinguishable from the
published bands size for T. theileri. The T. simiae sample sequenced was also of a
greater size than expected. As a result of these findings, a decision was made to only
include the results for T. congolense, T. brucei s.l. and T. vivax in the presentation
and statistical analysis of the results.
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5.3.2.2

Assessment of the elution protocol for the ITS-PCR

As the ITS-PCR conditions had originally been optimised using punches from
Whatman FTA cards, a subset of the data was analysed to compare the performance
of the PCR using the elution protocol and the punch protocol. The overall agreement
between the two datasets was 0.88. The observed kappa value using the un-weighted
kappa test of agreement was 0.45 (95% CI: 0.27-0.62) which represents a moderate
level of agreement using the scale recommended by Landis and Kock (Landis &
Koch, 1977).

Elution protocol
Punch protocol

Positive

Negative

Total

Positive

12

10

22

Negative

8

200

208

Total

20

197

230

Table 65: Contingency table showing the agreement between the elution protocol and the punch
protocol using the ITS-PCR on a subset of 230 samples.

The overall prevalence detected using the punch method was 9.57% (95% CI: 6.0914.12%), compared to 8.70% (95% CI: 5.39-13.11%) using the elution method. This
difference was not significant using the McNemar test for related samples
(McNemar’s χ² = 0.056, Df=1, p=0.81). This suggested that the elution protocol
performed to a similar standard as the punch protocol. It was therefore adopted as the
sole method for the rest of the samples as eluted DNA was required anyway for the
TBR and SRA-PCR’s and it was more efficient to use the same protocol for all tests
used. No significant differences were detected between the results for the FTA cards
when compared to the smaller subset of 29 samples collected on Isocode cards
(p=0.893).
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5.3.3 Investigation of warthogs as a reservoir of infection
5.3.3.1

Warthog dataset

A total of 56 samples were collected from warthog, the largest proportion of these
coming from NLNP through the game capture operation. The hunter samples came
from all hunting areas included in the study with the exception of Mukungule and
Nyampala. The miscellaneous samples were from two tame warthogs in Lower
Lupande GMA. These were included in the analysis as they came from a wildlife
area with virtually no human habitation.

Dataset

Age

Sex

Total

Adult

Sub-adult

Male

Female

Hunter

24

0

23

1

24

NLNP

18

12

20

10

30

Misc

0

2

1

1

2

Total

42

14

44

12

56

Table 66: Summary of samples collected from warthog.

5.3.3.2

Significance of warthog as a reservoir host

The overall trypanosome prevalence detected in warthog in this study, using the
combined datasets, was 12.5% (95% CI: 5.18-24.07%). This compares with an
overall prevalence in other species of wildlife of 14.09% (95% CI: 10.67-18.10%).
The difference was not statistically significant (2=0.0131, p=0.910). The overall
prevalence in warthog in the hunter dataset was 16.67% (95% CI: 4.74-37.38%)
compared with an overall prevalence in other species of 16.29% (95% CI: 12.3420.90%). Not surprisingly, this difference was also not statistically significant
(OR=1.03, 95% CI: 0.25-3.25, p=1.0). In the NLNP dataset, the trypanosome
prevalence in other species was lower at 2.00% (95% CI: 0.05-10.65%), but the
range of species sampled was much less. The prevalence in warthog of 10.00% (95%
CI: 2.10-26.53%) was also lower than in the hunter dataset, but again this difference
was not statistically significant (OR=1.78, 95% CI: 0.27-13.55, p=0.687). The
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prevalence results for all the warthog samples in the study are summarised in Table
67 below.

Prevalence %
Age category

T. congolense

T. brucei s.l.

T. vivax
(95% CI)

Adult (n=42)

4

2

1

16.67 (6.97-31.37)

Sub-adult (n=14)

0

1

0

7.14 (0.18-33.87)

Total (n=56)

4

3

1

12.50 (5.18-24.07)

Prevalence

7.14

5.36

1.79

(1.98-17.29)

(1.12-14.87)

(0.05-9.55)

(95% CI)

-

Table 67: Summary table of trypanosome prevalence in warthog

At the individual trypanosome species level, no significant differences were detected
between the prevalence in warthog and the prevalence in all species combined, using
any of the datasets. In warthog alone, no statistical differences were detected
between the relative prevalence of any of the individual trypanosome species

10
0

5

Prevalence

15

20

detected in any of the datasets.

T.congolense

T.brucei s.l.

T.vivax

Trypanosome Species
Figure 88: Prevalence of trypanosome species in warthog

Chapter V

296

5.3.3.3

Age prevalence in warthog

The hunter dataset could not be used to test the association of trypanosome
prevalence with age as all samples were from adult animals. Therefore the NLNP
dataset alone was used to investigate age prevalence in warthog. The overall
prevalence of trypanosome infections in adult warthog was 11.11% (95% CI: 1.3834.71%) compared to 8.33% (95% CI: 0.21-38.48%) in sub-adults. The difference
was not statistically significant (OR=1.36, 95% CI: 0.06-88.34, p=1.0), but
confidence intervals were wide.
The overall age prevalence for the whole NLNP dataset was also investigated, but no
significant differences were found. This is also not surprising as one sub-adult male
puku was the only other animal found to be infected in the dataset.
5.3.3.4

Presence of unidentified band at 650 base pairs in warthog

A band was frequently detected at 650 bp, a band size not expected using the ITSPCR. The band was detected in 24 samples overall, 14 of which were in warthog.
Interestingly, 12 of the samples detected with this band were from warthog in NLNP.
Univariate regression analysis revealed that warthog were significantly more likely
to be associated with this unknown band than several other species (Table 68).

Species

Positive

Total

LRT

Odds ratio

Warthog

14

56

<0.001***

Referent

Buffalo

4

65

-

0.2 (0.06-0.64)**

Bushbuck

2

28

-

0.23 (0.05-1.10).

Hyaena

1

7

-

0.5 (0.06-4.52)

Waterbuck

2

8

-

0.75 (0.14-3.96)

Zebra

1

26

-

0.12 (0.01-0.93)*

*** p<0.001; ** p<0.01; * p<0.05; . p<0.1
Table 68: Summary of the ORs for all species with a band at 650 bp. In all tables, figures in red
font are statistically significant, those in orange approach statistical significance.
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The band was detected in seven out of 12 young warthog compared with five out of
18 adults, but analysis with the Fishers exact test did not reveal any significant
association with age group (OR= 0.29, 95% CI: 0.04-1.63, p=0.14).
The band was cloned and sequenced from two warthog samples (see Table 64) and
these sequences were 94% similar on pairwise analysis. The two sequences were also
95% and 96% similar, respectively, to a sample sequence obtained from a warthog in
the Serengeti Ecosystem in Tanzania (Auty, H., pers. com.). The closest matches on
the NCBI database were provided by T. simiae and T. simaie tsavo, but these were
not significant matches. However, the ITS 1 region of the both sequences provided a
significant match with a published sequence for T. godfreyi (accession number
AY661891). The sequence cloned from WA6307 had 87% identities with the T.
godfreyi sequence and the sequence cloned from WA7407 had 84%.

5.3.4 Combined trypanosome species prevalence in all wildlife
species sampled
5.3.4.1

Overall prevalence

The cumulative prevalence of all trypanosomes in the combined datasets was 13.88%
(95% CI: 10.71-17.57%) (Table 69). No statistically significant differences in the
prevalence detected were found between T. congolense, T. brucei s.l. and T. vivax
although the difference between T. congolense and T. vivax, and T. brucei and T.
vivax, approached significance (p=0.074 and p=0.091 respectively).

Trypanosome species

Positive

Total

Prevalence %

95% confidence interval

T. congolense

25

418

5.98

3.91-8.70

T. brucei s.l.

24

418

5.74

3.71-8.42

T. vivax

13

418

3.11

1.67-5.26

T. b. rhodesiense

2

418

0.48

0.06-1.72

Mixed infections

4

418

0.96

0.26-2.43

Total

58

418

13.88

10.71-17.57

Table 69: Cumulative prevalence of trypanosomes in the combined datasets
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It is worth noting that the prevalence for T. brucei described above is a cumulative
prevalence using both the TBR-PCR and ITS-PCR, whereas the prevalence for T.

6
0

2

4

Prevalence

8

10

12

congolense and T. vivax is the prevalence detected using the ITS-PCR alone.

T.congolense

T.brucei s.l.

T.vivax

T.b.rhodesiense

Mixed

Trypanosome Species
Figure 89: Bar chart of cumulative trypanosome prevalence in the combined datasets. Mixed
infections also appear in the individual species prevalence.

Four mixed infection were detected in the whole dataset combined, giving an overall
prevalence of mixed infections of 0.96% (95% CI: 0.26-2.43%). The percentage of
infections present as mixed infections was 6.9% and the wild animal species
involved were warthog, bushbuck, waterbuck and wildebeest with one mixed
infection detected in each.
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5.3.4.2

Summary of results from the hunter dataset

The number of positive samples detected in the hunter dataset for each wild animal
species sampled is presented in Table 70 for each trypanosome species, along with
the overall trypanosome prevalence.

T.

T. brucei

T.

Positive /

Prevalence % (95%

congolense

s.l.

vivax

Total

CI)

Buffalo

1

1

5

7 / 65

10.77 (4.44-20.94)

Bushbuck

4

8

0

11 / 28

39.29 (21.50-59.42)

Crocodile

0

0

0

0/5

0 (0-52.20)

Duiker

0

0

0

0/2

0 (0-84.50)

Eland

0

0

0

0/1

0 (0-98.00)

Elephant

0

0

0

0/4

0 (0-60.25)

Giraffe

0

0

0

0/1

0 (0-98.00)

Grysbok

0

0

0

0/4

0 (0-60.25)

Hartebeest

0

0

0

0/4

0 (0-60.25)

Hippo

0

1

1

2 / 29

6.90 (0.85-22.77)

Hyaena

0

0

0

0/7

0 (0-41.00)

Impala

1

3

0

4 / 40

10.00 (2.79-23.66)

Kudu

8

0

0

8 / 20

40.00 (19.12-63.95)

Leopard

0

2

0

2 / 14

14.29 (1.78-42.81)

Lion

4

2

0

6 / 14

42.86 (17.66-71.14)

Puku

1

1

0

2 / 35

5.71 (0.70-19.16)

Reedbuck

0

0

1

1/1

100.00 (2.00-100.00)

Roan

0

0

0

0/5

0 (0-52.20)

Warthog

2

2

1

4 / 24

16.67 (4.74-37.39)

Waterbuck

0

2

5

6 / 10

60.00 (26.24-87.85)

Wildebeest

1

1

0

1 / 10

10.00 (0.25-44.50)

Zebra

0

0

0

0/8

0 (0-37.00)

Total

22

23

13

54 / 331

16.31 (12.50-20.75)

Species

Table 70: Summary of the results from the hunter dataset.
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5.3.4.3

Summary of results from the NLNP dataset

The number of positive samples detected for each wild animal species sampled in the
NLNP dataset is presented in Table 71 for each trypanosome species, along with the
overall trypanosome prevalence.

Species

T. congolense

T. brucei s.l.

Positive

Prevalence %

/ Total

(95% CI)

T. vivax

Elephant

0

0

0

0/3

0 (0-71.00)

Impala

0

0

0

0/6

0 (0-46.00)

Puku

1

0

0

1 / 22

4.55 (0.12-22.84)

Warthog

2

1

0

3 / 30

10.00 (2.11-26.53)

Zebra

0

0

0

0 / 19

0 (0-17.68)

Total

3

1

0

4 / 80

5.00 (1.38-12.31)

Table 71: Summary of the results from the NLNP dataset.

5.3.4.4

Univariate analysis of risk factors for infection

5.3.4.4.1 Species
The effect of wild animal species on the overall prevalence of trypanosome
infections was highly significant for both the hunter dataset (p<0.001) and the
combined dataset (p<0.001). Using the combined dataset, several species had a
statistically significant increased risk of being infected with trypanosomes (Table
72). Waterbuck were the most likely species to be detected as being infected, with an
OR of 10.5 (95% CI: 2.36-46.71, p=0.002). Lion, kudu and bushbuck were also more
likely to be detected as being infected, with respective ORs of 5.25 (95% CI: 1.419.69, p=0.014), 4.67 (95% CI: 1.41-15.41, p=0.012) and 4.53 (95% CI: 1.51-13.56,
p=0.007). The pattern was the same for the hunter dataset although the level of
significance was less for each species as the prevalence in warthog, and therefore the
reference, was higher in that dataset.
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Prevalence %

OR

(95% CI)

(95% CI)

12.50 (5.18-24.07)

Referent

0 (0.00-71.00)

N/A

Buffalo

10.77 (4.44-20.94)

0.84 (0.28-2.58)

Bushbuck

39.29 (21.50-59.42)

4.53 (1.51-13.56) **

0 (0.00-98.00)

N/A

40.00 (19.12-63.95)

4.67 (1.41-15.41) *

Crocodile

0 (0.00-52.20)

N/A

Duiker

0 (0.00-84.50)

Elephant

Prevalence %

OR

(95% CI)

(95% CI)

12.50 (5.18-24.07)

Referent

Canidae

-

-

Bovinae

22.81 (15.47-31.61)

2.07 (0.84-5.11)

Crocodilidae

-

-

N/A

Cephalophinae

-

-

0 (0.00-41.00)

N/A

Elephantidae

0 (0.00-41.00)

N/A

Giraffe

0 (0.00-98.00)

N/A

Giraffidae

-

-

Grysbok

0 (0.00-60.25)

N/A

Antilopinae

-

-

Hartebeest

0 (0.00-60.25)

N/A

Wildebeest

10.00 (0.25-44.50)

0.78 (0.09-7.11)

Alcelaphinae

7.14 (0.18-33.87)

0.54 (0.06-4.78)

Hippo

6.90 (0.85-22.77)

0.52 (0.10-2.67)

Hippopotimidae

6.90 (0.85-22.77)

0.52 (0.10-2.67)

Hyaena

0 (0-41.00)

N/A

0 (0-41.00)

N/A

Impala

8.51 (2.37-20.38)

0.65 (0.18-2.38)

8.51 (2.37-20.38)

0.65 (0.18-2.38)

Leopard

14.29 (1.78-42.81)

1.17 (0.21-6.35)

Lion

42.86 (17.66-71.14)

5.25 (1.40-19.69) *

28.57 (13.22-48.67)

2.8 (0.9-8.75).

Species
Warthog
African painted dog

Eland
Greater kudu
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Suidae

Hyaenidae
Aepycerotinae
Pantherinae
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Prevalence %

OR

(95% CI)

(95% CI)

5.26 (1.10-14.62)

0.39 (0.10-1.59)

Reedbuck

100.00 (2.00-100.00)

N/A

Waterbuck

60.00 (26.24-87.85)

10.5 (2.36-46.71) **

Roan

0 (0.00-52.20)

N/A

Vervet monkey

0 (0.00-98.00)

N/A

Zebra

0 (0.00-12.78)

N/A

Species
Puku

Species group

Reduncinae

Hippotraginae

Equidae

Prevalence %

OR

(95% CI)

(95% CI)

14.71 (7.28-25.39)

1.21 (0.43-3.41)

-

-

-

-

0 (0.00-12.78

N/A

N/A – Odds ratios could not be calculated due to zero prevalence or small sample size
** p<0.01; * p<0.05; . p<0.1
Table 72: Summary table of the prevalence and odds ratios for overall trypanosome prevalence in each species and taxonomy group.

The prevalence detected in each species with at least one positive sample is shown in Figure 90.
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The effect of species on the overall trypanosome prevalence was not significant for
the NLNP dataset (p=0.390). However, only five species were represented in this
dataset, and trypanosome infections were only detected in two of these (warthog and
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Figure 90: Bar chart of overall trypanosome prevalence in each wildlife species. Only the species
with a positive sample are shown in the graph.

5.3.4.4.2 Taxonomy grouping
The effect of taxonomy group on the overall trypanosome prevalence using the
combined dataset was also highly significant (p=0.002). However, no individual
taxonomy group had a significantly increased risk of being infected compared with
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the reference Suidae group. The group with the highest prevalence was the
pantherinae and the odds of this group being detected as infected with trypanosomes
approached significance (OR=2.8, 95% CI: 0.9-8.75, p=0.077). Results were similar
for the hunter dataset, although the overall effect of the taxonomic grouping was less
significant (p=0.043) and none of the OR’s were significant or approached
significance. Again this is mainly the result of the higher reference prevalence in the
Suidae group compared with the combined dataset. The prevalence detected in each
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Taxonomy group
Figure 91: Bar chart of overall trypanosome prevalence for each taxonomy group.
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5.3.4.4.3 Habitat grouping
The effect of habitat group was highly significant as a factor (p<0.001). The
sedentary closed habitat group was significantly more likely to be infected (p<0.001)
than the reference sedentary open habitat group with an OR of 6.64 (95% CI: 2.1820.15). Both sedentary and non-sedentary mixed habitat groups had an increased
likelihood of being infected, but this was not significant in either group. The ORs
were 1.64 (95% CI: 0.50-5.40) and 2.48 (95% CI: 0.77-8.00) respectively.
When Tukey contrasts were used as a method of multiple comparisons of means, the
sedentary closed habitat group had a significantly higher prevalence of trypanosome
infections than both the sedentary mixed and sedentary open groups (p=0.004 and
p=0.009, respectively) (Figure 92). The prevalence in the sedentary closed group was
also higher than that in the non-sedentary mixed group, and this difference
approached statistical significance (p=0.086). Likewise, the difference between the
sedentary closed group and the non-sedentary open group also approached statistical
significance (p=0.065), as did the difference between the sedentary closed group and
the aquatic group (p=0.084).
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Figure 92: Trypanosome prevalence by habitat group showing significant differences in
prevalence as calculated using Tukey contrasts (level of significance: ** p<0.01).

5.3.4.4.4 Blood meal preference grouping
The effect of blood meal preference group was also significant as a factor (p=0.018).
The high blood meal preference group had an increased risk of being infected
(p=0.013) with an OR of 2.17 (95% CI: 1.18-3.99) compared to the reference low
blood meal preference group. Surprisingly, the risk of the medium blood meal
preference group being infected was lower than the reference group (OR=0.86, 95%
CI: 0.37-2.01, p=0.722), but this difference was not statistically significant. The
prevalence detected by blood meal preference group is shown in Figure 93.
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Figure 93: Trypanosome prevalence by blood meal preference group showing significant
differences in prevalence as calculated using Tukey contrasts (level of significance: * p<0.05).

5.3.4.4.5 Age
The hunter dataset was not suitable for analysis of the effect of age on overall
prevalence as all samples were from adult animals. Consequently, the analysis was
carried out on the NLNP dataset and the combined dataset. Age had no significant
effect on overall trypanosome prevalence in either dataset (p=0.457 and p=0.206,
respectively). In the NLNP dataset, adult animals were less likely to be infected than
young animals (OR=0.46, 95% CI: 0.06-3.47), but not significantly so (p=0.453). In
contrast, in the combined dataset adult animals were more likely to be infected than
young (OR= 2.33, 95% CI: 0.54-10.07), but again this difference was not significant
(p=0.258).
5.3.4.4.6 Sex
The hunter dataset was also too biased to allow any form of meaningful analysis of
the effect of sex on overall trypanosome prevalence, as it contained only six samples
from female animals out of a total of 304 samples. In the NLNP dataset, sex had an
insignificant effect on overall trypanosome prevalence (p=0.455). In the combined
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dataset sex was a significant factor (p=0.028), with male animals having higher odds
of being infected than females (OR=3.19, 95% CI: 0.96-10.58, p=0.058). However,
this effect was confounded by species as only one female sample was collected from
a species with a high prevalence of trypanosomes. When adjusted for species the
effect was no longer significant (p=0.544) and the adjusted odds ratio was lower
(OR=1.52, 95% CI: 0.38-6.15, p=0.554). Furthermore, area and the sample collection
method were potential confounding factors as all, but six, of the samples from female
animals came from NLNP.
5.3.4.4.7 Area
Area had no significant effect on overall trypanosome prevalence using the hunter
dataset (p=0.350), but when the datasets were combined its effect approached
significance (p=0.063). No individual area presented an increased risk of infection in
either dataset (Table 73). The effect of area, however, was confounded by species
due to the small sample number and restricted species range from some areas. The
sample collection method was also different in some areas which also confounded
the results. When either of these effects were added to the model, area was not
significant.
The data was inadequate to investigate the spatial pattern of positive samples, other
than by the method above, due to the lack of GPS data provided by many of the
safari hunters. However, from the data that was provided no obvious spatial pattern
in the results was evident (Figure 94).
5.3.4.4.8 Month
Using the hunter dataset month had no significant effect on overall trypanosome
prevalence (p=0.314). However, when the datasets were combined the overall effect
of month became significant (p=0.028). The main effect of combining the datasets on
the monthly prevalence is to reduce the prevalence for September from 11.39% (95%
CI: 5.34-20.53%) to 8.07% (95% CI: 4.37-13.41%). This is because all, but one, of
the samples in the NLNP dataset, where the overall prevalence detected was less,
were collected in September. If the effects of month are adjusted for confounding by
area then the effect is no longer statistically significant (p=0.248).
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Positive

Prevalence %

OR

/ total

(95% CI)

(95% CI)

Lower Lupande

4 / 30

13.33 (3.75-30.72)

Referent

Chifunda

9 / 41

21.95 (10.56-37.62)

1.83 (0.51-6.62)

LNP

0/1

0 (0.00-98.00)

N/A

Luawata

9 / 67

13.43 (6.33-23.97)

1.01 (0.28-3.58)

Luembe

2 / 17

11.76 (1.46-36.44)

0.87 (0.14-5.31)

Lumimba

15 / 70

21.43 (12.52-32.87)

1.77 (0.54-5.87)

Mukungule

1/5

20.00 (0.50-71.64)

1.63 (0.14-18.48)

Mwanya

6 / 30

20.00 (7.71-38.57)

1.63 (0.41-6.47)

NLNP

4 / 80

5.00 (1.38-12.31)

0.34 (0.08-1.47)

Nyampala

0 / 16

0 (0.00-20.63)

N/A

SLNP

0/3

0 (0.00-71.00)

N/A

Upper Lupande

8 / 49

16.33 (7.32-29.66)

1.27 (0.35-4.64)

Area

Data for area was missing for 9 samples
N/A – ORs could not be calculated where there were no positive samples
Table 73: Overall trypanosome prevalence and odds ratio for each area, without adjustment for
confounding.

Chapter V

310

(a)

(b)

Figure 94: Maps of the distribution of positive samples for: (a) T. brucei s.l. and T. b.
rhodesiense; (b) T. congolense and T. vivax.

5.3.4.4.9 Year
No significant effects of year on the overall trypanosome prevalence were detected in
either the hunter or combined datasets (p=0.345 and p=0.963, respectively).
5.3.4.4.10 Sample collection method
The effect of sample collection method could only be investigated using the
combined datasets as it was this factor that defined whether or not a sample was
included in the hunter dataset or not. Likewise, all samples in the NLNP dataset were
collected using the same sample collection method. The sample collection method
was significant as a factor (p=0.002) and animals that were sampled using the live
sampling protocol were significantly less likely to be infected with trypanosomes
(OR=0.24, 95% CI: 0.09-0.69, p=0.008). However, the species sampled by the live
sampling protocol were mainly those with a low or intermediate prevalence and were
nearly all from NLNP where the trypanosome prevalence (even within species such
as warthog and puku) was lower than in the other areas. When adjusted for species of
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wildlife sampled, the effect of sample collection method was no longer significant
(p=0.267). Similarly, when adjusted for area, the effect of sample collection method
was also no longer significant (p=0.432). The effect of sample collection method,
however, remained significant despite adjustment for sex or age.
5.3.4.4.11 Over-saturation of Whatman FTA cards
The effect of over-saturating Whatman FTA cards with blood was not statistically
significant in any dataset. However, in the hunter dataset the effect approached
statistical significance (p=0.059) and samples that were classified as being oversaturated had a reduced likelihood of being detected as infected (OR=0.56, 95% CI:
0.31-1.03, p=0.063). When combined with the rest of the data, the effect became
statistically insignificant (p=0.209), but the odds of being detected as infected was
still lower for over-saturated samples (OR=0.69, 95% CI: 0.39-1.24, p=0.215),
although not significantly so.

5.3.4.5

Summary of effects of risk factors on overall trypanosome
prevalence at the univariate level

1. Host species had a significant effect on trypanosome prevalence. The prevalence
in bushbuck, greater kudu, lion and waterbuck was significantly greater than that
in warthog.
2. Taxonomy grouping had a significant effect on trypanosome prevalence with the
highest prevalence detected in the pantherinae sub-family.
3. Habitat grouping had a significant effect on trypanosome prevalence. Sedentary
animals living in a closed habitat had a significantly higher prevalence than
sedentary animals living in an open habitat.
4. Blood meal preference grouping had a significant effect on trypanosome
prevalence. The high blood meal preference group had a significantly greater
likelihood of infection.
5. Age had no significant effect on trypanosome prevalence.
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6. The effect of sex on trypanosome prevalence was significant, but this was no
longer the case when adjusted for species.
7. The effect of area on trypanosome prevalence approached statistical significance
for the combined dataset, but not for the hunter dataset.
8. The effect of month was significant, but not when adjusted for area.
9. Year did not have any significant effect on trypanosome prevalence.
10. The effect of sample collection method was significant, but not when adjusted
for species.
11. Over-saturation of Whatman FTA cards had no significant effect on
trypanosome prevalence.

5.3.4.6

Multivariate analysis of risk factors for infection

5.3.4.6.1 Comparison of residual deviances for different methods of
grouping species
Using the combined dataset, the species level of taxonomic classification produced
the lowest residual deviance, but the overall deviance was much greater resulting in
too large a standard error for the analysis (Table 74).

Residual

Grouping

DF

Deviance

Residual DF

Species

23

69.61

394

267.04

<0.001 ***

Taxonomy

9

26.17

387

304.03

0.002 **

Habitat

5

29.85

410

306.20

<0.001 ***

Blood meal
preference

2

8.09

415

328.57

0.018 *

Deviance

LRT P value

Table 74: Comparison of the residual deviances for the selected methods of grouping the species
factor, using the combined dataset.
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Grouping by taxonomy at the sub-family level produced the lowest residual deviance
(304.03), although this was only marginally less than that of the habitat grouping
(306.20). The residual deviance for the model with blood meal preference as a
grouping method was substantially higher (328.57). Consequently, the taxonomy
grouping was selected to use in the multivariate stage of the analysis.
5.3.4.6.2 Analysis of the hunter dataset
Other than species, and the various species groupings, no other factors were
significant at the univariate level of analysis. Over-saturation approached
significance and was therefore included in the multivariate model. However, due to
the lack of positive samples in some taxonomic groups for both over-saturated and
not over-saturated classes, a subset of the data had to be used with some taxonomic
groups removed. Both cells in the trypanosome positive columns for equidae and
hyaenidae in Table 75 below have zeros indicating that these groups are not suitable
for the multivariate analysis. The analysis was therefore repeated on a sub-set
containing

the

Suidae,

aepycerotinae,

alcelaphinae,

bovinae,

pantherinae,

hippopotamidae, and reduncinae groups (taxonomy subset 1).

Classification group

Samples not oversaturated

Samples oversaturated

Neg

Pos

Neg

Pos

Suidae

12

3

8

1

Aepycerotinae

21

4

15

0

Alcelaphinae

6

1

7

0

Bovinae

37

20

51

6

Equidae

6

0

2

0

Pantherinae

9

3

11

5

Hippopotamidae

23

0

4

2

Hyaenidae

4

0

3

0

Reduncinae

17

4

20

5

Table 75: Summary of the numbers of over-saturated and not oversaturated samples for
trypanosome negative and positive samples.
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When the model was fitted to taxonomy subset 1, a significant interaction between
over-saturation and taxonomy group was identified (Table 76).

Factor

LRT P value

Oversaturation

<0.001

Taxonomy subset 1

<0.001

Oversat:Taxonomy subset 1

0.007

Table 76: Summary of the model output using taxonomy subset 1.

However, very large standard errors were observed for the interaction between oversaturation and the aepycerotinae, alcelaphinae and hippopotamidae groups. Therefore
a final sub-set of the data containing only the Suidae, bovinae, pantherinae and
reduncinae was made and the analysis repeated (taxonomy subset 2). No significant
interactions were detected using this subset and the Akaike Information Criterion
(AIC) value for the model without the interaction term was less than if it was
included. The overall effect of oversaturation of sample matrices was significant
(p=0.02), but the overall effect of taxonomy group was not (p=0.627). The adjusted
OR for oversaturated samples was 0.45 (95% CI: 0.23-0.89, p=0.022). None of the
adjusted ORs for the taxonomy grouping were significant.
However, it could be argued that the data was inadequate to investigate the
interaction between oversaturation and taxonomy grouping and that it was not
biologically meaningful to include it. When the model was fitted to the data using
taxonomy subset 1 without the interaction term the effect of taxonomy grouping
approached significance (p=0.055). None of the adjusted ORs for the taxonomy
groups were significant, but bovinae (OR=1.63, 95% CI: 0.5-5.25, p=0.416),
pantherinae (OR=2.34, 95% CI: 0.59-9.23, p=0.224) and reduncinae (OR=1.38, 95%
CI: 0.37-5.12, p=0.633) had ORs greater than one. The effect of oversaturation of the
sample matrices was significant (p=0.021) and samples that were oversaturated with
blood were significantly less likely to be detected as positive (adjusted OR=0.48,
95% CI: 0.25-0.91). The adjusted odds ratios and significances for this model are
presented in Table 77.
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modelw<-glm(elut.all~oversat+multivargp,binomial,data=hunter)
Figure 95: R code for the final multivariate model using the hunter dataset. ‘Multivargp’ is
taxonomy subset 1.

Risk Factor
Oversaturation
Taxonomy group
(subset 1)

Category

Adjusted Odds
Ratio

LRT P value

P value
(Walds)

No

Reference

0.021*

N/A

Yes

0.48 (0.25-0.91)

N/A

0.024*

Suidae

Reference

0.055.

N/A

Aepycerotinae

0.55 (0.12-2.47)

N/A

0.437

Alcelaphinae

0.41 (0.04,4.19)

N/A

0.456

Bovinae

1.63 (0.5,5.25)

N/A

0.416

Pantherinae

2.34 (0.59,9.23)

N/A

0.224

Hippopotamidae

0.33 (0.05,2)

N/A

0.228

Reduncinae

1.38 (0.37,5.12)

N/A

0.633

Table 77: Risk factors and their adjusted odds ratios for the final regression model using the
hunter dataset.

5.3.4.6.3 Analysis of the combined dataset
Multivariate analysis of the combined dataset was examined in order to investigate a
number of additional potential risk factors that could not be investigated using the
hunter dataset. Specifically, the effects of age, sex and sample collection method
could be investigated. Age, sex, month and sample collection method had no
significant effects on the overall prevalence detected. Over-saturation was identified
as a confounding variable and its removal from the model substantially altered the
regression coefficients for the bovinae and reduncinae groups in particular. Area was
also identified as a confounding variable and its removal substantially altered a
number of regression coefficients, but particularly that of the aepycerotinae group.
The inclusion of these confounders in the model presented some difficulties for the
analysis due to the lack of samples or positive samples in many classes. Similar to
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the analysis of the hunter dataset, this necessitated the use of smaller subsets of the
dataset. For example, the lack of positive samples from LNP, SLNP and Nyampala
meant that these needed to be removed from the analysis. There were also no positive
samples in the elephantidae, equidae and hyaenidae groups. No positive samples
were detected in over-saturated samples from Luembe and not over-saturated
samples from Mukungule.
In order to investigate the presence of interactions, a smaller subset of the data would
have had to be used due to the lack of positive samples from some taxonomy groups
in some areas. However, this subset would have been the same as the hunter dataset
due to the removal of the data from the NLNP so it was not possible to investigate
interactions using the combined dataset.
The model with the best fit to the data was therefore one including oversaturation of
samples, area of sample collection (both of which acted as confounders) and
taxonomy group subset 1. The effect of oversaturation approached significance
(p=0.054), but both area (p=0.535) and taxonomy group (p=0.171) were not
significant. The adjusted OR for oversaturation approached significance (OR=0.54,
95% CI: 0.28-1.02), but none of the other ORs were significant (Table 78).
modelw<-glm(elut.all~oversat+multivararea+multivargp,binomial,data=combined)

Figure 96: R code for the final multivariate model using the combined dataset. ‘Multivararea’ is
a reduced subset of area excluding LNP, SLNP, Nyampala, Luembe and Mukungule,
‘multivargp’ is taxonomy subset 1.
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Risk Factor

Category

Oversaturation
Area

Adjusted Odds
Ratio

P value
(Walds)

No

Reference

0.054.

N/A

Yes

0.54 (0.28-1.02)

N/A

0.058.

0.535

N/A

Lower Lupande

Taxonomy group
(subset 1)

LRT P value

Chifunda

1.37 (0.32-5.88)

N/A

0.674

Luawata

0.73 (0.18-2.93)

N/A

0.658

Luembe

0.75 (0.11-5.26)

N/A

0.774

Lumimba

1.06 (0.27-4.13)

N/A

0.934

Mwanya

1.07 (0.24-4.80)

N/A

0.931

Upper Lupande

0.9 (0.21-3.90)

N/A

0.891

Suidae

Referent

0.171

N/A

Aepycerotinae

0.66 (0.17-2.64)

N/A

0.559

Alcelaphinae

0.37 (0.04-3.58)

N/A

0.39

Bovinae

1.62 (0.57-4.59)

N/A

0.365

Pantherinae

1.96 (0.53-7.27)

N/A

0.314

Hippopotamidae

0.34 (0.06-2.02)

N/A

0.235

Reduncinae

1.24 (0.41-3.71)

N/A

0.706

Table 78: Risk factors and their adjusted odds ratios for the final regression model using the
combined dataset.

5.3.4.7

Summary of effects of factors on overall trypanosome
prevalence at the multivariate level

1. The highest adjusted ORs were found in the pantherinae, bovinae and
reduncinae taxonomy groups, but none were significantly greater than the referent
Suidae.
2. The effect of taxonomy group on trypanosome prevalence approached
significance for the hunter dataset, but was not significant for the combined dataset.
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3. The effect of over-saturation of Whatman FTA cards on trypanosome prevalence
was significant using the hunter dataset, but only approached significance using the
combined dataset.
4. Whatman FTA cards that were over-saturated with blood were significantly less
likely to be detected as positive for trypanosomes in the hunter dataset, but in the
combined dataset statistical significance was only approached.
5. Area was identified as a confounding variable for the combined dataset.

5.3.5 T. congolense prevalence in all wildlife species sampled
5.3.5.1

Univariate analysis of risk factors for infection

The overall prevalence of T. congolense in all species using the combined dataset
was 5.98% (95% CI: 3.91-8.70%). Host species had a significant effect on the
prevalence of T. congolense (p=0.001). Greater kudu was the most likely species to
be infected with an OR of 8.67 (95% CI: 2.24-33.58, p=0.002) followed by lion with
an OR of 5.2 (95% CI: 1.11-24.31, p=0.036). No other species had an increased risk
of infection compared with the reference warthog species. The same effect was
observed with the hunter dataset where the effect of species was again significant
(p=0.001). A summary of the prevalence detected and OR for each species is shown
in Table 79 and a bar chart of the prevalence detected for each species with at least
one positive sample is shown in Figure 97.
No other factors had a significant effect on the T. congolense prevalence using the
combined dataset. There was, however, a significantly lower likelihood of detecting
T. congolense in the month of September (OR=0.17, 95% CI: 0.05-0.64, p=0.008). In
the hunter dataset, year had a significant effect on prevalence (p=0.013) and 2007
presented a greater odds of an animal being detected as infected (OR=7.72, 95% CI:
0.96-61.81, p=0.054), although this only approached significance.
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Species

Positive / total

Prevalence % (95% CI)

OR (95% CI)

Warthog

4 / 56

7.14 (1.98-17.29)

Referent

African painted dog

0/3

0 (0.00-71.00)

N/A

Buffalo

1 / 65

1.54 (0.04-8.28)

0.2 (0.02-1.87)

Bushbuck

4 / 28

14.29 (4.03-32.67)

2.17 (0.5-9.4)

Crocodile

0/5

0 (0.00-52.20)

N/A

Duiker

0/2

0 (0.00-84.50)

N/A

Eland

0/1

0 (0.00-98.00)

N/A

Elephant

0/7

0 (0.00-41.00)

N/A

Giraffe

0 /1

0 (0.00-98.00)

N/A

Greater kudu

8 / 20

40.00 (19.12-63.95)

8.67 (2.24-33.58)**

Grysbok

0/4

0 (0.00-62.50)

N/A

Hartebeest

0/4

0 (0.00-62.50)

N/A

Hippo

0 / 29

0 (0.00-11.97)

N/A

Hyaena

0/7

0 (0.00-41.00)

N/A

Impala

1 / 47

2.13 (0.05-11.29)

0.28 (0.03-2.62)

Leopard

0 / 14

0 (0.00-23.21)

N/A

Lion

4 / 14

28.57 (8.39-58.11)

5.2 (1.11-24.31)*

Puku

2 / 57

3.51 (0.43-12.11)

0.47 (0.08-2.69)

Reedbuck

0/1

0 (0.00-98.00)

N/A

Roan

0/5

0 (0.00-52.20)

N/A

Vervet monkey

0/1

0 (0.00-98.00)

N/A

Waterbuck

0 / 10

0 (0.00-30.90)

N/A

Wildebeest

1 / 10

10.00 (0.25-44.50)

1.44 (0.14-14.45)

Zebra

0 / 27

0 (0.00-12.78)

N/A

Total

25 / 418

5.98 (3.91-8.70)

-

N/A – ORs could not be calculated due to zero prevalence or small sample size
** p<0.01; * p<0.05
Table 79: Summary T. congolense prevalence and odds ratios for all wildlife species sampled,
using the combined dataset.
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Figure 97: Bar chart of T. congolense prevalence in all wildlife species with at least one positive
sample.

5.3.6 T. brucei s.l. prevalence in all wildlife species sampled
5.3.6.1

Cumulative prevalence

The overall prevalence of T. brucei s.l. calculated from the combined dataset was
5.74% (95% CI: 3.71-8.42%).The individual species PCR for T. brucei s.l. used in
the study detected an overall prevalence in the combined datasets of 5.26% (95% CI:
3.33-7.86%) compared with 0.48% (95% CI: 0.06-1.72%) using the multispecies
PCR (Table 80).
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Positive

Total

Prevalence %

95% confidence
interval

ITS-PCR

2

418

0.48

0.06-1.72

TBR-PCR

22

418

5.26

3.33-7.86

SRA-PCR

2

418

0.48

0.06-1.72

Cumulative
prevalence

24

418

5.74

3.71-8.42

Laboratory
method

Table 80: T. brucei infections detected by each PCR technique.

5.3.6.2

T. b. rhodesiense

Two T. b. rhodesiense infections were detected in the combined datasets using the
SRA-PCR. One was a male adult bushbuck from Chifunda hunting block in
Musalangu GMA, and the other a male adult buffalo from the Nyamaluma area of
Lower Lupande GMA. The overall prevalence of T. b. rhodesiense was 0.48% (95%
CI: 0.06-1.72%) using the T. brucei s.l. PCR and ITS-PCR first as screening tests and
then the SRA-PCR to differentiate down to the sub-species level. The proportion of
all T. brucei s.l. infections that were identified as T. b. rhodesiense was therefore
0.08, or 8.33%. However, the GPI-PLC gene was not detected in the majority of the
T. brucei s.l. positive samples which suggests that there was insufficient genomic
material present for the detection of the single copy SRA gene.
5.3.6.3

Black rhino samples

The two samples collected from black rhino that were not included in the overall
analysis of the results tested positive for T. brucei s.l. using both the ITS-PCR and
the TBR-PCR. The samples were strongly positive in comparison to most other
samples suggesting that the level of parasitaemia in these animals may have been
higher. One sample was collected from a dead animal where trypanosomiasis was
suspected to be a contributory factor in its death. The second sample was collected
shortly after this from an animal in poor condition that was immobilised to enable
treatment for trypanosomiasis to be given. Both samples tested negative with the
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SRA-PCR suggesting that they were infected with T. b. brucei rather than T. b.
rhodesiense.
5.3.6.4

Univariate analysis of risk factors for infection

Host species was again significant as a factor (p=0.042) and the bushbuck presented
the greatest odds of being detected as infected with T. brucei s.l. (OR=7.07, 95% CI:
1.7-29.33, p=0.007). No other host species had a significantly greater likelihood of
being detected as infected when compared with the reference warthog (Table 81). A
bar chart of the prevalence detected in all species with at least one sample is
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Figure 98: Bar chart of T. brucei s.l. prevalence in all wildlife species with at least one positive
sample.
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Species

Prevalence %

OR

(95% CI)

(95% CI)

Positive / total

Warthog

3 / 56

5.36 (1.12-14.87)

Referent

African painted dog

0/3

0 (0.00-71.00)

N/A

Buffalo

1 / 65

1.54 (0.04-8.28)

0.28 (0.03-2.73)

Bushbuck

8 / 28

28.57 (13.22-48.67

7.07 (1.7-29.33)**

Crocodile

0/5

0 (0.00-52.20)

N/A

Duiker

0/2

0 (0.00-84.50)

N/A

Eland

0/1

0 (0.00-98.00)

N/A

Elephant

0/7

0 (0.00-41.00)

N/A

Giraffe

0/1

0 (0.00-98.00)

N/A

Greater kudu

0 / 20

0 (0.00-16.85)

N/A

Grysbok

0/4

0 (0.00-60.25)

N/A

Hartebeest

0/4

0 (0.00-60.25)

N/A

Hippo

1 / 29

3.45 (0.09-17.76)

0.63 (0.06-6.35)

Hyaena

0/7

0 (0.00-41.00)

N/A

Impala

3 / 47

6.38 (1.34-17.54)

1.2 (0.23-6.27)

Leopard

2 / 14

14.29 (1.78-42.81)

2.94 (0.44-19.6)

Lion

2 / 14

14.29 (1.78-42.81)

2.94 (0.44-19.6)

Puku

1 / 57

1.75 (0.04-9.39)

0.32 (0.03-3.13)

Reedbuck

0/1

0 (0.00-98.00)

N/A

Roan

0/5

0 (0.00-52.20)

N/A

Vervet monkey

0/1

0 (0.00-98.00)

N/A

Waterbuck

2 / 10

20.00 (2.52-55.61)

4.42 (0.64-30.66)

Wildebeest

1 / 10

10.00 (0.25-44.50)

1.96 (0.18-21.02)

Zebra

0 / 27

0 (0.00-12.78)

N/A

Total

24 / 418

5.74 (3.71-8.42)

-

N/A – ORs could not be calculated due to zero prevalence or small sample size
** p<0.01
Table 81: T. brucei s.l. prevalence and odds ratios for all wildlife species sampled, using the
combined dataset.
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Oversaturation of Whatman FTA cards also had a significant effect on T. brucei s.l.
prevalence using both the combined (p=0.024) and the hunter (p=0.010) datasets.
Over-saturated FTA cards were significantly less likely to be detected as positive
with an OR of 0.35 (95% CI: 0.13-0.94, p=0.038) using the combined dataset and
0.29 (95% CI: 0.11-0.81, p=0.018) using the hunter dataset. Year also had a
significant effect on the prevalence using the combined dataset (p=0.015), but not
using the hunter dataset (p=0.088). In both datasets, however, samples collected in
2007 had a reduced likelihood of being detected as positive for T. brucei s.l.. The
OR’s for 2007 were 0.16 (95% CI: 0.04-0.57, p=0.005) and 0.23 (95% CI: 0.06-0.95,
p=0.043) for the combined and hunter datasets respectively.

5.3.7 T. vivax prevalence in all wildlife species sampled
5.3.7.1

Univariate analysis of risk factors for infection

The T. vivax prevalence of 3.11% (95% CI: 1.67-5.26%) was lower than that of the
other two trypanosome species investigated. Host species had a significant effect on
this prevalence in both the combined (p=0.002) and hunter (p=0.003) datasets. In
both datasets waterbuck was highly significant as a host with an OR of 55 (95% CI:
5.33-567.59, p=<0.001) using the combined dataset (Table 82) and 23 (95% CI:
2.18-242.33, p=0.009) using the hunter dataset. Although buffalo also had an
increased likelihood of being detected as infected, the OR was not significant for
either dataset. No other factors had significant effects on the T. vivax prevalence, in
either dataset. Figure 99 shows a bar chart of the prevalence of T. vivax in all wild
animal species with at least one positive sample.
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Species

Prevalence %

OR

(95% CI)

(95% CI)

Positive / total

Warthog

1 / 56

1.79 (0.05-9.55)

Referent

African painted dog

0/3

0 (0.00-71.00)

N/A

Buffalo

5 / 65

7.69 (2.54-17.05)

4.58 (0.52-40.46)

Bushbuck

0 / 28

0 (0.00-12.36)

N/A

Crocodile

0/5

0 (0.00-52.20)

N/A

Duiker

0/2

0 (0.00-84.50)

N/A

Eland

0/1

0 (0.00-98.00)

N/A

Elephant

0/7

0 (0.00-41.00)

N/A

Giraffe

0/1

0 (0.00-98.00)

N/A

Kudu

0 / 20

0 (0.00-16.85)

N/A

Grysbok

0/4

0 (0.00-60.25)

N/A

Hartebeest

0/4

0 (0.00-60.25)

N/A

Hippo

1 / 29

3.45 (0.09-17.76)

1.96 (0.12-32.59)

Hyaena

0/7

0 (0.00-41.00)

N/A

Impala

0 / 47

0 (0.00-7.55)

N/A

Leopard

0 / 14

0 (0.00-23.21)

N/A

Lion

0 / 14

0 (0.00-23.21)

N/A

Puku

0 / 57

0 (0.00-6.28)

N/A

Reedbuck

1/1

100.00 (2.00-100.00)

N/A

Roan

0/5

0 (0.00-52.20)

N/A

Vervet monkey

0/1

0 (0.00-98.00)

N/A

Waterbuck

5 / 10

50.00 (18.71-81.30)

55 (5.33-567.59)***

Wildebeest

0 / 10

0 (0.00-30.90)

N/A

Zebra

0 / 27

0 (0.00-12.78)

N/A

Total

13 / 418

3.11 (1.67-5.26)

-

N/A – ORs could not be calculated due to zero prevalence or small sample size
*** p<0.001
Table 82: T. vivax prevalence and odds ratios for all wildlife species sampled, using the
combined dataset.
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Figure 99: Bar chart of T. vivax prevalence in all wildlife species with at least one positive
sample.

5.3.8 Summary of effects of risk factors on individual
trypanosome species prevalence at the univariate level
1. Host species had a significant effect on the prevalence of T. congolense, T. brucei
s.l. and T. vivax.
2. Greater kudu and lion were significantly more likely than warthog to be infected
with T. congolense.
3. Bushbuck were significantly more likely than warthog to be infected with T.
brucei s.l..
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4. Waterbuck were significantly more likely than warthog to be infected with T.
vivax.
5. Over-saturation of Whatman FTA cards had a significant effect on T. brucei s.l.
prevalence and samples that were over-saturated were significantly less likely to be
detected as positive.
6. The effect of year on T. congolense prevalence was significant using the hunter
dataset only and the increased prevalence detected in 2007 approached significance.
7. The effect of year on T. brucei s.l. prevalence was significant and prevalence in
2007 was significantly lower than other years.
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5.4

Discussion

5.4.1 Study design bias and statistical analysis
As has been stated earlier, surveys of disease in wildlife populations are often limited
due to the opportunistic nature of sample collection and the relatively small sample
sizes obtained (Bertram, 1973; Bengis et al., 2002; Gortazar et al., 2007). When
working with wildlife populations under field conditions it is normally not possible
to implement a randomised study design as would be possible in a survey of
domesticated animals. The samples collected during this study were, therefore, a
convenience sample and are likely to be biased to some degree. The samples
collected through the game capture operation in NLNP are likely to be more
representative for the individual species sampled and contained a wider age
distribution, but are less representative of the population at large due to the reduced
species range. The samples collected by safari hunters were largely collected from
trophy male animals and were less likely to be representative of the population at
large. However, hunter kills have been described as an excellent source of wildlife
surveillance materials (Bengis et al., 2002) and in this study enabled the generation
of a much larger sample size and species range than would have been possible using
other methods.
The effect of bias induced by the age distribution of the hunter samples is difficult to
assess objectively due to the lack of knowledge about the association of age with
prevalence in wildlife. Of the few studies that have investigated the association, one
reported that the prevalence in buffalo peaked at two and a half years (Drager &
Mehlitz, 1978), but another found no statistically significant difference between the
prevalence in young and old animals (Vanderplank, 1947). However, if many
animals become infected at a young age and remain persistently infected for a
substantial period as is likely, the effect of this bias in the sample age distribution on
the prevalence recorded in the survey is unlikely to be large. Indeed, in this study no
significant difference was found between the prevalence in young and old animals in
the more representative NLNP dataset. No associations have been reported between
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sex and trypanosome infection rates and it is unlikely that the sex distribution bias in
this survey had any effect on the prevalence recorded.
The presence of confounding variables complicated the statistical analysis and was,
at least in part, the result of using a non-probability sampling design. The effects of
many variables were less clear and resulted in the use of reduced datasets and more
complex models than would have been necessary otherwise. It also added to the
limitations created through the small sample size generated for some species.
Although the effect of small sample sizes inherent in many wildlife surveys was
minimised by using hunter kills as a sample source, its effect could not be mitigated
entirely and several species had to be left out of the analysis. The large number of
categories in the species factor also meant that categories within the factor had to be
grouped and the study lost some power to detect effects.

5.4.2 Application of novel molecular techniques
5.4.2.1

ITS-PCR

The ITS-PCR was optimised using laboratory trypanosome stocks (Cox et al., 2005)
and had not been used before for samples collected from free-ranging wildlife. The
sequencing results from this study indicate that it is suitable for use in the diagnosis
of T. congolense Forest, Kilifi and Savannah sub-species, T. brucei s.l. and T. vivax
on field samples from the Luangwa Valley. However, some difficulties in the
interpretation of results in the region of 700 -1000 bp were identified. Ideally, the
epidemiological sensitivity and specificity of any novel diagnostic test should be
assessed for the population it is intended to be used on before a survey is carried out
(Thrusfield, 2007). However, the limited funds and time available for sequencing of
samples meant that this was not possible in this study. The high incidence of nonspecific bands in this region might indicate a failure to fully optimise PCR conditions
or a lack of specificity of the primers to the target trypanosomes. The PCR was
optimised using laboratory trypanosome stocks and the sequences of field samples
may potentially be different. There are few published sequences available for the ITS
region on nucleotide databases and it would appear that the published band sizes for
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T. simiae, T. simiae Tsavo and T. theileri might not be appropriate for samples from
wildlife populations in the Luangwa Valley. However, the identification of a band at
650 bp that appears to be T. godfreyi illustrates the advantages of a multispecies PCR
such as this in the detection of new or previously unrecognised species.
5.4.2.2

SRA-PCR

The SRA-PCR (Picozzi et al., 2008) had also not been utilised for the diagnosis of T.
b. rhodesiense on wildlife samples from Zambia before. Although the prevalence
detected using the protocol implemented in this study was low, it would appear that
the PCR is suitable for use on this population. Strong positive bands were detected
for the GPI-PLC gene on several samples and for the SRA gene on two samples. The
low prevalence of T. b. rhodesiense positive samples detected, however, would make
the estimation of the epidemiological sensitivity and specificity of the test
impractical without the collection of a very large sample size. In terms of
epidemiological theory, it is possible that the use of this PCR in parallel with the
TBR-PCR rather than in series might improve the overall sensitivity of detection
(Thrusfield, 2007). However, the protocol used in this study whereby six SRA-PCR
reactions were run for every positive sample detected using the TBR-PCR or ITSPCR should have resulted in a satisfactory sensitivity and was more efficient. The
fact that the two tests were conducted in series should result in a high specificity
making the positive identifications of T. b. rhodesiense very reliable.
5.4.2.3

The confounding effects of oversaturation of sample matrices

The oversaturation of sample matrices is an often overlooked factor that appeared to
be of significance in this study. It could potentially lead to the trypanosome
prevalence being under-estimated as samples that were oversaturated were
significantly less likely to be identified as positive. The haem pigment contained in
red blood cells is a PCR inhibitor and should be removed during the washing of
samples prior to elution. The problem appeared to be more significant for the
samples collected by professional safari hunters and this is most likely due to the
sample collection technique. However, it appears to be more complicated than that as
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the results obtained from the analysis of the sample collection method factor were
different.
Interestingly, oversaturation did not have a significant effect on the overall
prevalence of trypanosomes detected on its own, but did when included in the
multivariate models. It also appeared to be a more significant factor for the
prevalence of T. brucei s.l. than for the other trypanosome species. It is possible that
the TBR-PCR is more susceptible to inhibition by residual haem in the sample than
the ITS-PCR. An explanation for this could be that the ITS-PCR conditions were
optimised for use on blood samples preserved on Whatman FTA cards, whereas the
TBR-PCR conditions were optimised for eluted DNA. However, the small number of
T. brucei s.l. positive samples identified using the ITS-PCR meant that no statistical
comparison of the results from the two PCRs could be made. The significance of the
potential interaction between oversaturation and taxonomy group also could not be
explored, but could potentially result from sample collection techniques differing
between species or differences in the haemoglobin contents of the blood from
different species. Neither of these two explanations is considered likely, however.
The classification of samples as oversaturated or not was also subjective, based only
on the colour of the eluate and it is not known how accurate this is. The multivariate
models were run using subsets of the data and it is not possible to know if the effect
would be present using the whole dataset. Therefore, further work is needed to
confirm that oversaturation of sample matrices may be an important confounding
factor in surveys of this nature. Efforts should be made, however, to avoid it in any
future surveys utilising sample collection by professional safari hunters.

5.4.3 The prevalence of trypanosomiasis in warthog
There was no evidence that the overall trypanosome prevalence detected in warthog
was significantly greater than the prevalence detected in the rest of the wildlife
population. The prevalence detected in warthog (12.5%, 95% CI: 5.18-24.07%) was
within the range reported for other surveys (7-25%) with published infection rates in
warthog (Geigy et al., 1967; Baker, 1968; Mwambu & Woodford, 1972; Bertram,
1973; Dillmann & Townsend, 1979; Mattioli et al., 1990; Claxton et al., 1992; Truc
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et al., 1997; Kaare et al., 2003). However, as diagnostic techniques, sensitivities,
specificities and the range of pathogen species detected may differ between surveys
one should be cautious in comparing surveillance results in this manner. Although
the prevalence of infections was lower in sub-adult warthog (likely to be aged less
than 15 months) than in adults, this difference was not statistically significant. Of the
individual trypanosome species, 4/56 (7.14%, 95% CI: 1.98-17.29%) were T.
congolense infections, 3/56 (5.36%, 95% CI: 1.12-14.87%) were T. brucei s.l.
infections and 1/56 (1.79%, 95% CI: 0.05-9.55%) was detected as a T. vivax
infection. The majority of infections in the surveys mentioned above have been
diagnosed as either T. congolense or T. brucei s.l., but T. simiae was identified in two
of the surveys (Dillmann & Townsend, 1979; Claxton et al., 1992). The detection of
T. vivax in one warthog sample in this survey is of interest as suids are often
considered to be refractory to infection with T. vivax (Leak, 1998).
Also of interest was the detection of the band at 650 bp in 14/56 (25.00%, 95% CI:
14.39-38.37%) of all warthog samples. Although also present in ten samples from
other species the band was significantly more likely to be detected in warthog. This
band would appear to most likely be T. godfreyi which has only previously been
identified in samples isolated from tsetse (McNamara et al., 1994). The natural host
is believed to be the warthog and it has been hypothesised that the species has a
general predilection for suids. If the band is indeed T. godfreyi, it would substantially
increase the trypanosome prevalence detected in warthog. It would also suggest that
T. godfreyi has a more widespread host distribution than just the suids.
Unfortunately, there is no published T. godfreyi sequence covering the whole region
amplified by the ITS-PCR and the significant match identified for the two cloned
samples was made using the much shorter ITS 1 region. There is also ongoing debate
regarding the variation in genotypes of T. vivax isolates (Cortez et al., 2006;
Rodrigues et al., 2008) and, given the similarity in size between this band and the
published sequences for T. vivax, it could potentially be a variant of T. vivax. Further
work is needed to confirm the identity of these two sequences from warthog. The
identification of T. simiae Tsavo in two cloned samples from warthog is also
significant as this trypanosome species has only previously been identified in
samples from tsetse flies.
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5.4.4 Hosts for T. b. rhodesiense
The diagnosis of T. b. rhodesiense in a sample from an African buffalo is, as far as
the author is aware, the first identification in this species. Buffalo are abundant in
many savannah ecosystems and are capable of acting as a reservoir host for many
pathogens of cattle, most probably because of their close phylogenetic relationship to
the latter (Kock, 2005b). They have previously been demonstrated to be susceptible
to sub-clinical infections with T. brucei s.l. (Carmichael & Hobday, 1975; Drager &
Mehlitz, 1978) so this finding is not surprising, but has important implications for the
control of the disease. Buffalo are not sedentary animals and herds frequently move
over large distances. The finding of this parasite in Nyamaluma, not far from
Mambwe and Msoro Districts where there have recently been large influxes of cattle
and people, raises concerns about the possibility of cattle becoming reservoir hosts
for this disease in the Luangwa Valley. In other parts of Africa, particularly Uganda,
cattle have demonstrated to be effective maintenance hosts for T. b. rhodesiense
(Onyango et al., 1973; Welburn et al., 2005). Areas with increasing populations of
cattle adjacent to wildlife areas have also been identified as being at risk from
epidemics of trypanosomiasis (Van den Bossche, 2001). The only other positive
identification of T. b. rhodesiense in this study was in a bushbuck in Musalangu
GMA. This subspecies has previously been isolated from a bushbuck in the Luangwa
Valley (Rickman et al., 1991) as well as in the Lambwe Valley in Kenya (Heisch et
al., 1958).
The overall prevalence of T. b. rhodesiense detected in the study was relatively low
at 0.48% (95% CI: 0.06-1.72%) suggesting that approximately 8% of all T. brucei s.l.
identifications were T. b. rhodesiense. In a review of published isolations of T. b.
brucei infections, 14.5% of all T. brucei s.l. isolations from wildlife were found to be
T. b. rhodesiense (Coleman & Welburn, 2004) which is not dissimilar to the
percentage reported in this study. However, this is probably an under-estimate of the
true prevalence of the human-infective parasite because of the relatively low
sensitivity of the SRA-PCR which relies on the detection of a single copy gene.
Many samples which were positive for T. brucei s.l. using the TBR-PCR were
negative for the GPI-PLC gene using the SRA-PCR, suggesting that there may have
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been insufficient DNA in the sample to detect T. b. rhodesiense. It is therefore quite
possible that some of the samples which were negative using the SRA-PCR were
actually T. b. rhodesiense. The percentage of T. brucei s.l. infections that were
identified as T. b. rhodesiense in this study is roughly similar to the 14.5% reported
in a summary of all iinfections
Although the human infective parasite was not identified in warthog in this survey, T.
brucei s.l. was identified in 5.36% (95% CI: 1.12-14.87%) of warthog. Previous
surveys in the Luangwa Valley had identified the human infective subspecies in
warthog (Awan, 1979; Dillmann & Townsend, 1979; Rickman et al., 1991) and it is
likely that warthog still constitute part of the reservoir for this disease. However, the
high prevalence of T. b. rhodesiense reported in a study in the Serengeti ecosystem
(Kaare et al., 2003) has not been replicated elsewhere.
Previous research in the Luangwa Valley has also suggested that waterbuck may
constitute an important reservoir for T. b. rhodesiense (Dillmann & Townsend,
1979). Although providing no specific evidence for this hypothesis, the prevalence of
20.00% (95% CI: 2.52-55.61%) for T. brucei s.l. detected in this study would add
support to the claim. Zebra were identified as a potential risk factor for infection with
human African trypanosomiasis in a study in the north of the valley (Wyatt et al.,
1985) and the parasite has been isolated from the cerebro-spinal fluid of a zebra
(Mulla & Rickman, 1988). However, no trypanosomes of any species were identified
in this species in this survey, although it is possible that T. brucei s.l. trypanosomes
migrate to the tissues in this species rather than remaining in the blood stream. Of the
other hosts previously identified in studies in the Luangwa Valley, the prevalence of
T. brucei s.l. in impala in this survey was 6.38% (95% CI: 1.34-17.54%) and in lion
was 14.29% (95% CI: 1.78-42.81%), but no infections were detected from small
samples sizes in duiker and giraffe.
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5.4.5 Analysis of risk factors for infection with trypanosomes
5.4.5.1

Overall trypanosomiasis prevalence

Throughout the analysis, host species was consistently identified as the most
significant risk factor for infection with trypanosomes. For the overall prevalence of
all trypanosome species, four wild animal species had a significantly greater
likelihood of being detected as positive when compared with warthog. The species
with the highest prevalence was waterbuck with an OR of 10.5 (95% CI: 2.36-46.71).
A high prevalence in this species has consistently been identified in previous surveys
(Burridge et al., 1970; Allsopp, 1972; Bertram, 1973; Truc et al., 1997) particularly
those in the Luangwa Valley (Kinghorn et al., 1913; Keymer, 1969; Dillmann &
Townsend, 1979) where the cumulative prevalence from the three historical surveys
is 65% (see Table 4, Chapter II). This finding is interesting considering that
waterbuck was only detected as the source of 51 out of 7435 blood meals from the
species of tsetse present in the Luangwa Valley in Clausen’s study (Clausen et al.,
1998).
The prevalence in lion was also high with an OR of 5.25 (95% CI: 1.40-19.69), in
keeping with the findings of several other studies (Baker, 1968; Dillmann & Awan,
1972a; Dillmann & Townsend, 1979; Kaare et al., 2003). It has been postulated that
carnivores may become infected from their prey through abrasions in the oral
mucosa and this has been demonstrated in artificial experiments (Baker, 1968). The
prevalence in samples from leopard in this study, although not significantly greater
than that in warthog, was also relatively high and this appears to be the first
published record of infection in this species. Compared to many other protected areas
in Africa, leopards are relatively common in the Luangwa Valley.
The other two species with an overall infection rate significantly greater than that in
warthog were bushbuck with an OR of 4.53 (95% CI: 1.51-13.56) and greater kudu
with an OR of 4.67 (95% CI: 1.41-15.41). These spiral-horned antelope are sedentary
species with a preference for thicket or dense woodland and are considered to be
preferred hosts for tsetse, especially G. pallidipes (Clausen et al., 1998). From the
species prevalence graph (Figure 90), it would appear that three general groups may
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be distinguished based on their relative infection rates. The first group, with a high
prevalence of infection, would include waterbuck, lion, kudu and bushbuck. The
second group, with an intermediate prevalence of infection, would include leopard,
warthog, buffalo, wildebeest, impala, hippopotamus and puku. The final group, with
a low prevalence of infection, would include elephant, hyaena, roan and zebra (not
shown on the graph, but all have zero prevalence).
Of the various species grouping schemes investigated, both the taxonomy group
(p=0.002) and habitat group (p<0.001) were highly significant at the univariate level
as factors explaining the variance in trypanosome prevalence. The residual deviance
represents the deviance unexplained by the model and was very similar for both these
grouping methods. It was lowest if there was no grouping at all, however, suggesting
that most of the variation occurs at the species level. Although blood meal preference
was also significant as a factor (p=0.02), it was less so and the residual deviance was
higher. It was a slightly crude measure in this study and was not as objective as the
other two grouping methods. Nonetheless, these results indicate that the prevalence
in wild animal hosts is likely to be a function of the host’s susceptibility, the host’s
behaviour or habitat preferences and the vector’s behavioural preferences. In other
words, all three factors are likely to have an effect on the true biological system.
Although the overall effect of taxonomy grouping was highly significant at the
univariate level, its effect only approached significance in the multivariate model.
The multivariate analysis was limited to a subset of the data and this, in addition to
the effect of adjustment for oversaturation of sample matrices, is likely to have
affected the significance of the results. None of the adjusted ORs for the sub-family
groupings were significant when compared to the reference Suidae. The pantherinae
sub-family, containing lion and leopard, had the highest OR (2.34, 95% CI: 0.599.23), but this only approached significance. The grouping of species at the subfamily level in several cases meant that species with high prevalence such as
bushbuck, greater kudu and waterbuck were grouped together with species with
intermediate prevalence such as buffalo and puku. This again illustrates that
taxonomic classification alone does not explain the differences in prevalence
recorded. Indeed, much disagreement exists over the classification of species and, the
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bovid order in particular, has come under scrutiny recently (Gentry, 1992; Hassanin
& Douzery, 1999; Grubb, 2001). Species are generally classified based on both
genotypic and phenotypic characters so even the taxonomic classification system will
take some account of behavioural differences and habitat preferences.
The intention of the habitat grouping was to study the effect of differences in these
behavioural and habitat preferences. As has already been mentioned, grouping by
habitat was highly significant as a factor. The sedentary closed habitat group
containing bushbuck, duiker, greater kudu, grysbok, hyaena, leopard, vervet monkey
and waterbuck had a significant OR of 6.64 (95% CI: 2.18-20.15). This indicates that
those animals spending the most time in what is likely to be the most suitable habitat
for tsetse carried the highest rates of infection, presumably because they were
exposed to the greatest tsetse challenge. The prevalence detected in the mixed habitat
groups, containing species such as warthog which spent time in both open and closed
habitats, was intermediate between the closed and open habitat groups. As this
grouping was not based at all on taxonomic groupings, its significance as a factor
would again suggest that species is not the only important risk factor for infection.
The blood meal preference grouping scheme was less significant as a factor, but, as
expected, the group most frequently fed on by tsetse had the highest prevalence. The
significantly raised OR of 2.17 (95% CI: 1.18-3.99) in the high tsetse preference
group would add weight to the theory that the species most commonly exposed to
potential infection through the bite of the tsetse are the most likely to become
infected. However, transmission clearly depends on many other factors as
demonstrated by the high infection rates in species such as waterbuck and the
significance of the other factors mentioned above.
No other significant risk factors for overall trypanosome prevalence were identified
in the study, although the opportunistic nature of the study design somewhat limited
their investigation. However, differences in the susceptibility to different
trypanosome species have been previously identified as important factors explaining
the trypanosome prevalence in wildlife (Drager & Mehlitz, 1978) and these
differences are explored below.
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5.4.5.2

T. congolense prevalence

Host species was highly significant as a risk factor for infection with T. congolense
(p=0.001). Only two species had a significantly greater prevalence than warthog,
namely greater kudu (OR = 8.67, 95% CI: 2.24-33.58) and lion (OR = 5.2, 95% CI:
1.11-24.31). A high prevalence of T. congolense infections was identified in kudu in
two previous surveys in the Luangwa Valley (Kinghorn et al., 1913; Dillmann &
Townsend, 1979) and Tanzania (Vanderplank, 1947), with a lower prevalence
detected in a survey in Botswana (Carmichael & Hobday, 1975). A high prevalence
has also been detected in lion in the Luangwa Valley (Dillmann & Townsend, 1979)
and also in the Serengeti ecosystem in Tanzania (Baker, 1968). A high prevalence of
T. congolense has previously been recorded in bushbuck in surveys in the Luangwa
Valley (Kinghorn et al., 1913; Dillmann & Townsend, 1979). Although not
significant compared to warthog, the prevalence in bushbuck in this survey was again
quite high and the OR for infection was 2.17 (95% CI: 0.5-9.4). Kinghorn’s survey
also reported a prevalence of 14.3% in waterbuck, but no infections were detected in
this survey.
Using the hunter dataset only, year was identified as having a significant effect on T.
congolense prevalence (p=0.013) suggesting that there could be a temporal influence
on infection rates. However, this result is quite possibly induced by the nonprobability nature of the sampling design and the data was inadequate to confirm its
effect after adjustment for confounding. Similarly, the effect of month approached
significance (p=0.008) so the possibility of seasonal effects on T. congolense
prevalence cannot be discounted.
5.4.5.3

T. brucei s.l. prevalence

The analysis of data for T. brucei s.l. prevalence again suggested that host species
had a significant effect (p=0.042). The bushbuck was the only species to have a
significantly greater likelihood of infection than warthog with an OR of 7.07 (95%
CI: 1.7-29.33). The bushbuck has previously been identified as an important
reservoir host for T. brucei s.l. in the Luangwa Valley (Kinghorn et al., 1913;
Dillmann & Awan, 1972a) as well as in the Lambwe Valley in Kenya (Heisch et al.,
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1958; Allsopp, 1972). Allsopp considered that high infection rates, coupled with its
sedentary nature and status as a preferred host for G. pallidipes, mean that it could be
central to the creation and maintenance of foci of infection. The findings in this study
would appear to support this hypothesis. In contrast, in the Serengeti ecosystem
bushbuck are less common and lion, hyaena and waterbuck have been identified as
the most frequently infected hosts (Baker, 1968; Geigy et al., 1971; Geigy et al.,
1973b). The prevalence detected in this study in both lion and leopard was high and,
although the ORs were not significant, it is possible that the carnivores also play an
important role in the epidemiology of the disease in the Luangwa Valley as well.
Interestingly, in contrast to a previous study in the Luangwa Valley (Dillmann &
Townsend, 1979), T. brucei s.l. was not detected in hyaena in this study. The high
infection rates detected in waterbuck in other studies (Kinghorn et al., 1913; Baker,
1968; Allsopp, 1972; Dillmann & Townsend, 1979; Truc et al., 1997) are also
consistent with the findings in this study, suggesting that it is also an important host
species.
Previous studies in the Luangwa Valley have identified T. brucei s.l. in giraffe,
hartebeest, hippopotamus, impala and puku in small numbers (Kinghorn et al., 1913;
Keymer, 1969; Dillmann & Townsend, 1979). In this study a low prevalence was
detected in buffalo, hippopotamus, impala, puku and wildebeest suggesting a
widespread potential host distribution. However, the majority of infections were
concentrated in the four species bushbuck, leopard, lion and waterbuck. Of interest
from a conservation point of view is the identification of T. brucei s.l. in two
rhinoceros that had been recently re-introduced into the Luangwa Valley from a
tsetse free area of South Africa. Despite a degree of post-mortem decomposition,
histopathology of the brain from the rhinoceros which had died revealed severe
meningo-encephalitis that was considered to be consistent with a diagnosis of clinical
trypanosomiasis. Laboratory analysis of blood samples provided positive
identification of T. brucei s.l. using the TBR-PCR and the GPI-PLC gene was
positively identified using the SRA-PCR. The only clinical signs observed in the
rhinoceros were depression and poor condition, although it was not examined by a
veterinary surgeon. Although the final cause of death may be attributed to
trypanosomiasis, it is not clear if it was a primary or secondary problem.
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Trypanosomiasis, including infection with T. brucei s.l., has been implicated in the
deaths of rhino post-translocation before (Clausen, 1981; Mihok et al., 1992; Mihok
et al., 1994).
Other factors having a significant effect on T. brucei s.l. prevalence included the
oversaturation of sample matrices, which has already been discussed in the section
on laboratory techniques, and the year of sampling. The year 2007 had a significantly
reduced likelihood of detecting samples positive for this trypanosome species, but
this is likely to be due to the large number of samples collected from species with a
low prevalence in NLNP in 2007. Unfortunately the data was inadequate to confirm
this through a multivariate analysis.
5.4.5.4

T. vivax prevalence

Host species was the only significant risk factor identified for infection with T. vivax.
The highest prevalence was detected in waterbuck and this was the only species with
a significant OR. A prevalence of infection of 50% or more has been identified in
waterbuck in two previous surveys in the Luangwa Valley (Keymer, 1969; Dillmann
& Townsend, 1979) with a slightly lower prevalence detected in the original work by
the Sleeping Sickness Commission (Kinghorn et al., 1913). Keymer considered the
morphology of the trypanosome detected to be unique to waterbuck and proposed
that it be known as T. vivax ellipsiprymni subspecies nov. (Keymer, 1969). Although
the classification of this subspecies is not widely accepted (Stevens & Brisse, 2005),
molecular evidence has recently indicated that the classification of the Duttonella
subgenus needs to be reviewed (Rodrigues et al., 2008).
Several other wildlife species carried a low level of T. vivax infections in this study
including buffalo, hippopotamus, reedbuck and one infection in a warthog. Although
infections have previously also been identified in bushbuck and greater kudu, none
was evident in this study (Dillmann & Townsend, 1979). The evidence would
therefore suggest that waterbuck are central to the epidemiology of T. vivax in the
wildlife populations of the Luangwa Valley.
.
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5.5

Conclusion

The prevalence of infection in warthog would not appear to be significantly greater
than that in the rest of the population. However, only a small number of species
sampled were significantly more likely to be detected as infected and the warthog is
likely to be a biologically important host species. An unidentified band detected at
650 bp using the ITS-PCR was significantly associated with this species and could
potentially be T. godfreyi. T. simiae Tsavo was also identified in warthog, and this is
the first published record of this trypanosome species in a mammalian host.
Host species is a significant risk factor for infection of wild animals with
trypanosomes and most of the variation in prevalence detected occurs at the species
level rather than the sub-family level. Other factors are likely to influence prevalence
including habitat preferences of the host and blood meal preferences of the vector.
Bushbuck, greater kudu, lion and waterbuck are the most significant overall hosts for
trypanosomes out of the wild animal species sampled in the survey. Greater kudu and
lion are the most significant hosts for T. congolense, bushbuck the most significant
for T. brucei s.l. and waterbuck the most significant for T. vivax. Buffalo are
susceptible to infection with T. b. rhodesiense and may be regarded as a new host for
this species of trypanosome. Leopards are susceptible to infection with trypanosomes
and may constitute part of the reservoir for T. brucei s.l. in the Luangwa Valley.
Oversaturation of sample matrices with blood may reduce the detectable
trypanosome prevalence and, using the protocol in this study, this effect is more
pronounced for T. brucei s.l.. The potential confounding effects of this should be
considered when designing surveys utilising sample collection by safari hunters.
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6 Chapter VI

Chapter VI
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6.1

Summary of work undertaken in this thesis

The objective of this thesis was to study the ecology of trypanosomiasis in the
Luangwa Valley, Zambia and to explore the role of wildlife species, and in particular
warthog, as reservoir hosts.
Chapter II of the thesis provided an historical context for conservation and
development in the Luangwa Valley and outlined the effect of trypanosomiasis on
protected area management. Chapter III explored the use of remotely sensed imagery
in a study of the vegetation units present in Luambe National Park. A land cover
classification of sufficient accuracy for use as a data layer in a geographical
information system (GIS) for management or research purposes was generated. This
data layer was then used in Chapter IV of the thesis to produce robust sampling
frames for surveys of tsetse flies and wild mammals in the park. Detailed
investigations were conducted into the factors determining both the prevalence of
trypanosomes in tsetse and the apparent density of tsetse. Estimates of the abundance
of potential tsetse host species were produced and the spatial distribution of warthog
burrows described. In Chapter V of the thesis the role of wildlife as reservoir hosts
for trypanosomiasis was examined. An extensive cross-sectional survey of wildlife
across the Luangwa Valley was conducted to estimate the trypanosome prevalence in
a wide variety of host species and to investigate risk factors for infection. The role of
the common warthog, Phacocoerus aethiopicus, was examined in detail. The main
conclusions drawn from each of the last three chapters are summarised at the end of
the discussion section for the relevant chapter.

6.2

The reservoir for trypanosomiasis in wildlife

6.2.1 The role of warthog in the trypanosomiasis reservoir
The overall trypanosome prevalence of 12.5% (95% CI: 5.18-24.07%) recorded in
warthog in this study was intermediate in the range detected for the different species
of wildlife sampled. Several other species had a significantly greater prevalence of
infections than warthog and on this basis the prevalence results alone would not

Chapter VI

344

support the hypothesis that the warthog is a significant reservoir host. However, the
wide distribution of hosts clearly indicates that the trypanosomes present are
genuinely multi-host parasites. The reservoir for the disease, therefore, is the
community of species that forms the epidemiologically connected population in
which the trypanosome parasites can be maintained and transmitted (Haydon et al.,
2002). The warthog should be viewed as just one component of this community.
The likelihood of transmission is critical to the maintenance of infection in multihost communities (Fenton & Pedersen, 2005) and therefore prevalence alone may not
be indicative of the relative importance of a particular host species. The results of the
ground transect survey in Luambe National Park (LNP) indicate that the warthog is
one of the more abundant species in the Luangwa Valley. The density of hosts
recorded in LNP is likely to be more similar to the density in game management
areas (GMAs) than the density in other national parks and these GMAs cover the
greater part of the Luangwa Valley. The evidence from other studies would also
suggest that warthog are one of the species most frequently fed on by tsetse,
especially Glossina morsitans species (Weitz, 1963; Clausen et al., 1998). The study
in LNP provided evidence of a close ecological link between G. m. morsitans tsetse
and warthog through the incident density ratios (IDR) estimated for each vegetation
unit and the warthog burrow distribution. If this association is considered together
with the host preference and significantly elevated prevalence of trypanosomes
detected in G. m. morsitans in this study, then the intermediate prevalence detected
in warthog would make the species a biologically important component of the
reservoir community. The opportunity to transmit trypanosomes, which would be
very difficult to measure in a field experiment, is likely to be high even if infection
rates are greater in other host species.

6.2.2 The trypanosome reservoir community
From the evidence produced in this thesis it is clear that there is an extensive
community of hosts that forms the reservoir for trypanosomiasis in the Luangwa
Valley. Some of these have been identified by previous surveys (Kinghorn et al.,
1913; Keymer, 1969; Dillmann & Townsend, 1979) and some are reported for the
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first time. The detection of T. b. rhodesiense in a Cape buffalo, Syncerus caffer,
represents the identification of a new host for the human infective parasite. The
detection of T. brucei s.l. in two samples collected from leopard, Panthera pardus,
reveals for the first time that this species may form part of the reservoir community.
Many other species form part of the host community and the most important of these
are described below for each trypanosome species, both in terms of the prevalence
detected and the ecology of the host.
The most significant host species for T. brucei s.l. in the Luangwa Valley would
appear to be the bushbuck (Tragelaphus scriptus). The bushbuck is one of the
preferred hosts for G. pallidipes (Clausen et al., 1998) and is a sedentary host living
within dense thickets, presenting plenty of opportunity for the transmission of
trypanosomes between host and vector. Its potential to maintain foci of infections has
already been proposed (Allsopp, 1972) and it seems plausible that this transmission
cycle is the most important in the Luangwa Valley. Previous surveys in the Luangwa
Valley have also identified infection in the bushbuck, but would also suggest that the
carnivores and waterbuck (Kobus ellipsiprymnus) may also form components of the
host community (Kinghorn et al., 1913; Dillmann & Townsend, 1979). From this
study it would appear that both lion (Panthera leo) and leopard are capable of
supporting a moderate prevalence of T. brucei s.l. infection and there may be a
secondary transmission cycle involving the carnivores. It has been proposed that
carnivores may become infected directly from the consumption of infected prey
(Baker, 1968) and, although these species spend much of the day lying in dense
thicket, they do not account for a high proportion of tsetse blood meals (Clausen et
al., 1998). Therefore, they may not be very significant in the transmission of
trypanosomes to other hosts despite having a moderate prevalence of infection. The
precise contribution of the waterbuck to the transmission of T. brucei s.l. is unclear,
although the high prevalence detected in this study and others (Kinghorn et al., 1913;
Dillmann & Townsend, 1979) suggests they are highly susceptible to infection.
The reservoir community for T. congolense would appear to include many species
with the Bovidae most commonly represented. Again, two separate transmission
routes would appear to occur, one involving many of the ungulate species that are
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regularly fed on by tsetse and a second one involving the carnivores and possible oral
transmission. Of the ungulates, a significant prevalence was detected in this study in
greater kudu, with moderate levels of infection in warthog and bushbuck. Both
greater kudu and bushbuck are preferred hosts for G. pallidipes (Clausen et al., 1998)
and are sedentary hosts living largely in thicket or dense woodland, which is the
prime habitat for this species of tsetse. This contrasts with the situation regarding
warthog described above, whereby a close ecological association with G. m.
morsitans was demonstrated. A significant prevalence of infection was detected in
lion in this study, but, as with T. brucei s.l, it is doubtful that they form an important
component of the reservoir community in terms of disease transmission. Previous
surveys of the Luangwa Valley would support the host distribution patterns reported
in this study and indicate that there is a wider host distribution for T. congolense
compared with the other trypanosome species (Kinghorn et al., 1913; Keymer, 1969;
Dillmann & Townsend, 1979).
It is less easy to draw conclusions about the epidemiology of T. vivax infections in
wildlife as the overall prevalence detected was much lower. Waterbuck was the only
species with a significantly greater prevalence than warthog, but their contribution to
the transmission of infection is less clear. They may be locally abundant, but overall
densities are not high and they are rarely fed on by tsetse (Clausen et al., 1998).
However, they occupy a niche environment on the fringes of thicket and woodland
and are clearly very susceptible to infection with all three trypanosome species. It has
been postulated that their high susceptibility to infection has resulted from the fact
that they are rarely challenged by infected tsetse bites (Leak, 1998), but the same can
be said for many other species in which low infection rates are detected. A moderate
prevalence with T. vivax was also detected in the more abundant buffalo, with
occasional infections in other ungulates. Previous surveys have suggested that
bushbuck and greater kudu are also capable of supporting T. vivax infections
(Keymer, 1969; Dillmann & Townsend, 1979) and agree with the high levels of
infection detected in waterbuck (Kinghorn et al., 1913; Keymer, 1969; Dillmann &
Townsend, 1979). Therefore, although the epidemiological picture is less clear for
this species of trypanosome, it is likely that a transmission cycle involving the
bovinae sub-family is the most important component of the reservoir.
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When the results of this thesis are compared with the three main surveys previously
conducted in the Luangwa Valley (Kinghorn et al., 1913; Keymer, 1969; Dillmann &
Townsend, 1979), a picture of epidemiological stability emerges. The pattern of
infections in wildlife today would appear to be remarkably similar to those recorded
by the Sleeping Sickness Commission nearly 100 years ago. This is in keeping with
the consistent land use patterns in much of the Luangwa Valley over this period,
despite an increase in the human population. All the surveys, however, have been
cross-sectional surveys which by nature capture only a snap-shot in time and may
potentially under-estimate the true prevalence in the population (Cox, 2007).
Although a longitudinal survey is necessary to demonstrate the persistence of a
pathogen in a reservoir (Haydon et al., 2002) this is not normally possible in surveys
of free-ranging wildlife.

6.2.3 Factors influencing the epidemiology of trypanosomiasis
The work conducted in this thesis indicates that wild animal host species is a
significant risk factor for infection with trypanosomes. However, biological systems
are often highly complex and it is clear that the infection rates in wildlife hosts
depend on many other factors in addition to host species. The habitat occupied by the
host is also a significant factor with sedentary hosts living in a dense vegetation
habitat significantly more likely to become infected. With the notable exception of
lion, all the reservoir hosts with a high prevalence of infection in this study spend
most of their time in a closed vegetation habitat suggesting that tsetse challenge is an
important factor. The importance of the sedentary nature of the hosts is most likely
explained simply in terms of the proportion of time spent in areas of high tsetse
challenge. Close ecological links have evolved between some of these species and G.
pallidipes which thrive in the habitat (Allsopp, 1972). The migratory habits of
wildlife species have been cited as potentially important factors in the epidemiology
of human sleeping sickness in the northern Luangwa Valley (Buyst, 1977) and they
are likely to be important in the dissemination of infection to new areas (Allsopp,
1972). Unfortunately, the inaccessibility of large parts of the Luangwa Valley during
the rains, when wild animal populations are more dispersed, meant that field work
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could only be conducted during the dry season in this study. Published host
preferences of tsetse (Clausen et al., 1998) were also revealed to have a significant
effect on trypanosome prevalence, a factor that is likely to reflect host availability as
well as behavioural differences.
The results from the tsetse survey would suggest that it is not only in wildlife hosts
that species is a significant risk factor for infection. In this study, G. m. morsitans
species of tsetse were significantly more likely to be detected as infected with
trypanosomes than G. pallidipes. This difference may reflect physiological
differences in the susceptibility to trypanosomes, behavioural differences or
ecological differences in the conditions within their niche habitats. Differences in the
distribution and density of the two tsetse species were observed in the study and this
could affect host availability. Not surprisingly G. pallidipes were more commonly
sampled in the dense riverine woodland and thicket habitats, whereas G. m.
morsitans were more commonly sampled in the more open Combretum-Terminalia
woodland. Mopane woodland appeared to be a suitable habitat for both species.
Previous investigations into the prevalence of trypanosomes in tsetse in the Luangwa
Valley have only concentrated on one species and have not reported any difference in
vectoral capacity (Clarke, 1969; Woolhouse et al., 1994). However, as the results of
this study may be reflective of the local ecological conditions, caution should be
exerted before extrapolating them to other areas of the Luangwa Valley.
The precise role that fire might play in the ecology of trypanosomes is not clear as,
although it would appear to significantly increase the prevalence of trypanosomes in
tsetse, it also significantly reduces the apparent density of tsetse suggesting that the
transmission of trypanosomes could be reduced in affected areas. Records suggest
that bush fires have always been prevalent in the Luangwa Valley (Marks, 1984;
Astle, 1999) and in recent times widespread annual burning has taken place
frequently, especially in the GMAs (Yang & Prince, 2000). Many of these fires occur
in the late dry season when the heat generated is likely to damage mature woodland
and may favour the establishment of fire-resistant Combretum species. Anecdotal
evidence would suggest that warthog are one of the species which commonly graze
on areas that have recently been burnt (Cumming, 1975). The ecological effects of
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fire, therefore, appear to be both complex and profound and are not limited simply to
the more obvious effects on the vegetation.

6.2.4 Application of novel molecular techniques
The use of the multispecies ITS-PCR offered several advantages over conventional
techniques that require the use of an individual species-specific PCR for each
trypanosome species. It is a more efficient and cost-effective approach with reduced
laboratory processing time, but more significantly it presents the opportunity to
detect new or previously unrecognised trypanosome species. This is particularly
beneficial in a wildlife population where the lack of baseline data (Deem et al., 2001)
means that the potential range of pathogens may be unknown. Indeed, the use of the
multispecies ITS-PCR in this study has raised some interesting questions. In
particular, the significance of the band at 650 bp that appears most likely to be T.
godfreyi is worthy of further investigation. If this is indeed T. godfreyi, then the
actual overall trypanosome prevalence in warthog in the Luangwa Valley would be
substantially higher than that reported in this study. The majority of warthog samples
containing this band were detected in the samples collected from North Luangwa
National Park where it was detected in 12 out of 30, or 40%, of samples collected
there. Clearly there is much potential to investigate these findings further as this
would be the first identification of T. godfreyi in a mammalian host as well as in
what is believed to be its natural host species (McNamara et al., 1994). The findings
would also suggest that the host distribution is not limited to the Suidae and that
many other species may form a part of the reservoir. The identification of T. simiae
Tsavo in two cloned sequences from warthog is the first published identification of
this species in a mammalian host and this parasite would also appear to occur in
other host species.
However, the difficulties in the interpretation of the results between 700 bp and 1000
bp identified in this study suggest that further work is required before the ITS-PCR is
used as a standard screening test for trypanosomiasis in wildlife populations. The fact
that the results for T. congolense species, T. brucei s.l. and T. vivax only were
considered reliable enough to use in this analysis limited the intended scope of the
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study. Recent studies have suggested that T. vivax isolates show much genotypic
variation (Rodrigues et al., 2008) and it is possible that not all T. vivax infections
were detected using the published band sequences for the ITS-PCR. The SRA-PCR
provided positive identification of a new host (Cape buffalo) for T. b. rhodesiense
and no problems were identified with its use as a screening test. The low detectable
prevalence, however, means that investigation of the reservoir for the human parasite
continues to be challenging.

6.3

The wildlife / livestock / human interface in the Luangwa
Valley

From the evidence provided in the second chapter in this thesis it is clear that there
has been minimal contact between livestock and wildlife in the Luangwa Valley in
the past. The wildlife / livestock interface has been largely confined to the plateau
areas with very low densities of domestic animals kept nearer the valley floor, except
for a brief period after the rinderpest outbreak in the late 19th century.
Trypanosomiasis in the Luangwa Valley has therefore been limited to the wildlife
population with sporadic cases and occasional outbreaks in the human population
(Rickman, 1974; Buyst, 1977; Dukes et al., 1983). The development of a new
interface in Msoro and Mambwe Districts of the central Luangwa Valley represents a
significant departure from the historical situation, with ramifications both for
trypanosomiasis transmission and that of other infectious diseases.
It has been demonstrated that changes in ecosystems result in ecological
consequences for the organisms living within them (Kock, 2005b). Similarly,
landscape changes may alter the dynamics of endemic disease and drive the
emergence of new diseases (Patz et al., 2004). The development of new interfaces in
particular, has been identified as an important factor in disease transmission across
the wildlife / livestock / human interface (Bengis et al., 2002). The introduction of
domestic livestock to the Luangwa Valley is therefore likely to alter the level of
endemic disease transmission, as well as increasing the risk for epidemic disease and
disease emergence.
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A recent investigation into the prevalence of trypanosomiasis in domestic livestock at
the site of this new interface in Msoro District, revealed infection rates of 33.3% in
cattle, 20.9% in pigs, 27.6% in sheep and 10.2% in goats (Mubanga, 2008). Although
the laboratory protocol differed slightly from that used in this study, the same
multispecies ITS-PCR was used. The high prevalence would suggest that disease is
widespread, despite the use of chemoprophylaxis supported by grants from the
African Development Bank. It must therefore be of concern as to what will happen to
trypanosomiaisis transmission when this support ends and it remains to be seen how
sustainable this development will be. It is probable that the new cattle population in
the Luangwa Valley will, if it has not already, become part of the reservoir
community for T. b. rhodesiense and the risk of this happening is highlighted by its
close proximity to the location where the parasite was detected in a buffalo in this
study.

6.4

Recommendations for the management of the protected
areas of the Luangwa Valley

Poverty has been identified as the single most important constraint to the protection
of the environment (Kock, 2005a). In the Luangwa Valley, poor food security has
also been linked to increased levels of poaching (Lewis, 2005b). As the main
capacity for revenue earning and food production for most of the inhabitants of the
Luangwa Valley is through agriculture (Wainwright & Wehrmeyer, 1998; Astle,
1999), it is clear that some degree of agricultural development is essential if
improvements in environmental stewardship and the conservation of wildlife are to
be made. The major challenge appears to be how agricultural development can be
propagated in a way that will not result in the same loss of biodiversity that it is
intended to prevent.
In order for the long term environmental sustainability of the Luangwa Valley to be
safeguarded, ecosystem health and the services provided must be maintained. As
discussed in the first chapter of this thesis, the maintenance of biodiversity is central
to achieving this and must be the cornerstone of any development programmes. A
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recent study demonstrating the valuable and complimentary role that multiple land
use areas can play alongside that of strictly protected areas (Gardner et al., 2007)
suggests that maintenance of biodiversity and agricultural development do not need
to be mutually exclusive. The promotion of environmentally sustainable conservation
farming practices alongside improved marketing for products has already proved to
be successful in the Luangwa Valley (Lewis, 2005a). Future development
programmes should therefore be based on sustainable farming methods utilising
crops that enhance food security without damaging the environment, rather than on
cash crops such as cotton and tobacco. More importantly, these programmes must be
part of an integrated holistic approach to ecological health that addresses all aspects
of conservation medicine including human health, animal health, ecology,
conservation biology and anthropology as well as agricultural science. If this
approach is followed there is no reason why agricultural development needs to
conflict with the ideals of conservation.
Controversy remains, however, over the role of domestic livestock in the
development of the Luangwa Valley. The results of this thesis would suggest that the
reservoir community for trypanosomiasis in the Luangwa Valley is vast and that any
control measures aimed at this reservoir are unlikely to be successful.
Chemoprophylaxis, as is currently being carried out in Mambwe and Msoro Districts,
and insecticidal treatment of cattle are unlikely to provide adequate control of
trypanosomiasis in the face of such a large reservoir in wildlife. Similarly, targeted
measures against individual wildlife species are unlikely to be rewarding due to the
multiple host nature of the reservoir. Control measures, therefore, would need to be
directed at the vector and this requires a regional approach to be most effective
(Allsopp, 2001). Aerial spraying has been successfully conducted elsewhere, most
notably in the Okavango Delta in Botswana, but the cost of such a programme in the
Luangwa Valley would at present appear to be prohibitive and the political
cooperation necessary for such a project difficult to achieve. Small scale community
projects utilising more environmentally sensitive insecticidal targets, therefore, offer
the best option at present for controlling trypanosomiasis in the Luangwa Valley. The
human density is too low in most of the valley to modify the environment
sufficiently to reduce the tsetse challenge and this will remain the case for the
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foreseeable future. Consequently, it remains likely that trypanosomiasis will continue
to be a limiting factor for livestock keeping in the Luangwa Valley.
However, another compelling argument against the promotion of livestock keeping
as a land use option for the Luangwa Valley is provided by the environmental
extremes experienced in the valley. The long dry season followed by periods of
extreme heat make it a harsh environment for animals to survive in. Droughts are
common and are expected to become more so if present predictions about global
warming turn out to be correct. Domestic livestock, and in particular cattle, are
poorly adapted to survive in these conditions and would have to survive the added
challenge posed by predation. The introduction of livestock into the valley could also
create social divisions and further marginalise the indigenous valley residents who
have developed their own systems of survival, without livestock keeping, unique to
the Luangwa Valley. Traditional mixed Zambian agriculture, then, does not appear to
be appropriate for the marginal habitat found in the Luangwa Valley.
The introduction of large numbers of livestock would also pose a disease threat to the
wildlife population. Bovine tuberculosis in particular has created significant
problems in many wildlife populations and, once established, is virtually impossible
to eradicate (Renwick et al., 2007). Much is made about the transmission of disease
from wildlife to domestic livestock, but transmission also occurs in the opposite
direction (Bengis et al., 2002). As it seems likely that wildlife based industries will
remain the primary land use activity in the Luangwa Valley, it is critical that
effective monitoring and controls over the movement of livestock into the valley are
implemented by regional Veterinary Departments. At present there is no formal
disease monitoring programme in either wildlife or livestock and such a scheme
should form the cornerstone of an integrated development programme for the valley.
Concern has been expressed about the over-reliance of Community Based Natural
Resource Programmes on safari hunting as a revenue generator. Although unrivalled
in its potential to generate income with minimal impact on the environment, this is
only the case if it is adequately regulated. Present mechanisms for monitoring and
regulation appear to be failing and it is questionable how sustainable current quotas
are, particularly of flagship species such as lion. The large sums of money involved
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in the industry also leave it open to allegations of corruption and bribery (Musumali
et al., 2007). A better long term solution might be to have a system of zoning in the
Game Management Areas, whereby safari hunting is separated from eco-tourism and
agricultural activities, but remains a major land use activity. Eco-tourism should be
promoted more strongly in the Luangwa Valley and the Trans Frontier Conservation
Area initiative used to maximise the benefits. Schemes that reward individual
enterprise should be encouraged to avoid the negative long term effects of creating a
dependency culture. The cultural significance of hunting to the local communities
should also be considered in any development programmes and consideration given
to providing traditional hunting rights to valley residents.
Finally, as part of an integrated approach to development as described above, the
provision of free medical facilities in the Luangwa Valley must be improved. Disease
and malnutrition places a significant burden on the human population with many
travelling long distances without transport to seek medical attention. A strengthening
of the medical support is likely to have the biggest short term impact of all the
measures described above on the quality of life of valley residents. Human sleeping
sickness is readily treatable if diagnosed early enough, but diagnoses are rarely, if
ever, made within the valley and it is often too late by the time regional hospitals are
reached. Education of valley residents about the disease is also necessary to remove
some of the ‘morbid mystique’ that still surrounds it.
The pursuit of ecological health, therefore, should be the primary objective for
managers of the protected areas of the Luangwa Valley. Land use options based on
the conservation of wildlife alongside the promotion of sustainable farming methods
should provide the basis of development programmes. The precautionary principle
should be applied to ecological monitoring so that remedial action is taken before the
damage to ecological health is irreversible (Wainwright & Wehrmeyer, 1998). The
lack of contact between wildlife and domestic livestock in the historical Luangwa
Valley is an increasingly uncommon situation for wildlife populations in Africa as
rapidly expanding human populations result in development and encroachment of
protected areas (Bengis et al., 2002; Kock, 2005b). The Luangwa Valley ecosystem
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is therefore a hugely valuable asset to the country both in terms of its economic value
and its ecological value and every effort should be made to maintain this asset.

6.5

Future work

1. Research into the trypanosomiasis reservoir in wildlife:
Potential changes in the epidemiology of trypanosomiasis resulting from the
expanding interface in the central Luangwa Valley should be closely monitored and
attempts made to prevent the cattle population from becoming a component of the
reservoir community for T. b. rhodesiense. Investigations should be conducted into
the prevalence of T. godfreyi in the wildlife population. The molecular sequences of
the ITS region of trypanosomes isolated from wildlife should be characterised
further.
2. General disease monitoring of the wildlife and domestic animal population:
This should be prioritised and could be strategically targeted around areas where
there is an interface between wildlife and livestock. In particular, efforts should be
made to prevent the introduction of bovine tuberculosis into the Luangwa Valley
from cattle or wildlife introduced from other areas. Disease monitoring should
include wild animals translocated as part of the Malawi / Zambia Transfrontier
Conservation Area project.
3. Research into ecologically sustainable farming techniques:
Research efforts should be directed at how to improve the efficiency of conservation
farming techniques. These efforts should focus on improvements to systems already
in use by the valley residents and on improving the uptake of sustainable techniques.
4. Improvements to the GIS data layers available for the Luangwa Valley:
Efforts should be made to improve the availability and accuracy of GIS data layers
available for the Luangwa Valley. Specifically, the accuracy of the boundary layers
for the national parks and game management areas should be assessed and improved
where necessary.
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5. Research into the ecological effects of fire:
In depth research should be conducted into the effects that annual burning of large
areas has on the whole ecosystem, not just the vegetation and mammal components.

Chapter VI

357

Appendices

Appendices

358

Appendix I
Species
Baboon
Buffalo
Bushbuck
Bushpig
Civet
Crocodile
Duiker, Common
Eland
Elephant
Genet
Grysbok
Hartebeest
Hippopotamus
Hyaena
Impala
Klipspringer
Kudu
Leopard
Lion
Monkey Vervet
Oribi
Puku
Reedbuck
Roan Antelope
Sable Antelope

Appendices

Non-resident hunting quotas for the Luangwa Valley (Source: ZAWA, 2007)
Upper
Lupande
10
30
8
2
2
10
4
5
4
2
2
12
6
25
2
8
5
5
5
15
2
-

Luembe
10
10
8
2
6
2
5
2
8
4
12
3
6
4
3
4
2
-

Lower

Msoro

Lupande

Lupande

10
28
12
2
2
15
2
4
4
16
10
20
2
10
4
4
5
16
-

10
8
5
2
2
2
4
2
2
5
6
2
5
1
1
4
2
-

Mwanya

Nyaminga

Chanjuzi

Chifunda

Luawata

Nyampala

Mukungule

Total

14
20
12
1
12
4
3
1
3
2
18
10
18
6
5
5
15
1
2
-

8
14
6
2
2
12
5
2
2
4
2
10
4
14
6
2
2
10
2
2
-

8
16
6
2
2
10
5
3
2
5
2
12
8
16
5
3
3
2
15
1
2
-

6
20
12
4
10
5
2
5
2
16
8
20
10
5
5
15
2
-

6
22
8
2
10
2
4
3
2
10
4
16
7
5
5
14
2
-

6
32
10
2
3
10
2
5
4
2
16
10
20
2
9
5
5
12
2
-

5
10
3
4
3
2
2
3
4
10
2
3
3
3
3
2
3
2

93
210
90
24
14
95
36
26
12
5
37
18
123
73
177
13
75
42
41
17
2
116
6
21
2
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Species
Warthog
Waterbuck,
Common
Waterbuck,
Defassa
Wildebeest,
Cooksons
Zebra
Total

Appendices

Upper
Lupande

Luembe

Lower

Msoro

Lupande

Lupande

Mwanya

Nyaminga

Chanjuzi

Chifunda

Luawata

Nyampala

Mukungule

Total

8

8

8

4

8

6

8

8

10

8

6

82

4

4

5

-

-

4

3

6

3

6

-

35

-

-

-

-

4

-

-

-

-

-

-

4

3

-

-

-

-

6

6

12

12

13

-

52

7
186

4
107

7
186

4
71

7
171

4
131

5
150

7
180

8
155

10
194

4
77

67
1608
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Appendix II

Taxonomic classification of wildlife species
(Wilson and Reeder, 2005)

Family

Sub-family

Genus

Species

Common Name

Canidae

N/A

Lycaon

Pictus

African
dog†

Elephantidae

N/A

Loxodonta

Africana

African savanna
elephant

Rhinocerotidae

N/A

Diceros

Bicornis

Black rhino

Bovidae

Bovinae

Tragelaphus

Scriptus

Bushbuck

Bovidae

Bovinae

Syncerus

Caffer

Cape buffalo

Bovidae

Cephalophinae

Sylvicapra

Grimmia

Grey duiker

Bovidae

Bovinae

Taurotragus

Oryx

Common eland

Suidae

N/A

Phacocoerus

Africanus

Common
warthog

Bovidae

Reduncinae

Kobus

Ellipsiprymnus

Common
waterbuck

Bovidae

Alcelaphinae

Connochaetes

Taurinus cooksoni

Cookson’s
wildebeest

Bovidae

Bovinae

Tragelaphus

Strepsiceros

Greater kudu

Hippopotamidae

N/A

Hippopotamus

Amphibius

Hippopotamus

Bovidae

Aepycerotinae

Aepyceros

Melampus

Impala

Felidae

Pantherinae

Panthera

Pardus

Leopard

Bovidae

Alcelaphinae

Alcelaphus

Lichtensteinii††

Lichtenstein's
hartebeest

Felidae

Pantherinae

Panthera

Leo

Lion

Crocodilidae

N/A

Crocodylus

Niloticus

Nile crocodile

Equidae

N/A

Equus

Quagga boehmi

Plains zebra

Bovidae

Reduncinae

Kobus

Vardonii

Puku

Bovidae

Hippotraginae

Hippotragus

Equinus

Roan antelope

Bovidae

Antilopinae

Raphicerus

Sharpei

Sharpe’s
grysbok

Bovidae

Reduncinae

Redunca

Arundinum

Southern
reedbuck

Hyaenidae

N/A

Crocuta

Crocuta

Spotted hyaena

Giraffidae

N/A

Giraffa

Camelopardalis
thornicrofti

Thornicroft
giraffe

Cercopithecidae

Cercopithecinae

Cercopithecus

Aethiops

Vervet monkey

painted

† Also referred to as African wild dog or Cape hunting dog by some authors
†† Also classified as Sigmoceros lichtensteinii by some authors
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