




















































































































































































































































































































































































































































































































































































































































































































































































































































Riries Farm, 29 km NW Kuruman (27° 19'S, 23° ll'E); Risler Farm 30, Maclear 
(30° 46' S, 28° 17' E); Rodeseput, 44 km NE Brandvlei (30° 11' S, 20° 48' E); 
Roodewal Farm 96, Aliwal North (30° 24'S, 26° 43'E); Rooidam, 10 km N 
Windsorton (28° 14'S, 24° 43'E); Roseglen, 76 km WNW Griekwastad (28° 47'S, 23° 
29'E); Ruford Elanor River Valley, Uitenhage (33° 46'S, 25° 24'E); Schuitklip 
Farm, 42 km NE Pofadder (28° 51'S, 19° 42'E); Sevenweeks Pass (26° 35'S, 22° 
52'E); Skoorsteenmantel Farm 20, Jamestown (31° 07'8, 26° 48'E); Slang Gat Lad 
Farm, 2.8 km N, 25.6 km W Ladismith, Ladismith District (33° 28'S, 20° 59'E); 
Snowhill Farm 206, Dordrecht (31° 22'S, 27° 03'E); Sterkstroom Farm, 70 km N 
Williston (30° 42'S, 21° Ol'E); Steytlerville, 11.8 km N, 2.5 km E, 
Steytlerville District (33° 13'S, 24° 22'E); Steytlerville, 9.6 km N, 5.0 km 
E, Steytlerville District (33° 15'S, 24° 24'E); Steytlerville, 8.5 km N, 3.0 
km E, Steytlerville District (33° 15'S, 24° 23'E); Steytlerville, 1.7 km N, 
11.1 km E, Steytlerville District (33° 19'S, 24° 28'E); Strydenburg, 21.9 km 
N, 5.1 km W, Hopetown (= Hopetuin) District (29° 45'S, 23° 38'E); Strydenburg, 
18.7 km N, 7.6 km W, Hopetown (= Hopetuin) District (29° 46'S, 23° 36'E); 
Sunnyside Farm, 14 km N Copperton (29° SO'S, 22° 21'E); Sutherland (32° 23'S, 
20° 40'E); Sutherland, 12 mi (32° 23'S, 20° 41'E); Swartberg Forest Reserve, 
13.9 km S, 7.4 km W Prince Albert, Prince Albert District (33° 21'S, 21° 
57'E); Swartberg Forest Reserve, 12.6 km S, 0.2 km E Prince Albert, Prince 
Albert District (33° 20'S, 22° 02'E); Swartberg Forest Reserve, 13.3 km S, 5.7 
km W Prince Albert, Prince Albert District (33° 21'S, 21° 58'E); Sydney on 
Vaal Farm, 4 km SW Delportshoop (28° 27'S, 24° 17'E); Takoon Bantu Reserve, 22 
mi NW Lykso ( 2 7° 05' S, 23° 59' E) ; Tambookies Vlei, Stockenstrom ( = 
Stockenstroom) (32° 30'S, 26° 45'E); Tanbosleegte, SE Cradock (32° lO'S, 
25.40'E); Tierkop Farm, 17 km SSW'Kuruman (27° 37'8, 23° 23'E); Traveller's 
Rest, 18 mi NE Clanwilliam (32° 04'S, 19° 05'E); Tshidilamolomo (25° SO'S, 24° 
41'E); Twee Rivieren, K.G.N.P. (= Kalahari Gemsbok National Park) (26° 27'S, 
20° 34'E); Uniondale, 12 km WNW, Kammanassie (33° 37'S, 22° 54'E); Uniondale, 
3.8 km N, 3.4 km E, Uniondale District (33° 37'S, 23° lO'E); Upington, 6 mi on 
Prieska Road (28° 26'S, 21° 14'E); Van der Merwesrus, 33 km NW Bray (25° 19'S, 
23° 25'E); Veldblom Nature Reserve (31° 20'S, 19° lO'E); Venture Farm 139, 
Aliwal North (30° SO'S, 26° 50'E); Verwoerd, H. F. Dam Island (30° 36'S, 25° 
35'E); Victoria West, 1.9 mi N, 1.8 mi E, Victoria West District (31° 22'S, 
23° 09'E); Victoria West, 7 mi N, 1.5 mi E, Victoria West District (31° 23'S, 
23° 09'E); Victoria West, 13.1 km N, 4.0 km E, Victoria West District (31° 
17'S, 23° 09'E); Vinci Farm, 12 km NE Postmasburg (28° 15'S, 23° 09'E); 
Vissersvillele, 25 km SW Kenhardt (29° 23'S, 20° 54'E); Vlaktefontein Farm 51, 
Lady Grey (30° 42'S, 26° 59'E); Vogelfontein Farm, 12 km SSW Campbell (28° 
54'S, 23° 39'E); Voorspoed, 17.8 km S, 36.6 km W Williston, Calvinia District 
(31° 30'S, 20° 32'E); Vredendal, State Land, 10,7 km S, 26.9 km W Vredendal 
District (31° 46'S, 18° 13'E); Vrisgewaagd Farm 152, 5.7 km S, 13.5 km W 
Prince Albert, Prince Albert District (33° 17'S, 21° 53'E); Vryburg (26° 57'S, 
24° 44'E); Waaikloof Farm 333, 1.1 km N, 20.4 km E Worcester, Worcester 
District (33° 38'8, 19° 40'E); Waterford Farm, 13 km NNE Hopetown (= Hopetuin) 
(29° 36' S, 24° 05' E); Witput Farm, 12 km NW Campbell (28° 43' S, 23° 39' E); 
Witsand Farm, 63 km SW Postmasburg (28° 30'S, 22° 29'E); Witwater Plateau, 
Kamiesberg (30° 28' S, 18° 05' E); Wolseley (32° 25' S, 19° 12' E); Wonderwerk 
Farm, 44 km SSE Kuruman (27° 52'8, 23° 33'E); Woodstock Farm, 10 km SW Kuruman 
(27° 34'S, 23° 22'E); Wynberg, Alphen (34° OO'S, 18° 28'E); Zeekoebaard Farm 
306, 28 km SE Groblershoop (29° 03'S, 22° 13'E); Zoetvlei (= Soetvlei), 
Vryburg (27° OS'S, 24° 13'E). FREE STATE: Alfa Farm 4, Ladybrand (29° 15'S, 27° 
20' E); Alleman' s Drift Farm 37, Philippolis (30° 33' S, 25° 23' E); 
Allemanskraal, W Pretorius Reserve (28° 18'S, 27° 09'E); Alma, subdivision 1 
of Glen Aspen Farm 1389, Frankfort (27° 15'S, 28° 35'E); Asem Farm 371, 
Senekal (28° 20'S, 27° 40'E); Bakenfontein, Windburg (= Winburg) (28° 32'8, 27° 
01' E). 
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Bellevue Farm 1416, Bethlehem (28° 14'S, 28° 18'E); Bethulie (30° 29'S, 25° 
58'E); Braklaagte, Parys (26° 57'S, 27° 37'E); Bloemfontein (29° 07'S, 26° 
13'E); Brandfort Municipal Commonage (28° 42'S, 26° 28'E); Coalbrook Station 
(26° 00'S, 27° O0'E); De Berg Farm 453, Dewetsdorp (29° 40'S, 26° 40'E); De 
Poort Farm 378, Ventersburg (28° l0'S, 27° l0'E); Donkerpoort Farm 218, 
Weppener (29° 3l'S, 27° 03'E); Driehoek Farm 218, Luckoff (= Luckhoff) (29° 
45' S, 24° 47' E); Eendrag, Bethulie (30° 25' S, 25° 25' E); Eureka Farm 674, 
Senekal (27° 00'S, 27° 00'E); Fish Eagle, Orange Free State (= Free State) 
Peninsula (30° 38'S, 25° 38'E); Golden Gate Highland Park (28° 28'8, 28° 38'E); 
Hartbeeshoek Farm 115, Zastron (30° 15'8, 27° lO'E); Hertzogville on Hoopstad 
Road (28° OB'S, 25° 30'E); Hexrivier Farm 405, Reddersburg (29° 35'S, 26° 
15'E); Hobhouse (29° 32'8, 27° 09'E); Kleinfontein Farm 202, Bethulie (30° 
l0'S, 26° 53'E); Koeberg Farm 1663, Clarens (28° 31'8, 28° 25'E); Koele Farm 
97, Thaba Nchu (29° l0'S, 26° 55'E); Kommetjiesfontein Farm 798, Springfontein 
(30° 00'S, 25° 00'E); Koppiesdam Farm 473, Petrusburg (29° 07'S, 25° 25'E); 
Kraaifontein Farm 109, Rouxville (30° 25'8, 26° 40'E); Larala, Senekal (28° 
20' S, 27° 40' E); Lestoana Stad, Fourisburg (= Fouriesberg) (28° 30' S, 28° 
l0'E); Leeukop Farm 105, Dewetsdorp (29° 40'8, 26° 40'E); Lemoenboord, 
Philippolis (30° 00'S, 24° 00'E); Lockshoek Farm 192, Jagersfontein (29° 43'S, 
25° 34'E); Malutizight Farm 565, Ficksburg (28° 00'S, 28° OO'E); Middelbron 
Farm 501, Philippolis (30° 15'8, 25° 15'E); Mooifontein Farm 368, Reddersburg 
(29° 39'S, 26° l0'E); Mooihoek Farm 130, Harrismith (28° 17'S, 29° OB'E); Mount 
Brand Farm 278, Bethulie, Springfontein (30° 16'8, 25° 42'E); Northend Farm 
75, Ficksburg (28° 53'S, 27° 53'E); Nova Farm 667, Ladybrand (29° 12'S, 27° 
27'E); Prarie Farm 576, Smithfield (30° OS'S, 26° 30'E); Preezfontein Farm 
(29° 48'8, 25° 23'E); Roodepoort Farm 105, Edenberg (= Edenburg) (29° 40'S, 25° 
50'E); Rosendal Farm 364, Ladybrand (29° 15'8, 27° 20'E); Rotondo Farm 1046, 
Rouxville (30° 25'S, 26° 50'E); Sebastopol Farm 51, Zastron (30° 18'S, 27° 
05'E); Spitskop Farm 398, Fauresmith (29° 39'S, 25° 49'E); Strathearn Farm 
396, Thaba Nchu (29° 13'S, 26° 55'E); Summerslie Farm 350, Harrismith (28° 
17'S, 29° 08'E); Versamelkop Farm 68, Ladybrand (29° 00'S, 27° OO'E); Vierkant 
Farm 798, Brandfort (28° 40'S, 26° 20'E); Wittekoppies Farm 169, Vredefort 
(27° OS'S, 27° 30'E); Zyferfontein, Parys (26° 54'S, 27° 27'E). KWAZULU-NATAL: 
Abercorn Port, Site Bl, Usutu River Park (26° 5l'S, 32° 42'E); Albert Falls 
Nature Reserve (29° 26'S, 30° 25'E); Ashburton (29° 40'S, 30° 27'E) Black 
Umfolozi Bridge, South Bank, Nangoma-Mahlabatini Road, Nangoma District (28° 
03'S, 31° 32'E); Bumbeni, N Zululand (27° 48'S, 32° 18'E); Candover, 4.7 mi N 
on road to N Zululand-Swaziland (27° 25'S, 31° 52'E); Dukuduku Forest, 6 km 
NNE Mtubatuba (28° 22'S, 32° 24'E); Dundee, 5.3 km on road to Pomeroy (28° 
l0'S, 30° 14'E); Empangeni (= Epangweni), Hluhluwe (28° 46'S, 31° 54'E); 
Futululu (28° 25' S, 32° 16' E); Graigadam Farm (= Craigadam), Itala Nature 
Reserve, 9 km NE Louwsburg (27° 31'S, 31° 2l'E); Grenshoek Forest (28° 47'S, 
30° 05'E); Gumesi Kraal, Usutu River, Line 2 (27° 00'S, 32° 0O'E); Gwaliweni, 
15 mi S Nqwavuma (= Ngwavuma) (27° 23' S, 32° 03' E); Hazelmere Dam, Verulam 
(29° 36'S, 31.0l'E); Hluhluwe, 100 yards W South African Railways Bridge, 
Ingweni River (28° 02'S, 32° 17'E); Hluhluwe Game Reserve (28° 16'S, 31° 44'E); 
Hluhluwe River, 4 mi E on main road to Mtubatuba (28° 02'S, 32° 22'E); 
Ingwaruma (= Ingwarum) Bush, Otobokwim (= Otobokim, Otobitini), Zululand (27° 
24'S, 32° 07'E); Itala Nature Reserve, Ranger's House, Pongola/Zinave Rivers 
confluence (26° 52'S, 32° 2l'E); Itala Provincial Nature Reserve, 10 km NW 
Louwsburg (27° 34'S, 30° 13'E); Jameson's Drift, Tugela River, 
Kranskop-Vryheid River (28° 46'S, 30° 55'E); Karkloof (29° 17'S, 20° 23'E); 
Klipspruit, Utrecht, N Natal (27° 48'8, 30° 25'E); Krantzkloof Nature Reserve 
(29° 49'S, 30° 50'E); Ladysmith, 11.5 mi on Van Reenen Main Road (28° 34'S, 29° 
46'E); Lake St. Lucia (eastern shores), Hlabisa District, Zululand (28° 20'S, 
32° 24'E); Lake St. Lucia, north-east Shores, Ubombo District, Zululand (28° 
00'S, 32° 30'E). 
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Langewacht, Babanango (28° 22'8, 31° 05'E); Magut Farm, Goedehoop, portion of 
Broedersrus (27° 30'8, 31° 30'E); Manaba, NE Zululand (27° 15'8, 32° 26'E); 
Mangusi Forest, Site C, E Neck, 2.5 mi on Maputa Store-Masi Store, NE Zululand 
(26° 58'8, 32° 44'E); Mapelane (28° 25'8, 32° 25'E); Mfongozi (= Mfongosi), 
Zululand (28° 42'8, 30° 49'E); Mkusi (= Mkuzi) River, Ubombo (27° 53'8, 32° 
29'E); Mkuzi (= Mkusi) Game Reserve, Caravan Park, Zululand (27° 37'S, 32° 
13'E); Mnuzie Bridge (27° 00'S, 32° 00'E); Nagle Darn (29° 35'8, 30° 37'E); 
Ngome Forest Area, Ngorne, 70 km NE Vryheid (27° 50'8, 31° 24'E); Ngoye Forest, 
Zululand (28° 50'8, 31° 42'E); Paradise Valley, Pinetown (29° SO'S, 30° 52'E); 
Pomeroy (= Parneroy), 10.5 mi on road to Greytown (29° 04'S, 30° 35'E); Pongola 
River, Ubornbo (27° 40'8, 32.05'E); Quixotic Farm, 14 km S Mkuzi on farm road 
to Transvaal (27° 37'S, 32° 02'E); Ringwood, Inchanga (29° 45'8, 30° 40'E); 
Sand Dune Forest, W Slope, Lake Sibaya (= Sibayi), Zululand (27° 20'S, 32° 
42'E); Shihangwane (= Sihang~ane, Sihangwana), Zululand (27° 03'S, 32° 25'E); 
Spiounkop Nature Reserve (28° 42'S, 29° 31'E); Tete Pan, Lake Sirnbu, Ubornbo, 
Tongaland (27° 34'S, 32° 03'E); Ubornbo (27° 34'8, 32° 03'E); Urnfolosi 
(Umfolozi) Rivers (at junction) (28° 21'S, 31° 59'E); Urnfolozi (= Urnfolosi) 
(28° 27'8, 32° l0'E); Urnkornaas River, Ixopo-Richrnond Road (30° 12'8, 30° 49'E); 
Urnlalazi Nature Reserve (28° SB'S, 31° 43'E); Vryheid Nature Reserve (27° 
45'8, 30° 48'E); Weenen Nature Reserve, Weenen District (28° Sl'S, 29° 59'E). 
TRANSVAAL: Acornhoek (24° 35'S, 31° 05'E); Acre 2KT Farm, near Serala, 
Haenertzburg (23° 59'S, 30° 03'E); Al-te-ver Farm, 1 km SSE Maasstroorn (22° 
46'S, 28° 28'E); Arnhem (= Arnhernburg), Carolina (26° 04'S, 30° 06'E); 
Arnhernburg, Carolina (26° 03'S, 30° 50'E); Barberton (25° 47'S, 31° 03'E); 
Blijdschap Private Nature Reserve, 5 km N Bandolierskop (23° 15'8, 29° lS'E); 
Blouberg (23° OB'S, 29° Ol'E); Blyde Forest Reserve, 10 km N Graskop (24° 
52'S, 30° 51'E); Bochurn, Wilhanshohe, Magalakwin (= Magalakuin, Magalakwena) 
(23° 12'8, 29° 04'E); Boekenhoutkloof (25° 31'S, 28° 30'E); Boskop Darn Nature 
Reserve, N Potchefstroorn (26° 34' S, 27° 07' E); Broederstroorn Farm (25° 49' S, 
27° 52'E); Buffelsdraai, Brits (25° 07'S, 27° 40'E); Buffelspoort Farm 149 JQ, 
3 mi NE Assen (25° 07'S, 27° 37'E); Buzzard Mountain Sanctuary, Loui~ 
Trichardt District (23° 00'S, 29° 46'E); Chrornedale South African Railways 
Station, 5 mi N (24° 40'8, 27° 20'E); Cyprus Farm 68, 13 km SW Ofcolaco (24° 
12'S, 30° 17'E); Daspoortberg (25° 44'8, 28° 03'E); De Hoop Private Nature 
Reserve (24° 57'S, 29° 57'E); Derby Post Office, Skeenshoek Malaria Camp (23° 
21'8, 29° 25'E); Dinokana (= Linokane), 3.1 mi on road to Zeerust (25° 28'S, 
25° 55'E); Dinokana (= Linokane), Zeerust (25° 27'8, 25° 52'E); Donkerpoort 
and Zandspruit Farm 449, 24 km E Thabazirnbi (24° 35'S, 27° 40'E); Dordrecht 
Farm 578, 20 km S Marken (23° 50'S, 28° 23'E); Elandsfontein Farm 74, 6.3 mi 
De Wilt Post Office on Pretoria W-Brits Road (25° 38'S, 27° 51'E); Fontana 
Military Area, near Petronella (25° 30'8, 28° 17'E); Fort Klipsdarn Farm, 27 km 
N Pietersburg (23° 42'8, 29° 33'E); Fountains Valley, Pretoria (25° 57'8, 28° 
12'E); Geelhoutkloof Farm 275, Waterberg (24° 15'8, 28° 35'E); Georges Valley 
Farm 632, Haenertzburg (24° 0l'S, 30° 04'E); Gravellote, Tzaneen (23° 57'S, 30° 
36'E); Greefswald Farm 37, 73 km W Messina (22° 12'8, 29° 23'E); Grenshoek 
Forest (23° 47'S, 30° 0S'E); Groothoek Farm 99, 25 km ESE Potgietersrus (24° 
21'S, 29° 0B'E); Groot Marica, Koster (25° 35'S, 26° 25'E); 
Grootsuikerboschkop and Elandlaagte Farm, Dullstroorn (25° 25'8, 30° 06'E); 
Guldenskat Farm, 9 km Jan Kernpdorp (27° 56'8, 24° 57'E); Hans Merensky 
Provincial Nature Reserve, 30 km NE Letsitele (23° 40'S, 30° 41'E); 
Hectorspruit (25° 26'8, 31° 4l'E); Hennops River (25° 48'S, 27° 59'E); Hennops 
River on Hartebeesportdarn Road, Johannesburg (25° 46'S, 27° 59'E); 
Herrnanus-Doorns Post Office (24° 06'S, 27° 36'E); Houghton Estate, 
Johannesburg (26° 12'S, 28° 05'E); Huwi Private Nature Reserve, 7 mi SE 
Ellisras (23° 45' s, 27° 50' E); Ingelele (= Ngelele) (22° 54' S, 30° 13' E); 
Irene, Pretoria (25° 52'8, 28° 14'E); Jacksonstuin (= Jacksonstown) Post 
Office (25° 43'8, 27° 46'E). 
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James' Hut, Limpopo (22° 23'S, 31° 16'E); Jan Amsterdam, Pietersburg (23° 
16'S, 29° 27'E); Johannesburg (26° 12'S, 28° 05'E); Joshua Moolman Private 
Nature Reserve, 9 km WSW Amsterdam (26° 41'S, 30° 36'E); Khandizwe Plateau, 9 
km W Malelane, Kruger National Park (25° 28'S, 31° 25'E); Kilnerton (25° 45'S, 
28° 18'E); Klopperfontein, Kruger National Park (22° 40'S, 31° l0'E); 
Komatipoort, Kruger National Park (25° 25'S, 31° 58'E); Koster (25° 52'S, 26° 
54'E); Kosterfontein Farm 460, Koster (25° 48'S, 26° 56'E); Krugerkloof Nature 
Reserve, Lydenburg (25° 06'S, 30° 31'E); Lanjan Nature Reserve, 7 mi N Vivo 
(22° 50'S, 29° 12'E); Letaba Ranch 8, 40 km N Phalaborwa (23° 43'S, 31° 05'E); 
Letaba Rest Camp, Kruger National Park (23° 5l'S, 31° 55'E); Leydenburg (25° 
06'S, 30° 27'E); Leydsdorp (23° 59'S, 30° 3l'E); Lichtenburg, 4.5 mi Non road 
to Ottoshoop (26° 05'S, 26° 07'E); Loskop Dam Nature Reserve (25° 25'S, 29° 
20'E); Louis Trichardt (23° 03'S, 29° 54'E); Madimbo, 10 km E, Limpopo River 
(22° 20'S, 30° 58'E); Madimbo, Mabilingwe Area, Limpopo River (22° 26'S, 31° 
04'E); Magalakwin (= Magalakuin, Magalakwena) Farm 666, Potgietersrus (23° 
36'S, 28° 36'E); Magaliesberg, Pretoria (25° 41'S, 28° 12'E); Mal Cont Camp, 
Mogol River, Vaalwater (24° 18'S, 28° 07'E); Malelane Camp (25° 28'S, 31° 
3l'E); Malensan Singwetsi Game Reserve (23° 06'S, 31° 27'E); Malmaniesoog, N 
Zeerust (25° 48'S, 26° 03'E); Malta Farm (24° 09'S, 30° 13'E); Mamarango (= 
Mamaranga), Letaba (23° 52'S, 30° 37'E); Mariepskop (24° 41'S, 30° 54'E); 
Messina (22° 17'S, 30° 17'E); Messina Nature Reserve (22° 21'S, 30° 03'E); 
Mmabolela Estates, 14 km NW Maasstroom (22° 41' S, 28° 15' E); Moedwil Post 
Off ice, 2. 5 mi E on Rustenburg-ZwartrUggens Road ( 25° 3 9' S, 27° 01' E) ; 
Mokeetsi Farm 376, Duiwelskloof, Zoutpansberg (23° 40'S, 30° 05'E); Molopene 
River, near Molopene Rest Camp, Kruger National Park (23° SO'S, 31° 12'E); 
Mooigenoeg Farm 83, 8 km S Derdepoort (24° 43'S, 26° 17'E); Moonlight, 
Potgietersrus District (23° 14'S, 28° ll'E); Moorddrift Farm 289, Waterberg, 
Potgietersrus (24° 17'S, 28° 57'E); Moormeisiesfontein, Rustenburg, Thabazimbi 
(25° 0l'S, 27° 37'E); Mosdene Private Nature Reserve, 2 mi SE Naboomspruit 
(24° 36'S, 28° 46'E); Mutale (= Motale) River (22° 30'S, 30° S0'E); Narina 
Farm, 8 km W Duiwelskloof (23° 42'S, 30° 16'E); Nelspruit, E Transvaal (25° 
28'S, 30° 59'E); Newgate Farm, Soutpansberg (= Zoutpansberg) (22° 58'S, 29° 
56'E); Newington, 7 mi NE (24° 45'S, 31° 25'E); Njelele River, Zoutpansberg (= 
Soutpansberg) (22° 55'S, 30° 18'E); Nooitgedacht Nature Reserve (25° 57'S, 30° 
02'E); Nwambia, 1 mi E (22° 41'S, 31° 27'E); Nwambienepan, 26 km SSE Pafuri, 
Kruger National Park (22° 41'S, 31° 22'E); Nwanetsi River Ford (=Fold), 10.7 
mi N Letaba on Shingwedzi (23° 47'S, 31° 29'E); Nylstroom (24° 47'S, 28° 25'E); 
Olifants River Gorge, 3.5 mi S, Satara Road junction, Satara, Kruger National 
Park (24° 09'S, 31° SO'E); Olifantspoort Farm 328, 12 mi S Rustenburg (25° 
46'S, 27° 16'E); Othawa Farm, 32 km NW Skukuza, Sabie Sands (24° 25'S, 31° 
26'E); Palala-Limpopo River junction, Waterberg (23° OS'S, 27° 53'E); Paramie 
(= Uitkyk) Private Nature Reserve, 12 km SSE Nelspruit (25° 36'S, 31° 07'E); 
Pery (= Percy) Fyfe Nature Reserve (24° 03'S, 29° 07'E); Pienaar's river (25° 
12' S, 28° 23' E); Platbos Farm, 32 km NW Vaalwater (24° 13' S, 27° 52' E); 
Potgietersrus, 72 km NW (24° ll'S, 29° 00'E); Pretoria (25° 43'S, 28° ll'E); 
Pretoria Noord (= North) (25° 40'S, 28° l0'E); Ratsegaai Farm 204, 13 km W 
Ventersdorp (26° 22'S, 26° 32'E); Renosterpoort Private Nature Reserve, 15 km 
NE Bronkhorstspruit (25° 45'S, 28° 56'E); Rhoda Farm 9, 13 km S Phalaborwa 
(24° 03'S, 31° 06'E); Rietondale, Pretoria (25° 43'S, 28° 14'E); Rietspruit, 
Nylstroom (24° 40'S, 28° 27'E); Rochdale Farm 700 MS, 5 mi E Waterpoort (22° 
54'S, 29° 42'E); Roodeplaat, Pretoria (25° 37'S, 28° 22'E); Rosslyn, Pretoria 
(25° 38'S, 28° 06'E); Rustenburg Nature Reserve (25° 46'S, 27° 16'E); Rykvoorby 
Farm, 9 km N Zeerust (25° 29'S, 26° 04'E); Sand River, near Messina (22° 16'S, 
30° 06'E); Schurweberg, Pretoria (25° 48'S, 27° 59'E); Scrutton Farm 23 MT, 32 
km E Messina (22° 17'S, 30° 17'E); Sekororo (24° 15'S, 30° 24'E); 
Shingwedzi/Dzombo Rivers confluence, 13 mi SE Shingwedzi (23° 14'S, 31° 33'E). 
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Skukuza, Kruger National Park (25° OS'S, 31° 36'E); Skukuza Camp (24° 59'S, 31° 
35'E); Soetdoorns Farm 173, 15 mi S Vivo on Kalkfontein Road (23° 23'S, 29° 
25'E); Steenkampsberg Provincial Nature Reserve, 13 km NNE Dullstroom (25° 
18' S, 30° 07' E); Suikerboschrand Provincial Nature Reserve (26° 32' s, 28° 
12'E); Suikerboschrand Nature Reserve (26° 30'S, 28° 13'E); Swartkrans, 
Sterkfontein, Krugersdorp (26° Ol'S, 27° 42'E); Tamboekieskloof, Mogol River 
(23° SS'S, 27° 44'E); Ten Bosch Estates, 10 km NE Hectorspruit (25° 20'S, 31° 
S0'E); Thabazimbi (24° 35'S, 27° 40'E); Theespruit Farm 156, 
Carolina/Barberton Glens (26° 0l'S, 30° Sl'E); Tshakuhma Malaria Camp (23° 
04' S, 30° 18' E); Tzaneen, Letaba (23° 50' S, 30° 10' E) Tzaneen Estates (23° 
48'S, 30° ll'E); Uitkomst Farm 499, 35 mi W Pretoria (25° 55'S, 27° 45'E); Ork 
Farm 10, Blouberg Private Nature Reserve, 13 km W Vivo (23° 02'S, 29° 07'E); 
Vaalkop Dam Nature Reserve (25° 23'S, 27° 28'E); Vendaland on Levuvhu River 
(22° 40'S, 30° 53'E); Warmbaths (= Warmbad), 4 mi on Nylstroom Road (24° 50'S, 
28° 20'E); Waterkloof, Pretoria (25° 47'S, 28° 15'E); Watervalonder on 
Nelspruit Road (25° 39'S, 30° 24'E); Welgedaan Farm, 28 km NNE Christiana (27° 
41'S, 25° 14'E); Welgevoden Farm, 16 km W Steilloop (23° 32'S, 28° 25'E); 
Wilgekuil Farm 181, Rustenburg, Brits (25° 14'S, 27° 45'E); Wilhanshohe, 
Magalakuin (= Magalakwin, Magalakwena) River (23° 13'S, 29° 04'E); Windhoek, 
Louis Trichardt (22° SO'S, 29° 54'E); Witpoort Farm 419, 24 km E Potchefstroom 
(26° 40'S, 27° 20'E); Wonderboom, Pretoria (25° 41'S, 28° 12'E); Wonderfontein 
Farm 103, Oberholtzer (26° 19'S, 27° 28'E); Woodbush Village, Houtbosdorp (23° 
49'S, 29° 54'E); Worcester Mine, Barberton (25° 49'S, 31° Ol'E); Zandspruit 
Farm 449, 63 km NNW Rustenburg (24° 35'S, 27° 40'E); Zebediela Citrus Estates, 
32 km SE Potgietersrus (24° 17'S, 29° 18'E); Zoo Hill, Pretoria (25° 44'S, 28° 
ll'E); Zoutpan (= Soutpan), 30 mi N Pretoria (25° 24' S, 28° 06'E); 
Zoutpansberg (= Soutpansberg) (23° 0O'S, 29° 40'E). SWAZILAND: Phophonyane 
(25° 53'S, 31° 17'E); Ranches Limited (26° 02'S, 31° 42'E). TANZANIA: Amani, 
Tanga (05° 06' S, 38° 38' E); Gonja (04° 21' S, 38° 03' E); Iringa (07° 46' S, 35° 
42'E); Manyara National Park, N Tanzania (03° 55'S, 35° S0'E); Muheza, Tanga 
(05° l0'S, 38° 47); Tengeru, Arusha District (03° 23'S, 36° 50'E). UGANDA: 
Rhino Camp, W Nile (02° 58'N, 31° 24'E). ZAMBIA: Abercorn Londe National Park 
(08° SO'S, 31° 22'E); Balovale (= Zambezi) (13° 33'S, 23° 07'E); Chibale (13° 
36'S, 30° 08'E); Chikungu Stream (13° 55'S, 32° 00'E); Chilanga (15° 35'S, 28° 
18'E); Lavushi Manda Game Reserve, Lukulu River (12° 18'S, 30° 57'E); Msofu (= 
Musofu) Mission, Mkushi District (13° 22'S, 29° 02'E); Ndola (12° 58'S, 28° 
38'E); Ndola, 10 mi SSW (12° 39'S, 27° 38'E); Nsange (=Nsangi)/Kabompo Rivers 
confluence (12° 30'S, 24° 53'E); Solwezi Boma (12° ll'S, 26° 25'E). ZIMBABWE: 
Ainsby Farm, Richmond (20° 00'S, 28° 00'E); Alsace (= Alsage) Farm, Harare 
(17° SO'S, 31° 04'E); Atlantica Ecological Research Station, Harare (17° 48'S, 
30° 03'E); Banti (19° 20'S, 32° 47'E); Benga (17° 40'S, 27° 40'E); Birchenough 
Bridge (19° 57'S; 32° 20'E); Borrowdale Brook, Harare (17° SO'S, 31° 02'E); 
Bulawayo (20° l0'S, 28° 35'E); Bumboosie (18° 33'S, 26° 13'E); Calgary, Harare 
(17° 55'S, 31° 06'E); Chete (Old Camp) (17° 22'S, 27° 36'E); Chibero (17° 00'S, 
31° 00'E); Chikupe (= Chikupo) Cave, Bindura (17° 25'S, 31° 17'E); Chinomwe 
Clinic, Raffingora (17° 0l'S, 30° 25'E); Chipinda Pools (21° 13'S, 31° 53'E); 
Chipinga (20° 12' S, 32° 37' E); Corner Chimanimani (= Chimanimani) (19° 49' S, 
33° 0S'E); Deka (18° OS'S, 26° 40'E); Deteema Dam (18° 40'S, 26° 08'E); 
Doddieburn Ranch (21° O0'S, 29° 00'E); Dorowa Mine (19° 00'S, 31° 0O'E); Eirene 
Marondera (18° 00'S, 31° O0'E); Essexvale (20° 17'S, 28° S6'E); Essexvale 
(Esigodini) Ranch (20° 00'S, 29° 00'E); Falcon College, Stream Bed (20° 00'S, 
28° 00'E); Fishon, Lundi (21° O0'S, 32° 00'E); Fletchers, Bembesi (19° 00'S, 
26° 00'E); Fort Victoria (20° 03'S, 30° 50'E); Garno Dam (South) (19° 00'S, 26° 
00'E); Gwelo (= Gweru) (18° 41'S, 28° 36'E); Harare (17° SO'S, 31° 04'E); 
Haroni-Lusitu Beacon (20° 02'S, 33° 0l'E); Humani (= Humai) Ranch (20° 21'S, 
32° 02'E); Ingeli Farm, Gwelo (= Gweru) (19° 25'S, 29° 50'E). 
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Kabera (18° 00' S, 28° 00' E); Kadoma (= Gatooma) (18° 20' S, 29° 57' E); _Kamaziyo 
(= Kamazeyo) Camp (18° lO'S, 27° 40'E); Kanyemba (15° OO'S, 30° OO'E); Kariba 
(southern river), Game Camp (16° 32'8, 28° 48'E); Kyle National Park (20° 
13'S, 31° Ol'E); Lake Mcilwaine National Park (17° 55'8, 30° 46'E); Longani 
Dam, Lone Star Ranch (21° OO'S, 31° OO'E); Lusitu River (20° 03'8, 32° 57'E); 
Makoholi (= Makaholi) Research Station (19° OO'S, 30° OO'E); Maitengwe Dam, 
Nata Reserve (20° 02' S, 27° 02' E); Maleme Rest Camp, Matopos (= Motopos) (20° 
33'8, 28° 3l'E); Malugwe Pan (21° 40'8, 31° 46'E); Manda Farm (18° OO'S, 32° 
OO'E); Manzituba (17° OO'S, 28° OO'E); Maranke Reserve (18° OO'S, 32° OO'E); 
Masera Tribal Trust Land (21° OO'S, 29° OO'E); Matetsi Wildlife Leisure Camp 
(18° 17' S, 25° 56' E); Matika Farm, Mutare (= Umtali) (18° 57' s, 32° 40' E); 
Matopos (= Motopos) (above Maleme) (20° 45' s, 28° 38' E); Matopos (= Motopos) 
(eastern) (20° 23'S, 28° 28'E); Matopos (= Motopos) National Park (20° 23'8, 
28° 28'E); Matopos (= Motopos) Research Station (20° 23'8, 28° 28'E); 
Matusiadona Tashinga (= Tashinga Matusiadona) (16° 52' S, 28° 40' E); 
Mavhuradonha (= Mavuradonha) Wilderness Area (16° 30'8, 31° 20'E); Mazoe, 
Mashonaland, eastern Zimbabwe (17° 31'8, 30° 58'E); Mount Selinda (20° 27'8, 
32° 40'E); Msingwenyani, Matibi District (22° OO'S, 30° 30'E); Mtilikwe (= 

Mtilekwe) River Triangle (21° OS'S, 31° 20'E}; Mtoko, 40 mi (17° 21'8, 32° 
12'E); Muchabezi, Matopos (= Motopos} (20° OO'S, 28° OO'E}; Muneni River, 
Mutare (= Umtali) (18° 59'8, 32° 4l'E); Mushandike National Park (20° 07'8, 30° 
25' E); Mutare (= Umtali) (18° 58' S, 32° 42' E}; Ngezi National Park (18° 42' S, 
30° 22'E); Ngorima Reserve (East), Melsetter District (20° OO'S, 32° OO'E); 
Nkai (19° OO'S, 28° 54'E}; Nyamucheche Umvukwes (= Umvukwesi} (= Nyamuyeche 
Farm) (16° 46' S, 30° 57' E); Nyamunyeche (= Nyamuyeche) (16° 00' S, 30° 00' E}; 
Nyamunyeche (= Nyamyeche) Chikonyora (16° OO'S, 30° OO'E); Pombadzi/Lundi 
Rivers Confluence (21° 23'8, 32° 09'E}; Queens, Bulawayo Area (19° 59'8, 28° 
30' E) ; Ranelia Farm Cashel ( 19° 00' S, 32° 00' E} ; Rekomitj ie River ( 15° 00' S, 
29° 00' E) ; Rhodes Inyanga National Park ( 18° 17' S, 32° 46' E) ; Rhodes Matopos 
(= Motopos) National Park (20° 33'8, 29° 28'E}; Rusape (18° 32'8, 32° 06'E); 
Rusito Forest (on Rusito River) (20° 02'8, 32° 59'E}; Sabi/Lundi Rivers 
confluence (21° 18'8, 32° 24'E); Sable Park, Kwekwe (= Que-Que} (18° 56'8, 29° 
50'E); Saffron Walden, near Harare (17° OO'S, 30° OO'E); Sebakwe Dam, Kwekwe 
(= Que-Que) (19° 02' S, 30° 16' E}; Sengwa Wildlife Research Station (= Sengwa 
Camp} (18° lO'S, 28° 23'E); Sentinel Ranch, Limpopo River (22° OO'S, 29° OO'E); 
Shinda Estates (19° OO'S, 32° OO'E); Siakobo Rest Camp, Gokwe (17° OO'S, 28° 
OO'E}; Sinamatela Hwange (= Wankie) National Park (18° 35'8, 26° 18'E); Sinoia 
(17° 22'8, 30° 12'E}; St. Paul's Mission (18° OO'S, 28° OO'E}; Stapleford, 
Nyamkwarara River, Umtali (= Mutare) District, Manicaland (18° OO'S, 32° 
OO'E); Thornpark, Harare (17° 59'8, 31° 04'E}; Tsabalala Sanctuary, Matopos (= 

Motopos) (20° 00' S, 28° 00' E); Tsakabika, Wankie (= Hwange} (18° 20' S, 26° 
30'E}; Tuli Safari Area, Sashi River (21° 55'S, 29° 13'E); Umhlanyane, Matopos 
(= Motopos} (20° OO'S, 28° OO'E); Umvukwesi (= Umvukwes) (17° OO'S, 30° 53'E); 
Umzingwane/Limpopo Rivers junction (= Umzingwani) (22° 12'8, 29° 55'E); Vashu 
Farm (20° 00' S, 28° 00' E); Wankie (= Hwange} National Park (18° 00' S, 26° 
00' E); Zambezi/Chiwore Rivers junction (15° 00' S, 29° 00' E); Zana Farm, 
Umvukwesi (= Umvukwes) (16° OO'S, 30° OO'E}; Zewa Hill, Inyanga (18° 16'8, 32° 
45'E); Zimbabwe Ruins, 25 km SE Fort Victoria (20° 17'8,30° 56'E}; Zimbabwe 
National Park (20° 17'8, 30° 55'E). 
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APPENDIX VII 

DEFINITION OF CHARACTERS USED IN THE PHYLOGENETIC ANALYSIS OF 
AETHOMYS ( CHAPTER 9) 

Characters were either assigned character-states ranging from Oto 4, or 
coded as present or absent. Character-states presumed to be plesiomorphic are 
denoted by a II P 11

• Al 1 other characters are presumed to be unordered 
transformation series of apomorphic characters. 

1) Skull robustness/ossification.-- (1) Skull less robust and not well 
ossified. (2) Moderately robust and moderately ossified. (3) Robust and well 
ossified (P). 

2. Cranial ridge development.-- (0) Skull ridges, particularly supraorbital 
and occipital ridges, slight or weak. (1) Supraorbital ridges with distinct, 
but no strongly developed ridges. (2) Developed, but only extending downwards 
to edge of parietal. (3) Pronounced or well developed, and extending 
posteriorly along outer part of frontals and parietals to corners of 
interparietal where it meets occipital crest (P). (4) Developed, and widely 
divergent posteriorly. 

3. Development of the alisphenoid process of the squamosal.-- (1) Alisphenoid 
process of the squamosal narrow (P). (2) Wide. 

4. Development of interorbital constriction.-- (1) Interorbital constriction 
relatively weak. (2) Moderate. (3) Strong or pronounced. 

5. Zygomatic arch development.-- (0) Anterior half of zygomatic arch not 
broadened. (1) Strongly broadened. 

6. Lower anterior zygomatic plate development.-- (0) Lower anterior corner of 
zygomatic plate without clearly defined mesenteric knob {P). (1) With 
well-defined mesenteric knob. 

7. Presence/absence of foramina posterior to anteorbital foramina.-- (0) 
Extra pair of foramina posterior to anteorbital foramina absent (P) (1) 

Present. 
8. Extent of bulla inflation.-- (1) Bullae strongly inflated (P). (2) 

Relatively flattened. 
9. Upper molar toothrow development.-- (1) Molars relatively narrower than 

palate between them (P). (2) Relatively wider. 
10. Lower molar cusp development.-- (0) Anterior median cusp (Sm) on M

1 
absent. (1) Represented by a small anterior cusplet (Smc). (2) Present. 
11. General molar cusp development.-- (1) Molars generally weakly cuspidate 
(P). (2) Well defined and strongly cuspidate. 
12. Number of roots on M1.-- (1) M1 four-rooted (P). (2) Five-rooted. 
13. Extent of cusp development on K.-- (1) t

1 
on M3 conspicuously larger and 

isolated. (2) Smaller and not isolated. 
14. Central upper molar row cusp development.-- (1) Central upper molar row 
cusps not pronounced (P). (2) Enlarged or pronounced. 
15. Development of ts on third lamina of upper molars.-- (1) ts on third 
lamina of upper molars narrow. (2) Broadened (P). 
16. Development of t

9 
on third lamina of upper molars.-- (0) t

9 
on third 

lamina inconspicuous or absent. (1) Small and not projecting outwards (P). (2) 
Medium, and tending to project outwards. 
17. t

3 
development on M1.-- (1) t

3 
on M1 small and conspicuously isolated. (2) 

Relatively larger and not isolated (P). 
18. t

4
, ts and t

6 
development on second lamina of fi2-.-- (0) t

4
, ts and t

6 
on 

second lamina of M2 suppressed. (1) Well developed and exaggerated (P). 
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19. t
4

, ts and t
6 

development on second lamina of w.-- (0) M3 with central 
lamina not bent backwards (P). (1) Bent backwards on each side, overlapping 
two-cusped last lamina. 
20. Development of t

3 
and ts on "fll-.-- (0) t

3 
on M2 not associated with ts (P). 

(1) Associated with ts. 
21. General cusp development on W.-- (0) M3 with no evidence of six cusps in 
three laminae, t

1
, t

3 
and t

7 
being absent (P). (1) With clear evidence nf six 

cusps. 
22. Mandibular development.-- (0) Mandible weakly built. (1) Strongly built 
(P). 
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APPENDIX VIII 

DATA MATRIX OF CHARACTER-STATE VALUES CODED FOR EACH CURRENTLY RECOGNIZED 
SPECIES OF AETHOMYS AND OUTGROUPS <*> USED FOR PHYLOGENETIC 

ANALYSIS (CHAPTER 9) 

Characters and character-states are numbered as described in Appendix 
VII. Characters were either assigned character-states ranging from 0 to 4, or 
coded as present or absent. A "9" denotes unknown character-states. 

Character number 

Taxon 
.10 .20 

1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9 1 2 

Aethomys bocagei 3 2 1 2 1 0 0 1 2 0 2 1 1 1 2 0 2 0 0 0 0 1 

A. chrysophilus 2 2 1 2 1 0 0 1 2 1 2 1 2 2 2 2 2 0 0 1 0 1 

A. ineptus 2 2 2 2 1 0 0 1 2 1 2 1 2 2 2 2 2 0 0 1 0 1 

A. granti 1 0 1 1 0 1 0 2 2 2 2 1 2 1 2 2 2 1 1 1 0 0 
A. hindei 2 3 1 2 1 0 0 1 2 1 2 1 2 1 2 2 2 0 0 0 0 1 

A. kaiseri 3 3 1 2 1 0 1 1 2 1 2 1 1 1 2 1 2 0 0 0 0 1 

A. namaquensis 1 0 1 1 0 1 0 2 2 2 2 1 2 1 1 1 2 0 0 0 0 0 
A. nyikae 3· 4 1 2 1 0 1 1 2 1 2 9 2 1 2 2 2 0 0 0 0 1 

A. silindensis 3 3 1 2 1 0 1 1 2 1 2 2 1 1 2 0 1 0 0 0 0 1 
A. stannarius 2 1 1 2 1 1 0 1 2 1 2 9 2 1 2 1 2 0 0 0 0 1 

A. thomasi 2 2 1 2 1 0 1 1 2 0 2 1 1 2 2 0 2 0 0 0 1 1 

* Dasymys incomtus 3 3 1 3 1 0 0 1 1 1 1 1 1 1 2 1 2 1 0 0 0 1 
* Rattus rattus 3 3 1 2 0 0 0 1 1 0 1 1 2 1 2 1 2 1 0 0 0 1 
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APPENDIX IX 

PUBLICATIONS EMANATING FROM THIS STUDY 
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ANNALS OF CARNEGIE MUSEU~ 
VoL. 64, NUMBER 3, P'P. 197-217 l 8 AL:GL:ST I <N 5 

THE SELECTION OF TAXONOMIC CHARACTERS FOR 
MORPHOMETRIC ANALYSIS: A CASE STUDY BASED ON 

SOUTHERN AFRICAN AETHO.\1YS 
(MAMMALIA: RODENTIA: MURIDAE) 

CHRISTIAN T. CHIMIMBA 1·2 

NICO J. 0IPPENAAR2 

ABsTRACT 

Prior to a systematic revision of southern African rock rats of the genus A et ho mys Thomas, statistical 
procedures were used to select morphometric characters for recording and subsequent use in a revision 
of the group. The procedure advocated could have wider application in morphometric studies. An 
initial set of 66 cranial characters was reduced to S 1 after the data set was subjected to routine 
assumptions tests. The remaining S 1 characters, considered to be statistically problem-free, were 
reduced to a final set of 11 characters after subjecting them to cluster and ordination procedures to 
summarize patterns of correlations between characters, develop criteria for the selection of represen­
tative measurements within cluster analysis-generated subclusters, and the subsequent removal of 
redundant variables. The procedure attempts to economize while at the same time adequately represent 
the phenotype, an approach consistent with the concept of morphological integration. four additional 
cranial and four standard external characters are also included in the final data set, but :x descriptive 
and comparative purposes only. 

INTRODUCTION 

African rock rats of the genus Aethomys are endemic to east, west, central, and 
southern Africa where the genus is represented by ten species (Wilson and Reeder, 
1993). Five species, A. namaquensis, A. silindensis, A. granti, A. nyikae, and A. 
chrysophilus are currently recognized in southern Africa (Meester et al., 1986; 
Skinner and Smithers, 1990), but the latter species has been shown to include 
two forms based on chromosome (Gordon and Rautenbach, 1980; Gordon and 
Watson, 1986; Visser and Robinson, 1986; Baker et al., 1988), electrophoresis 
(Gordon and Watson, 1986), and sperm morphology (Gordon and Watson, 1986; 
Visser and Robinson, 1987; Breed et al., 1988). Schlitter (1978) considered the 
genus in critical need of revision. 

The present paper forms part of a revision of southern African species of 
Aethomys, and in particular examines the selection of quantitative taxonomic 
characters, a critical but often neglected step in many systematic studies (Strauss 
and Bookstein, 1982; Rohlf, 1990). In small mammals, no established procedure 
is available for selecting appropriate character sets. Approaches used to date 
generally fall into four categories: 1) selection of character sets that have been 
used in the past, often with the ad hoc addition or deletion of characters after 
elementary correlation analysis (Power, 1971; Chapman et al., 1992); 2) selection 
of as many measurements as practicable (Watson and Dippenaar, 1987; Chimimba 
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and Kitchener, 1991 ), reflecting the influence of numerical taxonornv as ad vacated 
in Sneath and Sokal (1973); 3) selection based on an assessment~ of funct:.rnal 
units of the cranium (Taylor, 1990; Taylor and Meester. 1993): and 4) selecuon 
of landmarks as advocated in the most recent developments in rnorphometrics 
(Strauss and Bookstein, 1982; Bookstein et al., 1985: Zelditch et al.. 1989: Rohlf 
and Bookstein, I 990; Rohlf and Marcus, 1993 ). 

Although characters selected on the basis of the first two categories can perform 
well, it is important to assess character redundancy in morphometric studies 
(Blackith and Reyment, 1971; Sneath and Sokal, 1973; Thorpe, 1976: James and 
McCulloch, 1990; Rohlf, 1990). Nevertheless, apart from a few studies (Thomas. 
1968; Best, 1978; Taylor, 1990; Taylor and Meester, 1993), it has been rarelv 
considered in practice. The utilization of unevaluated characters could have ~ 
profound effect on analyses (Pimentel and Smith, 1986b), ranging from distortion 
of inter-Operational Taxonomic Unit (OTU: Sneath and Sokal, 1973) relation• 
ships (Blackith and Reyment, 1971) to an increase in analysis time that often 
results in analytical problems while processing large data matrices (Chimimba 
and Kitchener, 1991 ). Some studies have shown that after the assessment of linear 
dependence (redun1..::•.ncy) and colinearity, sets of many quantitative characters 
can be reduced to a few and still contain equivalent information (Mahalanobis 
et al., 1949; Albrecht and Blackith, 1957). 

Various approaches that have been used to screen for reliable characters include 
either analysis of variance (ANOVA) or correlations between characters (Pimentel 
and Smith, 1986b). The former procedure is restricted to multigroup studies in 
which character redundancy is sometimes ignored (Pimentel and Smith, 1986b). 
The latter approach summarizes correlations between characters by principal 
component (PCA), factor (Thomas, 1968; Johnston, 1973; Gould et al., 1974) 
and cluster analyses (Power, 1971; Taylor, 1990; Taylor and Meester, 1993) with 
the selection of characters from within highly correlated subsets of characters. 
Another strategy has been to employ Mahalanobis' ( 19 36) D2 statistic (Thorpe, 
1976), a similarity coefficient that takes into account the degree of information 
redundancy in each character as summarized by the within-group covariance. 
However, owing to the instability of correlation coefficients for sample sizes small­
er than 20, Van Valen ( 197 4) considered this an oversimplification (Thorpe, l 9 7 6). 

The approach used in the present study stems from current theory of evolu­
tionary change that emphasizes the unity of the genotype (Mayr, 1963, l 976~ 
Lewontin, 1974; Wright, 1978, 1980) in which organisms are the integrated func­
tional units that evolve (Waddington. 1957; Riedl, 1978; Gould and Lewontin, 
1979; Selzer, 1993; Borgia, 1994). Embryological studies have, for instance, dem­
onstrated that the cranium represents a functional character suite that interacts 
and has a common ontogenetic origin (Noden, 1978, 1983; Gans and Northcutt, 
1983; Zelditch et al., 1993). Olson and Miller (l 958) hypothesized, and subse­
quently demonstrated, that the degree of cranial integration can be measured by 
the intensity of statistical associations in the phenotype. Therefore, developmen­
tally and functionally related traits ought to be relatively highly correlated in the 
phenotype. On both empirical and theoretical grounds these authors placed de­
velopmentally and functionally interdependent morphological characters into 
HFunctional sets" ('"F-sets"). Empirically derived sets of characters that were 
relatively highly correlated were placed into ""Phenotypic sets" ('"P-sets"). Other 
studies support the a priori-defined morphologically integrated functional units 
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of Olson and Miller (1958) (Moss and Young, 1960; Cheverud, 1982: Cheverud 
et al., 1989; Cane, 1993). Taylor ( 1990) and Taylor and Meester ( 1993) extended 
the morphological integration concept into a character selection protocol. 

The present study is aimed at selecting meaningful morphometric characters 
for use in a revision of southern African Aethomys. Accordingly, the procedure 
of Taylor ( 1990) and Taylor and Meester ( 1993), which summarized character 
correlations in the yellow mongoose (Cynictis penicillata, Viverridae) by cluster 
analysis, is expanded upon to meet three important requirements: 1) "compre­
hensiveness" (i.e., the consideration of adequate coverage of the phenotype), 2) 
"'economy" (by the removal of redundant characters), and 3) "pattern summary" 
( of relationships between characters consistent with the morphological integration 
concept of Olson and Miller, 19 5 8). Southern African Aethomys is here used as 
a case study for this character selection protocol that could find wider application 
in morphometric studies of other taxa. 

Recent developments in landmark-based methods (Mousseau, l 991; Rohlf and 
Marcus, 1993), especially their extension to three-dimensional space, suggest a 
modification of the morphological integration concept, involving a more rigorous 
morphometric assessment of functional units (Van der Klaauw, 1948-1952) based 
on landmarks (rather than measuring points) and a closer integration with more 
recent advances in ontogenetic cranial development (Thorogood and Tickle, 1988). 

MATERIAL AND METHODS 

The present study is based mainly on a single homogeneous sample, representing 
an island population of Aethomys namaquensis (21 males, 13 females) from Kei­
moes Island, Orange River, Cape Province, but additional samples of A. granti 
(seven males, seven females) from Sutherland, Cape Province, and A. chrysophi!us 
(six males, ten females) from Maasstroom, Transvaal, were used to develop criteria 
for the selection of the final set of measurements. The material examined is listed 
in Appendix I. 

Individuals were assigned to seven toothwear classes (with reference to Morris, 
1972; Perrin, 1982; Dippenaar and Rautenbach, 1986), but to reduce the effect 
of age variation, only adult, toothwear class VI (Chimimba and Dippenaar, 1994) 
indi victuals with complete data sets were considered. 

An initial set of 66 linear cranial ( 40 skull, nine mandible, and l 7 dental) 
measurements (Fig. 1 a-k) were recorded by one observer (CTC) to the nearest 
0.05 mm using a pair of Fowler digital calipers, a Fowler Interface and EASYCAL 
program developed by S. Reig for direct data input to rBase (Ashton-Tate Soft­
ware, Inc., USA). While the character set reflects an attempt to distribute mea­
surements across functional units of the skull, this was not always possible because 
of constraints imposed by the use of calipers and the taxonomic need to include 
traditional characters which were not selected on the basis of the morphological 
integration concept. Owing to the unreliability of external characters, only cranial 
characters were considered. 

Univariate and multivariate data screening (Pimentel and Smith, 1986a, 1986b: 
Reig, 1989) revealed two male specimens with outlier values not consistent with 
toothwear class VI. One was exceptionally large (USNM 451966) in most mea­
surements and the other (USNM 452055) had an abnormally small greatest cross­
sectional crown width of M 3 (66-WMT). To avoid the introduction of bias in the 
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Fig. l. -Reference points of cranial measurements. Asterisks indicate measurements used in ongmal 
descriptions. 

a. * 1-GLS-Greatest length of skull, from anterior edge of nasals to posterior edge of occipital 
condyle, along longitudinal axis of skull; 2-GLN-Greatest length of nasals, from longest postenor 
projection of nasal wings to anterionnost edge of nasal bones; *3-FRO-Greatest length of frontals; 
*4-PAR-Greatest length of parietals; *5-INT-Interparietal length, from intersection of sagittal suture 
and posterior end of parietal, perpendicular to posterior end of interparietaL 6-NPP- Distance from 
anterior edge of nasals to anterior edge of posterior part of zygomatic arch; 7-NPO- Distance from 
anterior edge of nasals to posterior edge of postorbital bar; 8-ZAL-Zygomatic arch length. from 
posterionnost part ofanterior part ofzygomatic arch to anterionnost part of posterior part of zygomatic 
arch; *9-BBC-Breadth of braincase-width at dorsal root of squamosals; * l 0-ZXW-Greatest zy­
gomatic width, between outer margins of zygomatic arches. perpendicular to longitudinal axis of skull; 
*l l-1O8-Least breadth ofinterorbital constriction-least distance dorsally between orbits; *12-NAS­
Nasal width, at anterionnost point where nasals join premaxillae. 

b. 13-CBL-Condylobasal length of skull, from posterionnost projection of occipital condyles to 
anterior edge ofpremaxillae; *14-PIC-Incisorto condyle length, from posterior surface of1 1 at alveolus 
to posterionnost projection of occipital condyle; * 15-BSL- Basal length of skull, from anteriormost 
point oflower border offoramen magnum to anterior edge of premaxilla; * 16-PPL-Postpalatal length. 
from anterionnost edge of hard palate to anterionnost point on lower border of foramen magnum; 
• 17-PAL-Palatilar length, from posterior edge of l' alveolus to posterior edge of hard palate; 18-
TRL-Too throw length, from anterior alveolus to posterior surface of M1 alveolus;* 19-LPF-Greatest 
length of longest palatal foramen; *20-MA W-Greatest maxillary width between labial crown edges 
ofM 1

; *21-PWM-Hard palate width at M' measured on lingual side of teeth at alveolus; 22-PAC­
Hard palate width at point of constriction immediately posterior to M3; 23-VCW - Vidian canal width 
at foramen lateral to pterygoid processes; 24-FJW-Least distance between foramina jugulare on 
posterior edge ofbullae; *25-BUL-Greatest bulla length at 45° angle to skull axis; *26-BUW -Greatest 
bulla width at 45° angle to skull axis. 

c. *27-ITC-Incisor to condyle length, from anterior surface of l 1 at alveolus to posteri0rmost 
projection of the occipital condyle; *28-LOD-Length of diastema, from posterior base of I 1 .. ; veolus 
to anterior base of M1 alveolus; 29-HOR-Height of rostrum, perpendicularly from a point directly 
behind incisors; 30-IOE- Distance from anterior base of zygomatic plate to anterior edge of ear 
opening; 31-IZD-Infraorbital-zygomatic plate distance, from dorsal edge of infraorbital foramen to 
anterior base of zygomatic plate; 32-MPO- Foramen magnum-postorbital bar length, from lateral 
edge of foramen magnum (at notch in lateral view) to anterior edge of postorbital bar; 33-MPZ­
Foramen magnum-zygomatic arch length, from lateral edge of foramen magnum (at notch in lateral 
view) to anterior edge of posterior part of zygomatic arch; 34-™E-Foramen magnum-external 
auditory meatus length, from lateral edge of foramen magnum (at notch in lateral view) to posterodorsal 
edge of external auditory meatus. 

d. *35-GHS-Greatest height of skull perpendicular to horizontal plane through bullae; 36-BCH­
Braincase height, from dorsal surface of sagittal crest to midventral surface of basioccipital between 
anterior bullae; 37-FMH-Foramen magnum height-widest part of foramen in vertical plane; 38-
™W - Foramen magnum width-widest part of foramen magnum in a horizontal plane; 39-CNW -
Greatest occipital condyle width perpendicular to skull axis; 40-W AB-Width at bullae on ear openings 
perpendicular to skull axis. 

e. 4 l-FIB- I' breadth-breadth of principal upper incisor at level of median edge of alveolus. 
f. 42-UTR-Crown length of maxillary toothrow, from anterior edge of M1 at alveolus to posterior 

edge of M3 at alveolus: 43-LFM-Length of M1 along cingulum: 44-LSM-Length of M2 along cin­
gulum; 45-LTM-Length of M3 along cingulum. 

g. 46-WFM-Greatestcross-sectional crown width ofM 1
: 47-WSM-Greatest cross-sectional crown 

width of M2; 48-WTM-Greatest cross-sectional crown width of M3• 

h. *49-GML-Greatest mandible length, in a straight line. from anterior edge of I, alveolus to 
posterior surface of angular process: *SO-MDL-Greatest length of mandible (excluding teeth), from 
posterior surface of condylar process to anteroventral edge of incisor alveolus; 51-AFA-Angular 
process-mandibular condyle length, in straight line from ventral edge of angular process to middorsal 
ridge of mandibular condyle; 5 2-MRH- Mandible-ram us height. from dorsal edge of coronoid process 
to ventral edge ofangular process; 53-MCA-Mandibularcondyle-angular process distance, in straight 
line from dorsal edge of mandibular condyle to ventral edge of angular process. 

i. 54-LMH-Least mandible height, perpendicularly from between posterior M 1 alveolus and an­
terior M2 alveolus; 55-MFA-Mandibular foramen-angular process length, from anterior edge of 
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sample, the two specimens were considered as not representative of the population 
and excluded from subsequent analyses. · 

Homoscedasticity was tested for by Hartley's ( 1950) Fmax-test (Sokal and Rohlf. 
1981) and a one-way analysis of variance (ANOV A) was used to assess sexual 
dimorphism. Skewness (g1), kurtosis (g2), and normality (Chi-square test) also 
were tested for (Zar, 1974; Sokal and Rohlf, 1981; Pimentel and Smith, 1986a. 
1986b). 

Following Cheverud ( 1982), character associations were investigated by cluster 
analysis of principal component (PCA) scores generated from standardized, sta­
tistically problem-free characters. Results of three Q-mode principal components 
analyses (sexes pooled and separate) of correlations among all OTU s were similar 
so that only the pooled sample is considered below. The first 14 components 
(explaining 99.98% of the sample variance) were retained and Euclidean distances 
between each pair of characters subjected to Ward's ( 1963) hierarchical clustering 
algorithm to generate phenotypic sets (P-sets). This algorithm produces homo­
geneous clusters by minimizing the squared positional variation of elements in a 
cluster independently at each step (Cheverud, 1982). 

Selection of characters from within the cluster analysis-generated subclusters 
depended on six ancilla1y criteria in the following order of priority: ( l) relative 
weightings of characters in R-mode principal component (Thorpe, 1980; Gould, 
1984; James and McCulloch, 1990) and correspondence analyses (Benzecri, 1977; 
Greenacre, 1984, 1986, 1990) of three known species, A. chrysophilus, A. granti, 
and A. namaquensis; (2) consideration of coefficients of variation (CV) incorpo­
rating Haldane's ( 1955) correction (Sokal and Rohlf, 1981); (3) measurement error 
(ME) (Ostle and Mensing, 1975; Pankakoski et al., 1987; Bailey and Byrnes, 1990; 
Lougheed et al., 1991) expressed as percentage of total variability due to within­
individual variation (percent measurement error [% ME]), based on three inde­
pendent sets of repeated measurements recorded by CTC on separate occasions 
for A. namaquensis; (4) relative ease of measurement; (5) measuring points as­
sociated with frequently damaged areas of the skull (with reference to analyses 
that require complete data sets; Kim, 1975; Klecka, 1975); (6) previous use, 
particularly in original descriptions. 

All analyses were undertaken with BIO?TAT I and II (Pimentel and Smith, 
1986a, 1986b), UNIVAR (Power, 1970), STATGRl\PHICS (STSC Inc., USA) 
and SimCA (Greenacre, 1990). 

Morphological cranial terminology follows Thomas (1905), Hill (1935), Hall 
( 1946), Rosevear ( 1969), Hebel and Stromberg ( 1976), DeBlase and Martin ( 1981 ), 
and DeGraaff ( 19 8 1 ). 

+-

mandibular foramen to posterior edge of angular process; 56-MAF-Mandibular foramen-articular 
facet length, from ventral edge of mandibular foramen to midposterodorsal edge of articulating facet; 
*57-CMH-Coronoid mandible height, from dorsal edge of coronoid process to ventral edge of man­
dible in line with mandibular foramen. 

j. 58-MTL-Mandibular toothrow, from anterior edge of1 1 alveolus to posterior edge ofM 3 alveolus~ 
59-IML- Posterior incisor-M1 length, in a straight line from posterior edge of l 1 alveolus to posterior 
edge of M1 alveolus; 60-MTR-Mandibular toothrow length, from anterior edge of M, alveolus to 
posterior edge of M1 alveolus; 61-LLM-Length of M1, along cingulum; 62-LMS-Length of M~. 
along cingulum; 63-LMT-Length of M1, along cingulum. 

k. 64-WLM-Greatest cross-sectional crown width of M1; 65-WMS-Greatest cross-sectional crown 
width of M2; 66-WMT-Greatest cross-sectional crown width of M1. 
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REsULTS 

Univariate Screening of Af easurements 

Hartley's ( 1950) Fmax-test for homogeneity of variances between males and 
females of A. namaquensis indicated significant (P < 0.05) heteroscedasticitv m 
four measurements, 19-LPF, 20-MAW, 38-FMW, and 50-MDL (see Figs. 1·a-k 
for measurements; univariate statistics are available on request either from the 
first author or the Transvaal Museum Library). 

Descriptive statistics and results of a one-way analysis of variance indicated a 
generally low level of sexual dimorphism in A. namaquensis, with significant 
differences in only six of the 66 characters: 4-PAR (P < 0.05), 21-PWM (P < 
0.05), 31-IZD (P < 0.01), 51-AFA (P < 0.01), 53-MCA (P < 0.01), and 57-CMH 
(P < 0.0 l ). This finding justified the pooling of sexes in subsequent analyses. 

Results of tests for skewness and kurtosis based on the pooled male and female 
sample of A. namaquensis showed three of the 66 characters to be both skewed 
and kurtotic: 34-FME (both P < 0.01), 38-FMW (P < 0.05 and P < 0.001, 
respectively), and 50-MDL (both P < 0.05). One character, 65-WMS, was skewed 
only (P < 0.05). Three characters were kurtotic only: 49-GML (P < 0.01), 55-
MFA (P < 0.05), and 62-LMS (P < 0.001). 

Chi-square tests for normality in the pooled male and female sample of A. 
namaquensis showed that 26 of the 66 characters were non-normally distributed: 
2-GLN (P < 0.01), 4-PAR (P < 0.05), 7-NPO (P < 0.05), 9-BBC (P < 0.05), 
11-IOB (P < 0.05), 12-NAS (P < 0.01), 16-PPL (P < 0.05), 17-PAL (P < 0.0 l ), 
23-VCW (P < 0.001), 26-BUW (P < 0.05), 28-LOD (P < 0.01), 29-HOR (P < 
0.00 l ), 31-IZD (P < 0.05), 34-FME (P < 0.05), 38-FMW (P < 0.00 l ), 40-W AB 
(P < 0.05), 41-FIB (P < 0.001), 47-WSM (P < 0.05), 49-GML (P < 0.001), 51-
AFA (P < 0.05), 55-MFA (P < 0.05), 56-MAF (P < 0.05), 57-CMH (P < 0.05), 
61-LLM (P < 0.01), 62-LMS (P < 0.001), 66-WMT (P < 0.01). These results 
may reflect the instability of this class of tests when sample sizes are small, but 
draw attention to potentially problematic characters. 

After the assumptions tests, the following highly conservative criteria were used 
to either reject or retain a character: (1) a character was rejected if it differed 
significantly at the 5% level in more than one test; (2) a character was rejected if 
it was significant in one or more tests at the 1 % level of significance; and (3) a 
character was retained if test statistics for sexual dimorphism, homoscedasticity, 
and normality did not differ significantly, or were significant in one of the three 
tests but only at the 5% level of significance. As a consequence, 15 potentially 
problematic characters were rejected (2-GLN, *12-NAS, *17-PAL, 23-VCW, *28-
LOD, 29-HOR, 34-FME, 38-FMW, 41-FIB, *49-GML, *50-MDL, 55-MFA, 61-
LLM, 62-LMS, 66-WMT, which included the five traditional characters indicated 
by asterisks). Although sample sizes were small for this class of tests, reconsid­
eration of the 15 characters indicated that most were problematic with respect to 
one or more of the following: ( 1) unclearly defined recording points, which made 
the placement of caliper tips difficult and therefore subject to error; (2) high 
variability between individuals; and (3) association with frequently damaged parts 
of the skull. 

Analysis of Character Associations 

In the phenogram derived from Ward•s (1963) cluster analysis of the 51 re­
maining characters, three relatively discrete character groupings are apparent (Fig. 
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Fig. 2. -Phenog:am depicting relationships between cranial measurements in Aechomys namaquensis. 
Clusters formed at the three-. four- and eight-cluster stages are indicated by enclosed letters and 
numbers. Characters are defined in Fig. la-k. The cophenetic correlation coefficient is 0.8 l. 

2). The three major clusters, designated I, II, and III, are summarized in Table 
l. Although some characters are apparently not related to the majority of char­
acters within a given subset (indicated by question marks in Table l ), subclusters 
at both the four- and eight-cluster stages in general form logical subsets. Major 
cluster I relates mainly to what may be termed a HMixed" Neurocranial/orofacial 
functional set (F-set). Characters in this major cluster reflect size-related mea­
surements that span the major functional units of the skull, if not the entire length 
of the skull. This cluster of characters is further subdivided into a subcluster 
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comprising "Longitudinal distances" ( 1) and the other comprising ''Oblique dis­
tances" (2). 

Major cluster II relates mainly to the Neurocranial functional set. Although 
there are no clear demarcations at the eight-cluster stage in terms of three partialh 
independent submatrices (frontal, parietal, and occipitat Cheverud, 198 2) of the 
Neurocranial functional set, characters in subcluster 3 include measurements of 
the dorsal side of the cranium and various measurements related to the config­
uration of the braincase itself, the exception being 8-ZAL which belongs to the 
orbital submatrix of the Orofacial functional set. Subcluster 4 also includes two 
measurements related to the configuration of the braincase, as well as upper 
too throw length ( 18-TRL), which belongs to the dental phenotypic set in the 
Orofacial functional set, and distance from anterior bast of zygomatic plate to 
anterior edge of ear opening (30-IOE) of H\1ixed" Orofacial/neurocranial origin. 

Major cluster III relates mainly to the Orofacial functional set. Most characters 
(23 of 33) collectively fit into orbital/oral/masticatory phenotypic set in the Oro­
facial functional set. In cluster C, subcluster 5 includes measurements of the lateral 
region of the rostrum, the orbital and postpalatal regions and the toothrows, and 
one mandibular measurement, while almost all mandibular measurements appear 
in subclusters 6 and 7. Of interest is that almost all measurements related to the 
bullae and the foramen magnum also appear in cluster C. 

Most prominent at the eight-cluster stage is subcluster 8, which, with the ex­
ception of hard palate width at M 1 (21-PWM), are masticatory characters joining 
up at relatively low distances, suggestive of a tightly integrated dental submatrix. 

Selection of Measurements 
One of the criteria developed to select measurements from within subclusters 

relied on ordinations, both principal component (Fig. 3) and correspondence (Fig. 
4) analyses, of known taxa (A. namaquensis, A. chrysophilus, and A. granti). The 
first two axes from the principal component analysis show A. granti to separate 
from both A. chrysophilus and A. namaquensis along the second axis, whereas the 
latter two species are separated from each other along the first axis: there was 
little or no differentiation between the three taxa along components 3 to l 4. 
Principal component I generally has high and negative loadings on all measure­
ments (Table 1 ), with generally high percent variances associated with each char­
acter's comp<, :1ent contribution (in parentheses in Table l ). This suggests that the 
separation between A. chrysophilus and A. namaquensis is primarily size-related. 
The second axis, which is instrumental in separating A. granti from both A. 
chrysophilus and A. namaquensis, has character loadings and percent variances 
of different magnitudes (the former with different signs), suggesting shape-related 
variation. The important characters with relatively high loadings (regardless of 
sign) on the second axis are: 3-FRO, 4-PAR, 5-INT, 6-NPP, 26-BUW, 31-IZD. 
37-FMH, 47-WSM, 53-MCA, 56-MAF, 58-MTL, 59-IML, and 65-WMS. 

Two-dimensional symmetric profiles from correspondence analysis (Fig. 4 ). 
with individuals from the same taxon enclosed in minimum convex polygons. 
show clear separation among the three species along both principal axes I (Inertia 
= 25.27% and A1 = 0.0004) and II (20.59%; A2 = 0.0003). A plot of individual 
characters, which allows examination of the level of association between rows ( in 
this case, individuals) and columns (characters), is superimposed on the same 
figure. The scattergram shows that separation of the three taxa can be explained 
in terms of the corresponding opposition of the following characters in the planes 
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Table l.-Principa/ component (PCA) (including percent variance contributions. in parenthesesJ and 
principal coordinate (CA) (in permi/1s) loadings for the first two axes. coefficients of ran at ion re~·;. r.1nd 
percent measurement error(% ME) for each character. letters and numbers to the left 1nd1cate c/ustt!rs 
formed at the three•, four• and eight-cluster stages of the cluster analysis. Characters followed b\· a 
question mark do not belong in the particular functional ( F-set) or phenotypic f P-set) set. Characters 
in parentheses were important in principal components and correspondence analyses. (. ·nder/ined char-
acters were selected for descriptive and comparative purposes. Characters preceded by an astemk •\ ere 

selected for use in subsequent morphometric analyses. Characters are defined in Fig. l a-k. 

PCA PCA CA CA 
Character IF-set I ll I II CV ~ 'v1E 

I. "MIXED" NEUROCRANIALJOROFACIAL F-SET 
A. (lnterfrontal, -parietal, and -occipital) 

1. "Incisor-condyle distances" 
*1-GLS -0.957 (9 l.65) 0.130 ( 1.69) 11 -3 1.93 0.013 
13-CBL -0.959 (91.93) 0.130 ( 1.68) 10 -1 2.02 0.014 
27-ITC -0.973 (94. 71) 0.049 (0.24) 4 -3 1.05 0.015 
14-PIC -0.974 (94.84) -0.074 (0.55) -2 -8 2.02 0.008 
15-BSL -0.968 (93.63) -0.026 (0.07) -3 1 2.53 0.014 

2. "Oblique distances" 
*(6-NPP) -0.856 (73.23) 0.294 (8.66) 26 -13 2.18 0.014 
32-MPO -0.8S7 (97.S0) 0.026 (0.07) -1 s 1.91 0.014 

II. NEUROCRANIAL F-SET 
B. (Braincase and dorsal part of skull) 

3. *(3-FRO) -0.668 (44.60) 0.594 (35.23) 63 50 4.44 0.006 
33-MPZ -0.973 (94.60) -0.050 (0.25) -18 22 2.49 0.013 
16-PPL -0.947 (89.61) 0.061 (0.3 7) -3 22 3.08 0.012 
35-GHS -0.892 (79.59) 0.239 (5. 71) 14 l 2. 71 0.010 

7-NPO -0.888 (78.89) 0.154 (2.38) 16 -4 3.32 0.015 
8-ZAL? -0.941 (88.47) 0.085 (0. 73) 9 -9 2.14 0.012 

40-WAB -0.941 (88.64) 0.033 (0.11) 2 1 2.55 11 .014 

4. 9-BBC -0.952 (90.60) -0.010 (0.01) -3 -1 2.91 · .. 008 
10-zVw -0.977 (95.43) -0.070 (0.49) -12 8 2.34 0.01 S 
18-TRL? -0. 971 (94.25) -0.134 (l.81) -9 -6 2.11 0.014 
30-IOE? -0.959 (91.91) 0.177 (3.13) 7 22 1.82 0.014 

III. OROFACIAL F-SET 
C. (Oral and orbital cavities, ex.occipital bullae) 

0.008 5. (4-PAR ?) -0. 797 (63.53) -0.301 (9.06) -40 -1 7.34 

42-UTR -0.905 (81.89) -0.040 (0.16) -15 3 3. 71 0.013 

60-MTR -0.827 (68.39) 0.061 (0.3 7) 3 -10 2.43 0.006 

(31-IZD) -0.615 (37.85) 0.500 (24.97) 49 19 6.65 0.014 

{5-INT ?} -0.345 (11.92) -0. 714 ( 5 1. 00) -62 -64 9.55 0.007 

11-IOB -0.898 (80. 70) -0.142 (2.02) -12 0 2.81 0.013 

54-LMH -0.904 (81. 74) 0.106 (1.12) -2 19 5.44 0.009 

22-PAC -0.720 (51.90) 0.105(1.11) 10 -15 5.55 0.015 

*(26-BUW?) -0.865 (74. 76) -0.250 (6.25) -35 8 3.73 0.001 

*(37-FMH ?) -0.436 (19.03) 0.437 (19.07) 36 -30 4.90 0.012 

*(56-MAF) -0.421 (17.73) -0.662 (43. 77) -48 -5S 5.60 0.013 

6. 20-MAW -0.943 (88.21) -0.047 (0.22) -1 -12 2.98 0.013 

*(51-AFA) -0.934 (87.22) -0.147 (2.17) -63 75 5.52 0.010 

25-BUL? -0.855 (73.17) 0.003 (0.01) -7 9 4.64 0.012 

24-FJW? -0.718 (51.58) -0.050 (0.25) 4 -23 5.4S 0.008 

52-MRH -0. 781 (60.93) 0.113 (1.28) 5 14 5.87 0.011 

(53-MCA) -0.850 (72.32) -0.254 (6.43) -21 -5 4.36 0.006 

36-BCH? -0.900 (80.91) 0.035 (0.12) 3 -8 2.93 0.013 

(58-MTL) -0.866 (75.06) -0.374 (14.00) -35 -7 3.89 0.008 

7. 19-LPF? -0. 722 (52.10) 0.152 (2.31) 18 -13 S.00 0.013 
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Prior to a systematic revision of African rock rats (genus Aethomys Thomas) in southern Africa, the nature 
and extent of non-geographic variation due to sex and age in two samples each of A chrysophilus (De 
Winton, 1897) and A namaquensis (A. Smith, 1834) were examined using both univariate and multivariate 
statistical procedures. Results of Model I two-way analysis of variance, % sum of squares and a series of 
multivariate procedures were congruent and showed a lack of sexual dimorphism in all samples examined, 
but marked variation between seven age categories based on the degree of tooth wear on the maxillary tooth 
row. When univariate and multivariate results were considered together, pooling of sexes as well as 
individuals of tooth-wear classes IV, V and VI for subsequent recording and analysis was justified. Very few 
tooth-wear class VII individuals were available and their exclusion was largely arbitrary. Few measurements 
showed sex-age interaction. The largest per cent contribution to the total variance was due to error. In 
general, variance partitioning indicated that if comparisons are to be made, caution needs to be exercised on 
the type of characters, number of factor levels and methodology used. 

Voor 'n sistematiese hersiening van Afrika-kliprotte in Suider-Afrika (genus Aethomys Thomas) onderneem 
is, is die aard en omvang van nie-geografiese variasie toeskryfbaar aan geslag en ouderdom by twee mon­
sters elk van A chrysophilus (De Winton, 1897) en A namaquensis (A. Smith, 1834) deur middel van beide 
eenveranderlike en meerveranderlike statistiese prosedures ondersoek. Resultate van Model I variansie­
analise, % som van kwadrate en 'n reeks meerveranderlike prosedures het ooreengestem, en het die gebrek 
aan geslagsdimorf isme by al die monsters wat ondersoek is uitgewys, asook dat beide grootte- en vormvaria­
sie tussen sewe ouderdomskategoriee voorkom wat op tandslytasie van die maksilere tandry gegrond is. By 
die vertolking van beide eenveranderlike en meerveranderlike resultate in 'n breer konteks, was die same­
voeging van geslagte sowel as individue van ouderdomsklasse IV, V en VI vir daaropvolgende optekening en 
analises geregverdig. Baie min individue van ouderdomsklas VII was beskikbaar en hul uitsluiting was arbi­
trer. Min karakters het geslag-ouderdom interaksie getoon. Die hoogste persentasie bydrae tot die totale 
variansie was aan fout toe te skryf. Oor die algemeen het variansieverdeling getoon dat indien geldige verge­
lykings getref wil word, die tipe karakters, aantal faktore en metodologie wat toegepas word, omsigtig bena­
der meet word. 

* To whom correspondence should be addressed at: Department of Mammals, Transvaal Museum, P.O. Box 413, 
Pretoria, 0001 South Africa 
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As part of a systematic revision of African rock rats of the 
genus Aethomys Thomas, the present study examines non­
geographic variation in two species, A. chrysophilus (De 
Winton, 1897) (sensu Lato, see below) and A. namaquensis 
(A. Smith, 1834), from four localities in southern Africa. 
The assessment of non-geographic variation is of particular 
importance in morphometric studies of geographic variation, 
and in the morphometric delineation of taxa (Thorpe 197 6; 
Van der Straeten & Dieterlen 1992). Decisions regarding the 
components of variation to consider for statistical evaluation 
are of fundamental importance (Straney 1978). While some 
authors (e.g. Leamy & Bader 1968; Mayr 1969) consider 
non-geographic variation to be composed of genetic and 
non-genetic components, most workers view it as a function 
of differences in, for example, sex, age, season, cohort, and 
individuals within populations (Thorpe 1976; Straney 1978; 
Leamy 1983; Webster & Jones 1985; Dippenaar & Rauten­
bach 1986; Van der Straeten & Dieterlen 1992). 

Non-geographic variation has, in the past, been assessed 
by a variety of univariate statistics and procedures such as 
the coefficient of variation (Genoways & Jones 1972), 

multiple t-tests (Straney 1978) and two-way analysis of 
variance (Robbins 1973 ), but their application has been 
criticized (Straney 1978; Leamy 1983). Two novel methods 
that rely either on the partitioning of variance components 
(Straney 1978) or the per cent contribution of the sum of 
squares (% SSQ) of each source of variation to the total SSQ 
(Leamy 1983), have been proposed more recently. The 
former method is computationally involved, but yields 
results that are generally comparable to the latter, which can 
be computed directly from a conventional two-way ANOVA 
table. Willig, Owen & Colbert ( 1986) expressed reservations 
about the univariate approach, arguing that significance tests 
for equality of means for each variable independently 
present the dilemma of having to consider the number of 
characters that must exhibit significance before overall 
significance is declared. They recommend the use of multi­
variate analysis of variance for evaluating overall group 
differences since it utilizes rather than ignores correlations 
among variables. 

Some workers have attempted to adjust for sexually 
dimorphic and age-influenced characters (e.g. Cheverud 
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1982) by regression analyses of transfonned characters 
(Thorpe 1976; Reist 1985) or by principal component analy­
sis (Leamy & Thorpe 1984; Somers 1986). Such adjust­
ments, however, require adequate samples from throughout 
the study area (Thorpe 1976; Dippenaar & Rautenbach 
1986), a requirement hardly ever met by small mammal data 
sets. As an alternative to the sampling problem, other 
workers have attempted to pool geographic samples, but this 
is a dubious practice (Dippenaar & Rautenbach 1986). 

This study evaluates non-geographic variation at the level 
of sexual dimorphism and age variation using the SSQ 
approach (and for comparison Model I two-way analysis of 
variance) and a series of multivariate procedures, with the 
objective of establishing criteria for the selection of 
specimens to consider for measurement recording and analy­
sis in subsequent studies. 

Material and Methods 
The present study is based on samples of A. namaquensis 
from Boekenhoutkloof, Transvaal (25°31 'S, 28°30'E; 25 
males, 23 females), and Farm Narap, 28 km SSE of Spring­
bok, Cape Province (29°53'S, 17°45'E; 15 males, 17 
females), and A. chrysophilus from Farm Al-tc-ver, 1 km 
SSE of Maasstroom, Transvaal (22°46'S, 28°28'E; 9 
males, 13 females), and Olifantspoort Farm 328, 19,2 km S 
of Rustenburg, Transvaal (25°46'S, 27°16'E; 13 males, 8 
females), South Africa. Specimens examined are listed in 
Appendix 1. The homogeneity of the samples of A. chryso­
philus (sensu Lato), which is apparently composed of two 
sibling species (Gordon & Rautenbach 1980; Gordon & 
Watson 1986; Visser & Robinson 1986; 1987; Breed, Cox, 
Leigh & Hawkins 1988), was confirmed by preliminary 
analyses of cytogenetically known specimens. 

Examination of the maxillary tooth-row, with reference to 
Verheyen & Bracke (1966), Morris (1972), Perrin (1982) 
and Dippenaar & Rautenbach (1986), led to the recognition 
of seven tooth-wear classes (Figure 1). 

A basic set of 11 linear cranial measurements (5 skull, 3 
mandible and 3 dental) was recorded by one of us (CTC) to 

the nearest 0,05 mm using Mitutoyo digital callipers and 
DataQ (D.L. Schultz) for direct data input into Quattro 
(Borland International Inc.). In addition, four descriptive 
characters (breadth of brain-case, least breadth of 
interorbital constriction, greatest bulla length and greatest 
height of skull) were taken. The measurements are defined 
and illustrated in Figure 2. 

After data screening, which resulted in the exclusion of 
one outlier from Boekenhoutkloof (TM 30432), the four 
samples were independently subjected to Model I two-way 
analysis of variance (ANOV A). From the ANOV A tables, 
estimates of % SSQ of four sources of variation (sex, age, 
sex-age interaction and error (= residual)) were computed 
by the division of the SSQ associated with each source of 
variation by the total SSQ. Analysis also included a 
posteriori Student-Newman-Keuls (SNK) tests for maximal­
ly non-significant subsets (P < 0,05; Sokal & Rohlf 1969; 
1981). Haldane's (1955) correction was used in the compu­

tation of coefficients of variation (CV). 
All univariate analyses were based on the 11 basic and 

four descriptive characters. The material available was 
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Figure 1 Right maxillary tooth-row of Aethomys namaquensis 
illustrating seven tooth-wear classes. Tooth-wear class I: cheek­
teeth not fully erupted. M3 conspicuously below eruption level of 
M1 and M2 (TM 27832); tooth-wear class II: cheek-teeth fully 
erupted, M3 somewhat smaller, cusps conspicuous but with no or 
very little wear (TM 27842); tooth-wear class ill: all cheek-teeth 
in apposition, minimal cusp wear (TM 31258); tooth-wear class 
IV: cusp wear obvious, but not extensive (fM 30433); tooth-wear 
class V: cusp wear extensive, but most cusps still distinguishable 
(fM 30432); tooth-wear class VI: cusp wear extensive, but traces 
of cusps not completely lost (fM 30438); tooth-wear class VII: 
tooth-wear severe, occlusal surfaces worn smooth with no traces 
of cusps (TM 30428). 

characterized by small sample sizes, particularly of tooth­
wear classes I and VII, so that not all (and in some cases not 
consecutive) tooth-wear classes were represented. This led 
to univariate analyses based on either three (Narap: tooth­
wear classes II, III and VI; Olifantspoort: II, III and IV, and 
Al-te-ver: III, IV and V) or four (Boekenhoutkloof: III, IV, 
V, VI) tooth-wear classes. 

Variation due to sex and age was also examined by prin­
cipal component (PCA) (Thorpe 1980; Gould 1984; James 
& McCulloch 1990) and cluster analyses (Sneath & Sokal 
1973) based on standardized characters. PCA was computed 
from a correlation matrix while unweighted pair-group 
arithmetic average cluster analysis (UPGMA) was based on 
average taxonomic distances (Rohlf 1986; Sneath & Sokal 
1973). Unlike univariate analysis, PCA and UPGMA 
allowed the analysis of a wider range of tooth-wear classes 
that also included the poorly represented tooth-wear classes 
I and VII. Canonical variates analyses (CV A) (Pimentel & 
Smith 1986b) of tooth-wear classes (excluding those with 
too few observations) were also undertaken. Multivariate 
analysis of variance (MANOV A) was used to test for 
significant differences between group centroids. All 
multivariate analyses were based on the basic set of 11 

cranial measurements. 
Statistical analyses were undertaken with BIOLTAT I 

and II (Pimentel & Smith 1986a; 1986b) and NTSYS-pc 
(Rohlf 1986). 

Univariate assessment 
Univariate results for the four samples analysed were 
broadly congruent for the 11 basic and four descriptive 
measurements an~ therefore, predominantly the results for 
A. namaquensis from Boekenhoutkloof and A. chrysophilus 
from Olifantspoort are presented. The former sample was 
the largest individual sample and also included the widest 
range of consecutive tooth-wear classes (III - vn, whereas 
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Figure 2 Abbreviations and reference points of skull measurements: 1. GLS: greatest length of skull, from anterior edge of nasals to 

posterior margins of the skull, along longitudinal axis; 2. FRO: greatest length of frontals; 3. NPP: distance from anterior edge of nasals to 
anterior edge of posterior part of zygomatic arch; 4. BBC: breadth of brain-case - width at dorsal root of squamosals; 5. IOB: least 
breadth of interorbital constriction - least distance dorsally between orbits; 6. BUL: greatest bulla length at 45° angle to skull axis; 7. 
BUW: greatest bulla width at 45° angle to skull axis; 8. GHS: greatest height of skull perpendicular to horizontal plane through bullae; 9. 
FMH: foramen magnum height - widest part of foramen in vertical plane; 10. LFM: length of M 1 along cingulum; 11. WSM: greatest 
cross-sectional crown width of M2

; 12. AFA: angular process - mandibular condyle length, in straight line from ventral edge of angular 
process to mid-dorsal ridge of mandibular condyle; 13. MAF: mandibular foramen - mandibular condyle length, from ventral edge of 
mandibular foramen to mid-posterodorsal edge of mandibular condyle; 14. IML: posterior incisor - M3 length, in a straight line from 
posterior edge of 11 alveolus to posterior edge of M3 alveolus; 15. WMS: greatest cross-sectional crown width of M2. 

the latter sample included tooth-wear classes II - IV. F­
values from Model I two-way ANOV A and % SSQ for the 
two samples (Table 1) show that more measurements have 
significant (P < 0,01) F-values for age than for sex in both 
samples. Similarly, age generally gave higher % SSQ values 
(range% SSQ = 1,57-45,56 for A. namaquensis; 7,41-83,59 
for A. chrysophilus) than sex (0,00-9,99 for A. namaquen­
sis; 0,05-40,00 for A. chrysophilus). Distance from anterior 
edge of nasals to anterior edge of posterior part of zygo­
matic arch (NPP), angular process - mandibular condyle 
length (AFA) and mandibular foramen - mandibular con­
dyle length (MAF) showed significant age variation in both 
samples. The importance of these measurements was also 
apparent in the A. namaquensis sample from Narap and the 
A. chrysophilus sample from Al-te-ver. Generally, these 
measurements also contributed relatively more to the total 
variance due to age. 

Only one measurement, least breadth of interorbital con­
striction (1OB) in the Boekenhoutkloof sample, and two 
measurements, greatest height of skull (G HS) and greatest 
cross-sectional crown width of M2 (WSM) in the A. chryso­
philus sample from Olifantspoort, showed significant sexual 
dimorphism. These measurements also showed the largest 
per cent contribution to the total variance due to sex 
(Table 1). 

Only one measurement from each sample (distance from 
anterior edge of nasals to anterior edge of posterior part of 
zygomatic arch (NPP) and greatest cross-sectional crown 

width of M2 (WMS)) showed significant interaction between 
age and sex. The negligible contribution due to sex-age 
interaction was also shown by the relatively small % SSQ 
means in both samples (mean % SSQ = 6,39 in A. 
namaquensis; 10,67 in A. chrysophilus). In both samples, 
the largest per cent contribution to the total variance was 
due to error (mean % SSQ = 79,54; range % SSQ = 
44, 11-92,00 in A. namaquensis; 45,45, 14,07-73,65 in A. 
chrysophilus). 

Despite the congruence of univariate results among the 
four samples, % SSQ contributions generally showed a 
much higher degree of congruence between 'three tooth­
wear class'-group analyses in samples of A. chrysophilus 
from Olifantspoort (mean % SSQ contributions for sex = 
7,48; age = 36,40; interaction = 10,67; error = 45,45) and 
Al-te-ver (sex = 8,75; age = 32,76; interaction = 13,43; 
error = 45,06), and A. namaquensis from Farm Narap (sex 
= 2,70; age 43,42; interaction = 7,23; error = 46,65) than 
the 'four tooth-wear class' -group analysis in the A. 
namaquensis sample from Boekenhoutkloof (sex= 1,71; age 
= 12,36; interaction = 6,39; error = 79,54). In addition, 
except for the error componen~ the 'three tooth-wear class'­
group analyses showed higher % SSQ values than the 'four 
tooth-wear class' -group analysis. 

In the SNK tests, a large number of measurements in all 
samples showed no significant differences between tooth­
wear classes analysed: Boekenhoutkloof (10; classes III -
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Table 1 F-values and % Sum of Squares (% SSQ) of 
each source of variation from a Model I two-way ANOVA 
of (a) four tooth-wear classes (Ill - VI) of male and female 
Aethomys namaquensis from Boekenhoutkloof and (b) 
three tooth-wear classes (II - IV) of male and female 
Aethomys chrysophilus from Olifantspoort. Statistical 
significance: * = P < 0,05; ** = P < 0,01; *** = P< 
0,001. Measurements are defined in Figure 2 

F-value % SSQ 
\1easure-
ment Sex.(S) Age(A) S X A Sex.(S) Age(A) SxA Error 

(a) Boekenhoutkloof 

GLS 1,26 0,56 0,31 3,00 4,04 2,23 90,73 

FRO 0,96 0,75 0,13 2,31 5,40 0,94 91,35 

:\PP 0,49 13,08*** 2,80* 0,57 45,56 9,76 44,11 

BBC 0,00 0,66 1,52 0,00 4,43 10,26 85,31 

108 6,07• 2,87* 2,71 9,99 14,14 13,41 62,46 

BCL 0,52 0,40 1,13 1,21 2,79 7,86 88,14 

BCW 0,25 1,07 0,20 0,59 7,59 1,42 90,40 

GHS 0,05 1,15 1,02 0,11 7,76 6,86 85,27 

FY1H 0,90 0,22 0,92 2,10 1,57 6,54 89,79 

LFY1 0,45 1,59 1,94 0,94 9,74 11,85 77,47 

WSY1 0,07 0,68 1,84 0,00 4,71 12,04 83,25 

AFA 0,Q3 5,04** 0,80 0,05 27,22 4,33 68,40 

Y1AF 0,15 4,21 ** 0,34 0,30 24,39 1,96 73,35 

1\.11. 2,02 3,50* 0,99 3,78 19,61 5,55 . 71,06 

WMS 0,24 0,88 0,06 0,80 6,40 0,80 92,00 

Y1ean 1,71 12,36 6,39 79,54 

(b) Olifantspoort 

GLS 0,52 11,21** 0,43 1,44 62,62 2,41 33,53 

FRO 0,14 6,03* 1,24 0,53 45,21 9,32 44,94 

:-,;pp 0,95 5,04* 2,88 3,23 36,60 19,52 40,65 

BBC 0,21 6,17** 0,49 0,82 48,31 3,86 47,01 

!OB 2,22 2,00 0,45 11,57 21,00 4,71 62,72 

BCL 1,48 35,66*** 0,26 1,73 83,59 0,61 14,07 

BCW 0,06 1,40 0,72 0,33 17,18 8,84 73,65 

GHS 7,95** 1,37 1,92 29,97 10,33 14,49 45,21 

FMH 2,30 1,82 0,05 12,79 20,23 0,57 66,41 

LFYI 1,00 1,57 2,13 4,68 15,21 21,05 59,06 

WSY1 11,26** 1,76 0,69 40,00 12,31 4,62 43,07 

AFA 0,Q2 18,35*** 2,11 0,05 69,33 7,96 22,66 

YIAF 0,50 12,96*** 0,57 1,25 65,53 2,90 30,32 

I\.11. 0,Q2 3,05 0,71 0.11 31,18 7,32 61,39 

WYIS 1,38 1,07 8,50** 3,70 7,41 51,85 37,04 

Mean 7,48 36,40 10,67 45,45 

YI), Narap (6; II, III, VI), Olifantspoort (6; II - IV), and Al­
te-ver (8; III - V), the highest numbers being recorded in the 
first and last samples which included only tooth-wear class 
III and older individuals. (Representative results for the four 
samples are presented in Table 2.) Conversely, in the 
samples that included tooth-wear class II and older indivi­
duals (Olifantspoort and Narap), most measurements (9 of 
15 in each sample) showed significant variation between 
tooth-wear classes. In instances in which significance was 
recorded, either all tooth-wear classes differed significantly 
in a few measurements (Olifantspoort and Narap three 
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measurements, Al-te-ver four), or were variously grou~ 
into non-significant subsets: in A. namaquensis from 1) 
Boekenhoutkloof (which represented the widest range of 
consecutive tooth-wear classes) classes V and VI were 
mostly grouped in non-significant subsets, and sometimes 
IV and VI, and III and IV; and from 2) Narap, tooth-wear 
classes II and III were consistently grouped into the same 
non-significant subset, with both differing significantly from 
tooth-wear class VI. In A. chrysophilus from both Olifants­
poort and Al-te-ver, tooth-wear classes III and IV were 
consistently grouped in the same non-significant subset. The 
pattern that emerges from the SNK analyses is that the 
inclusion of tooth-wear class II individuals with tooth-wear 
class III and older individuals leads to an increase in the 
number of measurements showing significant age variation, 
and that analysis of only tooth-wear class III and older 
specimens also show a large proportion of measurements 
with significant differences; tooth-wear class III individuals 
either fall in the same non-significant subset as those of 
either tooth-wear class II or tooth-wear class IV. The SNK 
results therefore suggest that individuals of tooth-wear 
classes II and III should be excluded from the final data set, 
and that an argument could even be made for the exclusion · 
of tooth-wear class IV individuals. 

Descriptive statistics of all samples show a direct relation­
ship between character magnitude and age, as exemplified 
by samples from Boekenhoutkloof and Olifantspoort 
(Table 3). 

Mu ltlvariate assessment 
The multivariate assessment focuses on the relatively large 
samples of A. namaquensis from Boekenhoutkloof and 
Narap, with reference to the samples of A. chrysophilus 
from Olifantspoort and Al-te-ver. The Narap sample is of 
particular inter.est in the multivariate analyses since it 
includes individuals representing all seven tooth-wear 
classes. Because of insufficient cell sizes for a combined 
CY A of males, females and tooth-wear classes, the data 
were first subjected to principal component and cluster 
analyses. 

The first two principal components from analyses of the 
Boekenhoutkloof and Narap samples are shown 'in Figure 3. 
Both scattergrams reflect age rather than sex as the major 
source of variation in both samples. Tooth-wear class III 
individuals from Boekenhoutkloof tend to separate from 
those of tooth-wear classes IV - VII at an oblique angle. 
There is no clear separation between tooth-wear classes IV -
VII along either axis. In the PCA of the Narap sample, there 
is clear separation between tooth-wear classes IV - VII and 
tooth-wear classes I - III, especially along the first axis. An 
examination of the remaining axes (3 - 14) for both samples 
did not reveal any separation of tooth-wear classes. In both 
samples, the first principal component generally had high 
and negative loadings on most measurements (Table 4), 
with generally high per cent variances associated with each 
measurement's component contribution (in parentheses in 
Table 4). The important measurements with relatively high 
loadings on the first axis (35,4% of the total variance) in the 
Boekenhoutkloof sample (Table 4a) are: greatest length of 
skull (GLS), distance from anterior edge of nasals to 
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Table 2 Multiple range SNK tests of tooth-wear classes in Aethomys namaquensis 
from (a) Boekenhoutkloof (tooth-wear classes Ill - VI) and (b) Narap (II, Ill and VI), 
and Aethomys chrysophi/us from (c) Olifantspoort (II - IV) and (d) Al-te-ver (Ill - V). 
Non-significant subsets (P < 0,05) are indicated by vertical lines; NS = no significant 
differences; AS = all means significantly different; n = sample size; SD = standard 
deviation. Measurements are defined in Figure 2 

Tooth-wear 
\1easurement class (n) SD \1ean 

(a) Boekenhoutkloof 

GLS III( 5) 0,66 28,78 

VI(l l) 0,80 29,57 ~s 
IV(l7) 0,45 29,87 

V(l3) 0,68 30,28 

AFA III( 5) 0,48 5,58 

IV(l7) 0,33 6,07 

J 
V(l3) 0,34 6,13 

VI(l l) 0,18 6,23 

(b) ,arap 

GLS II( 4) 0,93 27,19 

III( 11) 0,69 28,36 AS 
VI( 5) 0,93 31,80 

BCW II( 4) 0,10 4,73 

IIl(l l) 0,19 4,89 

VI( 5) 0,16 5,16 

(c) Olifantspoort 

FRO II( 4) 0,38 9,71 

IIl(l0) 0,48 10,31 

IV( 4) 0,18 10,84 

F\1H II( 4) 0,14 4,59 

lll(l0) 0,16 4,64 :\S 

IV( 4) 0,19 4,80 

(d) Al-te-ver 

BBC III( 8) 0,30 14,03 

IV( 7) 0,61 14,31 

V( 5) 0,46 14,89 

LF\1 IV( 7) 0,12 2,80 

lll( 8) 0,11 2,83 

V( 5) 0,09 2,98 

anterior edge of posterior part of zygomatic arch (NPP), 
angular process - mandibular condyle length (AFA), mandi­
bular foramen - mandibular condyle length (MAF) and 
posterior incisor - M3 length (IML). In addition to these 
measurements, greatest length of frontals (FRO), greatest 
bulla width (BUW) and greatest cross-sectional crown width 
of M2 (WMS) are important on the first axis (64,9%) of the 
Narap sample (Table 4b). Important measurements on the 
second axis (16, 1 %) of the Boekenhoutkloof sample are: 
greatest length of frontals (FRO), greatest cross-sectional 
crown widths of M2 (WSM) and M2 (WMS) (Table 4a). In 
the Narap sample, foramen magnum height (FMH) was 
important on the second axis (11,5%) (Table 4b). Collec­
tively, most of these measurements also feature either as 
significantly different or contribute highly towards the total 
% SSQs in the univariate statistics. Results for A. 

Tooth-wear 
\1easurement class (n) SD \1ean 

WP III( 5) 0,56 20,34 

V(17) 0,66 21,48 

V(l3) 0,65 22,01 

VI(l l) 0,68 22,27 

I\1L III( 5) 0,29 
8,56 J 

V(13) 0,21 8,81 

J 
IV(l T'J 0,30 8,78 

VI(l l) 0,29 9,01 

BBC II( 4) 0,26 12.39 

III(ll) 0,30 12,73 

VI( 5) 0,35 13,25 

W\1S II( 4) 0,05 1,67 

III(ll) 0,04 1,67 ~s 
VI( 5) 0,04 1,69 

BCL II( 4) 0,07 6,71 

III( 10) 0,14 7,24 AS 
IV( 4) 0,03 7,41 

\1AF II( 4) 0,17 3,89 

III( 10) 0,31 4,69 

IV( 4) 0,23 4,81 

10B III( 8) 0,14 4,83 

IV( T'J 0,32 4,88 NS 
V( 5) 0,22 5,08 

AFA Ill( 8) 0,24 6,44 

IV( T'J 0,30 6,87 AS 
V( 5) 0,45 7,51 

chrysophilus from Olifantspoort reflected those for the 
Boekenhoutkloof sample in that there was some overlap 
between tooth-wear classes III and IV, but in the A. 

chrysophilus sample from Al-te-ver, the overlap was greater. 
However, both these samples included tooth-wear class II 
individuals (and in the case of Al-te-ver a single tooth-wear 
class I individual) and their positions in the PCA graphs 
closely reflected the pattern observed in the Narap sample. 
In all PCA graphs there was little, if any, indication of 
sexual dimorphism. 

Because of the relatively low level of variation explained 
by successive components (e.g. first three axes for A. 
namaquensis: Boekenhoutkloof (62,3%), Narap (86,3%); A. 
chrysophilus: Al-te-ver (84,5%), Olifantspoort (76,4%)), the 
samples were also examined by cluster analyses. In the 
Boekenhoutkloof sample, the phenogram showed no discrete 
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Table 3 Standard statistics of 15 measurements of males and females in (a) five tooth-wear 
classes of Aethomys namaquensis from Boekenhoutkloof and (b) three tooth-wear classes of 
Aethomys chrysophilus from Olifantspoort. Y = arithmetic mean; 2SE = two standard errors; 
CV= coefficient of variation; n = sample size. Measurements are defined in Figure 2 

(a) Boekenhoutkloof 

Measurement 
Tooth-wear 

Sex class (n) GLS FRO NPP BBC JOB BUL BCW GHS 

Males III (3) y 28,44 9,35 20,08 12,72 4,36 6,47 4,78 9,60 

2S£ 0,26 0,16 0,26 0,17 0,04 0,21 0,21 0,22 

CV 1,61 2,90 2,27 2,27 1,53 5,62 7,55 3,91 

IV (8) y 29,40 9,49 21,12 13,19 4,67 6,57 4,87 9,78 

2S£ 0,31 0,22 0,29 0,16 0,10 0,13 0,09 0,05 

CV 3,02 6,44 3,86 3,40 5,86 5,51 5,30 1,44 

V (7) y 30,40 9,68 22,05 12,92 4,49 6,57 4,85 9,75 

2SE 0,24 0,12 0,23 0,12 0,Q3 0,07 0,10 0,10 

CV 2,26 3,59 2,96 2,71 1,78 3,20 5,75 2,82 

VI (6) y 31,37 9,79 22,54 13,03 4,75 6,80 4,92 9,78 

2SE 0,10 0,13 0,10 0,16 0,04 0,08 0,04 0,08 

CV 0,77 3,36 1,05 2,96 2,29 2,78 1,81 1,99 

Females III (2) y 29.28 9,36 20,73 13,32 4,52 6,55 4,68 9,75 

2S£ 0,49 0,03 0,42 0,08 0,05 0,06 0,Ql 0,06 

CV 2,37 0,46 2,83 0,80 1,56 1,30 0,30 0,80 

IV (9) y 30.29 9.42 21,80 13,01 4,44 6,62 4,92 9,86 

2S£ 0,14 0,20 0,08 0,12 0,05 0,08 0,04 0,08 

CV 1,40 6;29 1,06 2,77 3,09 3,64 2,45 2,56 

V (5) y 30,28 9,40 21,94 12,92 4,48 6,51 4,88 9,54 

2SE 0,32 0,29 0,32 0,12 0,08 0,15 0,06 0,08 

CV 2,35 6,78 3,21 2,04 4,07 5,04 2,66 1,98 

VI (5) y 30,54 9,60 21,95 13,00 4,53 6,47 4,94 9,68 

2S£ 0,48 0,33 0,41 0,10 0,07 0,16 0,04 0,18 

CV 3,53 7,67 4,17 1,72 3,49 5,41 1,77 4,22 

VII (2) y 31,17 9,46 22,53 13,01 4,98 6,91 4,90 9,86 

2SE 0,30 0,21 0,20 0,50 0,16 0,02 0,13 0,06 

CV 1,34 3,07 1,22 5,44 4,41 0,41 3,75 0,86 

FMH LFM WSM AFA MAF IML WMS 

Males III (3) y 4,56 2,23 1,82 5,44 4,25 8,41 1,68 

2SE 0,13 0,16 0,03 0,10 0,06 0,15 0,Q3 

CV 4,94 12,63 2,77 3,11 2,27 3,14 3,09 

IV (8) y 4,53 2,49 1,76 6,12 4,51 8,72 1,67 

2S£ 0,08 0,03 0,02 0,09 0,08 0,08 0,02 

CV 4,78 3,53 2,87 4,30 4,82 2,50 3,42 

V (7) y 4,46 2,56 1,80 6.10 4,59 8,81 1,65 

2SE 0,-06 0,08 0,04 0,11 0,12 0,13 0,01 

CV 3,93 8,78 5,24 5,26 7,16 4,06 2,40 

VI (6) y 4,49 2,53 1,74 6,33 4,71 8,99 1,68 

2S£ 0,08 0,Q3 0,02 0,08 0,Q7 0,12 0,Q3 

CV 4,55 2,82 3,00 3,05 3,42 3,13 4,82 

Females III (2) y 4,34 2,47 1,80 5,78 4,11 8,79 1,69 

2SE 0,03 0,08 0,04 0,60 0,35 0,12 0,04 

CV 0,98 4,58 2,76 14,68 11,89 1,93 2,94 

IV (9) y 4,45 2,48 1,79 6,02 4,61 8,90 1,66 

2SE 0,61 0,Q7 0,02 0,13 om 0,06 0,02 

CV 4,12 8,02 3,50 6,53 4,53 2,05 3,16 

V (5) y 4,55 2,38 1,74 6,17 4,54 8,75 1,63 

2SE 0,08 0,06 0,02 0,18 0,18 0,08 O,Ql 

CV 4,08 5,30 3,10 6,67 8,94 2,16 1,76 
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Table 3 Continued 

(a) Boekenhoutkloof 

Measurement 
Tooth-wear 

Sex class (n) FMH LFM WSM AFA MAF I\11... WMS 

VI (5) y 4,38 2,48 1,79 6,17 4,79 9,03 1,67 

2S£ om 0,02 0,Q2 0,05 0,19 0,15 O,Q3 

CV 3,79 2,07 2,55 1,83 8,75 3,72 3,74 

VII (2) y 4,55 2,62 1,83 6,71 5,02 8,99 1,67 

2SE 0,16 0,21 O,Ql 0,25 0,11 0,08 0,09 

CV 4,82 11,34 0,77 5,27 3,10 1,18 7,22 

(b) Olifantspoort 

GLS FRO NPP BBC !OB BUL BUW GHS 

Males II (2) y 31,00 9,72 22,12 13,15 4,70 6,74 5,15 11,22 

2S£ 0,95 0,13 0,09 0,24 om O,Q7 0,11 0,11 

CV 4,31 1,88 1,43 2,53 1,96 1,47 2,89 1,32 

III (7) y 33,68 10,42 23,54 13,88 4,90 7,25 5,45 11,33 

2S£ 0,43 0,15 0,39 0,09 0,09 0,06 0,05 0,12 

CV 3,39 3,68 4,38 1,78 4,64 2,25 2,32 2,74 

IV (2) y 33,87 10,58 23,73 13,99 4,84 7,41 5,38 10,98 

2S£ 0,46 0,36 0,31 0,44 0,Ql 0,02 O,Ql 0,20 

CV 1,92 4,81 1,82 4,40 0,15 0,38 0,13 2,51 

Females II (2) y 30,97 9,67 21,56 13,32 4,55 6,69 5,33 10,64 

2S£ 0,08 0,45 O,Q3 0,32 O,Q7 O,Q3 0,06 0,29 

CV 0,37 6,51 0,16 3,40 2,02 0,63 1,46 3,79 

III (3) y 33,14 10,06 23,30 13,69 4,71 7,20 5,36 10,86 

2S£ 0,41 0,40 0,42 0,22 0,15 0,04 0,22 0,15 

CV 2,14 6,84 3,15 2,83 5,45 1,06 7,00 2,31 

IV (2) y 34,36 11,10 24,42 14,06 4,86 7,41 5,40 11,07 

2S£ 0,92 0,08 0,92 0,10 0,06 O,Q3 0,15 0,04 

CV 3,77 1,02 5,30 1,01 1,75 0,57 3,93 0,51 

FMH LFM WSM AFA MAF IML WMS 

:\,fales II (2) y 4,74 2,67 1,85 5,55 4,03 9,13 1,80 

2SE 0,20 O,Q2 0,04 0,22 0,05 0,27 O,Q3 

CV 5,97 0,80 3,06 5,61 1,58 4,18 2,36 

III (7) y 4,60 2,59 1,85 6,60 4,67 9,86 1,68 

2S£ 0,06 O,Q3 O,Q2 0,12 0,13 0,15 O,Q2 

CV 3,67 3,49 2,68 4,81 7,62 4,10 2,62 

IV (2) y 4,53 2,67 1,91 6,62 4,81 9,82 1,75 

2SE 0,10 0,04 0,05 0,22 0,19 0,38 O,Ql 

CV 2,97 2,12 3,70 4,60 5,59 5,40 0,41 

Females II (2 ) y 4,86 2,45 1,75 5,82 3,76 9,52 1,65 

2SE 0,09 O,Q3 0,04 0,19 0,08 O,Q2 0,04 

CV 2,62 1,73 2,84 4,50 3,01 0,22 3,43 

III (3) y 4,72 2,59 1,80 6,37 4,74 9,86 1,72 

2SE 0,08 0,08 0,Ql 0,11 0,12 0,10 0,02 

CV 2,85 5,14 0,85 3,03 4,19 1,71 2,42 

IV (2) y 4,65 2,67 1,81 7,00 4,81 9,64 1,68 

2SE 0,12 0,08 O,Q3 0,06 0,21 0,29 0,Ql 

CV 3,50 3,98 2,34 1, 11 6,17 4,18 0,42 
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Figure 3 The first two axes from principal component analyses 
of Aethomys namaquen.sis from (a) Boekenhoutkloof and (b) 
Narap. The sex and tooth-wear classes [I (D); II (•); III (A); IV 
(•); V (A); VI (O); VII ( • )l of all individuals are indicated. 
Minimum convex polygons enclose individuals of each tooth-wear 
class. 

groupings of either sexes or tooth-wear classes, except for 
three individuals of tooth-wear class III and one individual 
each of tooth-wear classes IV and V which seem to form a 
subcluster in accordance with PCA results (Figure 4a). In 
the Narap sample, two major clusters were apparent: one 
comprising all individuals of tooth-wear classes I - III, with 
a subcluster comprising all individuals of tooth-wear class I 
(except for one individual of tooth-wear class II), and the 
other comprising all individuals of tooth-wear classes IV -
VII (except for one individual of tooth-wear class Ill) 
(Figure 4b). Both samples showed no discrete groupings of 
sexes. Similar patterns were evident in the A. chrysophilus 
samples from Olifantspoort and Al-te-ver (cophenetic 
correlation coefficients = 0,69 and 0,83, respectively) in that 
tooth-wear class I and II individuals formed distinct 
subclusters, but as in the PCA results, the distinction 
between tooth-wear classes III and IV - VII were not as 
marked as in the Narap sample. 

MANOVA of males and females, for which specimens of 
the tooth-wear classes indicated below had to be pooled to 
increase cell sizes, indicated no significant sexual differ­
ences in any of the samples (Boekenhoutkloof, classes IV -
VI: F = 0,63; P > 0,05; Olifantspoort IV - VI: F = 0,97; P 
> 0,05; Narap IV - VI: F = 0,66; P > 0,05; Al-te-ver IV 

S.-Afr.Tydskr.Dierk.1994, 29(2) 

Table 4 Loadings of measurements 
on the first two components from princi-
pal component analyses of Aethomys 
namaquensis from (a) Boekenhoutkloof 
and (b) Narap. The per cent variance 
contribution is given in parentheses. 
Measurements are defined in Figure 2 

(a) Boekenhoutkloof 

Principal component axes 

Measurement II 

GLS --0,882 (77,75) 0,298 ( 8,86) 

FRO --0,139 ( 1,94) 0,563 (31,67) 

NPP --0,890 (79, 18) 0,355 (12,63) 

BUW --0,379 (14,35) --0,269 ( 7 ,26) 

FMH 0,067 ( 0,44) --0,493 (24,31) 

LFM --0,493 (24.26) --0,288 ( 8,27) 

WSM 0, 188 ( 3,53) --0,654 ( 42,72) 

AFA --0,749 (56,04) --0,011 ( 0,01) 

MAF --0,814 (66,31) 0,145 ( 2,11) 

IYIL --0,768 (59,05) --0,295 ( 8,70) 

WMS --0,256 ( 6,54) --0,551 (30,38) 

% trace: Axis I = 35,4%; Axis II = 16,1 % 

(b) Narap 

GLS --0,977 (95,42) --0,058 ( 0,33) 

FRO --0,772 (59,57) --0,281 ( 7,91) 

NPP --0,974 (94,81) --0,071 ( 0,51) 

BUW --0,909 (82,65) 0,120 ( 1,43) 

FMH --0, 188 ( 3,52) 0,781 (60,94) 

LFM --0,618 (38,21) 0,088 ( 0,78) 

WSM --0,642 ( 41,27) 0,368 (13,56) 

AFA --0,939 (88,15) --0,208 ( 4,31) 

MAF --0, 903 (81,61) --0,206 ( 4,23) 

IML --0,887 (78,71) --0,218 ( 4,77) 

WMS --0,708 (50,15) 0,525 (27 ,52) 

% trace: Axis I = 64,9%; Axis II = 11,5% 

and V: F = 1,69; P > 0,05). These results, together with the 
univariate results, led us to pool the sexes for discriminan 
analyses of tooth-wear classes. 

Results of discriminant analyses are exemplified by , 
'four tooth-wear class (III - VI) analysis of the relative!~ 
large individual sample from Boekenhoutkloof (Figure 5). I 
produced a 71,0% overall a posteriori classification, and ir 
the scattergram of canonical variates I and II, four of fivt 
tooth-wear class III individuals tend to plot apart frorr 
individuals of tooth-wear classes IV - VI along the firs 
canonical variate (54,9% variance). Individuals of tooth 
wear class III are maximally separated from individuals o 
tooth-wear class V along the second axis (38,9% ). Excep 
for the greatest length of frontals (FRO), greatest bull: 
width (BUW) and greatest cross-sectional crown width o 
M2 (WMS), which loaded highly in the PCA's first axis o 
,the Narap sample, all measurements that load highly in thi 
PCA of the Boekenhoutkloof and Narap samples also loa< 
highly in the CV A (Table 5). The posterior incisor - M 
length (IML), together with greatest cross-sectional crow1 
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Figure 4 Distance phenograms from UPGMA cluster analyses 
of Aethomymys namaquensis from (a) Boekenhoutkloof and (b) 
Narap. The sex (M = males; F = females) and tooth-wear classes [I 
(D); II (•); III (~); IV (•): V (•): VI (o); VII ( • )] of all 
individuals are indicated. Cophenetic correlation coefficients = 
0,66 and 0,73, respectively. 

Table 5 Loadings of measurements 
on the first two axes from a canonical 
variates analysis of Aethomys nama­
quensis from Boekenhoutkloof. The per 
cent variance contribution is given in 
parentheses. Measurements are defined 
in Figure 2 

Canonical variates axes 

Measurement II 

GLS 0,787 ( 1,97) --0, 180 (85, 13) 

FRO 0,211 (59,29) --0,010 (39,69) 

NPP 0,824 ( 3,47) 0,023 (95,77) 

BUW 0,218 (12,48) --0,208 ( 1,87) 

FMH --0,048 ( 9,72) 0,Q78 (89,16) 

LFM 0,281 (13,75) 0,039 (76,91) 

WSM --0,264 (84,81) --0,069 (14,57) 

AFA 0,549 (87,06) --0,084 (10,39) 

MAF 0,497 ( 2,63) --0, 152 (80,11) 

IML 0,409 ( 1,48) --0,365 (95,80) 

WMS --0, 113 (93, 16) --0,315 ( 0,23) 

% trace: Axis I = 54,9%; Axis II = 38,9% 
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Figure S The first two axes from a canonical variates analysis 
of tooth-wear classes in Aethomys namaquensis from Boekenhout­
kloof. The tooth-wear classes [III (~); IV (•); V (•); VI (O)] and 
sex of all individuals are indicated. Minimum convex polygons 
enclose individuals of each tooth-wear class. Group centroids are 
denoted by(*). 

width of M2 (WMS) are the important measurements on the 
second canonical variate. MANOV A indicated significant 
differences between the group centroids of the four tooth­
wear classes (F = 1,91; P = 0,01). Except for the 
Olifantspoort sample that indicated no significant differ­
ences between group centroids of the analysed tooth-wear 
classes (II - IV) (F = 1,76; P = 0, 18), the remaining two 
samples indicated significant differences between group 
centroids (Narap: F = 2,56; P = 0,01, tooth-wear classes II 
- IV and VI; Al-te-ver: F = 2.53; P = 0,04, tooth-wear 
classes III - V). 

Discussion and Conclusions 
The primary objective of this study was to examine age- and 
sex-related morphometric variation in Aethomys with a view 
to ascertaining 1) whether the sexes should be treated separ­
ately or together, and 2) which subset(s) of tooth-wear 
classes represent specimens that have reached adult dimen­
sions and therefore are eligible for inclusion in subsequent 
morphometric studies of the genus. 

Both univariate and multivariate results clearly showed a 
lack of sexual dimorphism in the two species studied. How­
ever, with regard to age variation, the univariate SNK tests 
did not provide unequivocal results as to which tooth-wear 
classes to consider in subsequent studies. This is resolved 
when the univariate and multivariate results are interpreted 
together, showing that there is an increase in dimensions as 
one progresses from tooth-wear class I to at least IV. The 
SNK results suggest that individuals of tooth-wear classes II 
and III should be excluded from the final data set, and that 
an argument could even be made for the exclusion of tooth­
wear class IV individuals. In the principal component analy­
ses both tooth-wear classes I and II, and in two instances, 
tooth-wear class III as well, plotted well apart from the other 
tooth-wear classes. In two other instances, there was some 
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to extensive overlap between tooth-wear class III and some 
of the higher tooth-wear classes. 

With regard to only tooth-wear classes IV - VII, in some 
of the SNK tests the first tooth-wear class appeared in the 
same non-significant subset as tooth-wear class III. How­
ever, in the principal component analyses, and in the 
discriminant analysis of the largest sample from Boeken­
houtkloof, specimens of tooth-wear classes IV - VII plot 
close together. 

If the tooth-wear classes are visualized as demarcating 
sections of variable and unknown length on a hypothetical 
growth curve, then individuals of tooth-wear class III seem 
to fall at a point on the curve just before it begins to 
stabilize, and our results provide justification for pooling 
tooth-wear classes IV - YI for subsequent recording and 
analyses in the systematic revision of the genus. Tooth-wear 
class VII individuals are excluded from the final data set 
because, 1) very few individuals of this tooth-wear class are 
encountered in collections, 2) extensive tooth-wear often 
renders measuring points on the teeth uncertain, and 3) there 
seems to be a higher incidence of age-related deformations 
in very old rodents in general (N.J. Dippenaar, pers. obs.). 

The univariate % SSQ analysis of the four samples 
indicated that most measurements have relatively small sex 
and age components but a large error component. Similar 
patterns were observed in six of the seven species examined 
by Straney (1978). Apart from providing a realistic baseline 
for the subsequent interpretation of geographic and taxono­
mic trends and the assessment of relative contributions of 
population factors, variance partitioning is also useful in 
detennining the relative taxonomic value of characters 
(Straney 1978; Leamy 1983). If the aim of the study is to 
compare individuals across populations (as is usually the 
case) and eliminating or adjusting for extraneous sources of 
variation due to factors such as age or sex, then characters 
showing the smallest variances for these factors, but with 
large error variances, are the most appropriate. Characters 
utilized in this study were selected on the basis of the 
morphological integration concept (Olson & Miller 1958; 
Moss & Young 1960; Moore 1981; Cheverud 1982; Taylor 
1990; Taylor & Meester 1993). In the% SSQ analyses, their 
generally large error components place confidence in the 
systematic usefulness of the selected characters. 

Based on the 'four tooth-wear class' analyses, overall % 
SSQ values due to sex and age in the current study are 
generally lower than those reported both by Leamy (1983), 
who used a similar approach, and Straney (1978), who used 
the variance components approach. Leamy (1983) suggested 
that such differences may be a function of the type of 
characters used. Unlike this study, these two studies inclu­
ded appendicular characters. It has been demonstrated that 
appendicular characters exhibit higher growth rates than 
axial characters (Leamy & Bradley 1982). Although his 
conclusion was restricted to the age component, Leamy 
(1983) suggested the existence of a direct proportionality 
between characters with higher growth rates and larger 
variance components. The % SSQ contributions in this study 
are comparable to those found in Cynictis penicillata 
(Taylor & Meester 1993), a study restricted to axial 
characters. 

S.-Afr.Tydskr.Dierk.1994, 29(2) 

In spite of relatively small sample sizes in the present 
study, a useful picture emerges from parallel univariate and 
multivariate analyses. The approach adopted here is useful 
as a preliminary step to any morphometric study, and the 
differentiation of some tooth-wear classes cautions against 
either arbitrary decisions or superficial evaluations of non­
geographic variation. 
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Appendix 1 Aethomys specimens examined (all in 
Transvaal Museum, Pretoria) 

Aethomys ch,ysophilus: Fann Al-te-ver, 1 km SSE Maasstroom, 

Transvaal, South Africa (22°46 1S, 28°28'E): 9 males (fM 26474, 26486, 

26541, 26557, 26559, 26562, 26612, 26667, 26684); 13 females (TM 

26492, 26510, 26514, 26540, 26561, 26565, 26574-75, 26583, 26585, 

26611, 26668~9). Olifanlspoort Farm 328, 19 ,2 km S Rustenburg, 

Transvaal, South Africa (25°46'S, 27°16'E): 13 males (TM 19614-16, 

19618, 19632, 19648-49, 19651, 19656, 19672-75); 8 females (TM 

19633-34, 19640-42, 19650, 19670-71). 

Aelhomys namaquensis: Boekenhoutkloof, Transvaal, South Africa 

(25°31 'S, 28°30'E): 25 males ([M 30430, 30432-34, 30439-42, 

30959~0. 30967, 30969, 30971-73, 30975-77, 30979, 30984, 31259, 

31262-64, 31267); 23 females (TM 30428, 30431, 30435-38, 30458, 

30961~4. 30966, 30968, 30970, 30974, 30980-83, 31258, 31261. 

31265~6). Farm Narap, 28 km SSE Springbok, Cape Province, South 

Africa (29°53 1S, l7°45'E): 15 males (TM 27795, 27801, 27811-13, 

27836-38, 27841, 27843, 27878, 27906, 27945, 27948, 28006); 17 females 

([M 27794, 27798-27800, 27808-09, 27831-34, 27842, 27877, 27907-08, 

27946-47, 28007). 
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Table l. -C untinued. 

PCA PCA C.\ CA 
Character F-set I I( I II CV '"\oo \t E 

39-CNW? -0.886 (78.43) -0.190 (3.60) 36 -14 3.82 0.0 l 3 
*(59-IML) -0.905 (81.93) -0.314 (9.86) -21 -12 3.0 l 0.0l l 

57-CMH -0.887 (78.74) -0.133 (l.78) -12 -1 3. 56 0.006 
D. (Dental) 

8. 21-PWM? -0.787 (61.91) -0.099 (0.98) -16 24 7.98 0.013 
*(43-LFM) -0.896 (7 S .48) -0.126 ( 1.58) -37 19 6.12 0.0 I 3 
(44-LSM) -0. 736 (54.13) -0.048 (0.23) -62 94 12.99 0.005 
(45-LTM) -0.665 (44.27) -0.202 (4.08) -22 -15 7.10 0.007 
63-LMT -0.644 (41.45) -0.129 ( 1.6 7) -12 -3 6.98 0.005 
48-WTM -0.6 70 (44.87) -0.044 (0.19) -7 -9 6.52 0.013 

(46-WFM) -0.478 (22.90) 0.184 (3.38) 18 -42 5.19 0.014 
*(47-WSM) -0.475 (22.59) 0.339 ( 11.48) 24 -31 5.78 O.Oll 

64-WLM -0. 704 (49.51) 0.208 (4.34) 12 -22 5.39 0.010 
*(65-WMS) -0.501 (25.11) 0.580 (33.68) 39 -16 4.62 0.012 

% Trace: 68.4% (PC Axis I); 6.4% (PC Axis II). 
Inertia: 25.3% (A 1 = 0.0004) (CA Axis I); 20.6% (A2 = 0.0003) (CA A:<.is II). 

of separation: 3-FRO, 4-PAR, 5-INT, 6-NPP, 26-BUW, 31-IZD, 37-FMH, 43-
LFM, 44-LSM, 45-LTM, 46-WFM, 47-WSM, 51-AFA, 53-MCA, 56-MAF, 58-
MTL, 59-IML, and 65-WMS. Characters important in the separation of the three 
taxa are shown by their relatively high magnitudes in the first and second principal 
coordinates (Table 1), which for ease of interpretation are presented in pennills 
(thousandths). 

The results of the principal component and correspondence analyses correspond 
closely in that the 13 shape-related characters generated by the second principal 
component were also generated by the two principal coordinates in correspondence 
analysis, in which the following characters also featured prominently: 43-LFM, 
44-LSM, 45-LTM, 46-WFM, and 51-AFA. 

Table l, in which characters are arranged according to cluster analysis-derived 
phenotypic sets, summarizes the data used in character selection, including coef­
ficients of variation, percent measurement error values, character loadings on the 
first and second axes of principal component, and correspondence analyses. Other 
criteria invoked were relative ease of measurement, potential for non-missing 
values, previous use, and cranial configuration. Based on the premise that most 
subclusters represent distinct submatrices of either the Neurocranial or the Oro­
facial functional unit, one or more characters were selected as representative of 
the configuration of a particular unit. More than one character was often selected, 
particularly if the characters were consistently shown to be relevant by both the 
principal component and correspondence analyses, and these included obviously 
misplaced characters. 

The following is the rationale behind the selection of characters within a sub­
cluster (with subcluster numbering corresponding to the eight-cluster stage in Fig. 
2 and Table 1): 

Subcluster 1. - The notion that shape is more heritable than size (Humphries 
et al., 1981) has been criticized by Leamy and Thorpe (1984). Size is certainly 
important in infraspecific studies. For example, in a principal component analysis 
of different populations of C. penicil/ata, Taylor ( 1990) and Taylor and Meester 
( 199 3) found that virtually all the significant variation was in the first size-related 
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Fig. 3. -First two components from principal components analysis of individuals of Aethomys chry­
sophilus, open triangle; A. granti, open circle; and A. namaquensis. open square. Polygons include 
individuals from the same taxon. 

axis. Consequently one character from subcluster 1. comprising size-related char­
acters, was selected for inclusion in the basic data suite. High loadings on the first 
principal component axis ( > 0. 90) indicate that all characters in this major cluster 
qualify as good predictors of general size. In addition. all the characters have low 
coefficients of variation and percent measurement error values. However. the 
greatest length of the skull ( 1-GLS) was selected because of its relatively high 
loading on the first principal coordinate in correspondence analysis, relative ease 
of measurement, and the fact that it features prominently in rodent systematics. 
This character, in combination with cranial width and depth measurements (see 
below), also captures descriptive information relating to gross cranial configura­
tion. 

Subcluster 2. -Distance from anterior edge of nasals to anterior edge of posterior 
part of zygomatic arch (6-NPP) was selected because it featured prominently in 
the first principal coordinate in correspondence analysis. It has relatively low 
coefficient of variation and percent measurement error values and being an 
"oblique" measurement, may capture different configurations of the skull. 
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Fig. 4. -Optimal two-dimensional symmetrical map of characters and individuals generated by cor­
respondence analysis of Aethomys chrysophi/us, open triangle; A. granti, open circle; and A. nama­
quensis, open square. Polygons include individuals from the same taxon. Characters are defined in 
Fig. la-k. 

Subcluster 3. -Of the seven characters in this subcluster, greatest length of 
frontals (3-FRO) is the only character selected. In addition to having low coefficient 
of variation and percent measurement error values, it was consistently singled 
out by both axes in correspondence analysis as well as the second component of 
principal component analysis. It also features prominently in original descriptions. 

Subcluster 4. -None of the four characters in this subcluster was shown to be 
of particular relevance, but see discussion on the selection of descriptive characters 
below. 
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Subcluster 5. -The following three characters in this subcluster were selected: 
greatest bulla width (26-BUW), foramen magnum height (3 7-FMH), and man­
dibular foramen-articular facet length (56-MAF), all of which were shown to be 
of importance, either singly or in combination, by both principal coordinates in 
correspondence analysis and principal component II in principal component anal­
ysis. These characters also have low coefficients of variation and percent mea­
surement error values. Collectively, the three characters capture different config­
urations of the skull, as suggested by the negative and positive loadings, respec­
tively, of foramen magnum height (37-FMH) and mandibular foramen-articular 
facet length (56-MAF) on the second principal component. Greatest bulla width 
(26-BUW) features prominently in original descriptions. 

Subcluster 6. -Angular process-mandibular condyle length (51-AFA), one of 
the eight characters in this subcluster, was selected because of its importance in 
principal coordinate I in correspondence analysis, and low coefficient of variation 
and percent measurement error values. Mandibular toothrow (58-MTL) is another 
character shown to be of importance, but see discussion of subcluster 7. 

Subcluster 7. -Of the four characters in this subcluster, posterior incisor-M3 
length (59-IML) was selected because of its low coefficient of variation and percent 
measurement error values and its importance in both correspondence (coordinate 
I) and principal component (component II) analyses. This character, as well as 
mandibular toothrow (58-MTL) in subcluster 6, although placed in difffrenr ~ub­
sets, seem to capture the same information, but since the latter measuren-:-: 1t is 
relatively difficult to score, 59-IML was selected. 

Subcluster 8. - Three characters in this subcluster were selected: length of M 1 

( 43-LFM), and greatest cross-sectional crown widths of M 2 ( 4 7-WSM) and M2 

(65-WMS) because of their low coefficients of variation and percent measurement 
error values and their importance (either singly or in combination) in principal 
coordinates I and II of correspondence analysis, and principal component II of 
principal component analysis. In combination (an upper jaw tooth length [43-
LFM] and width [47-WSM] and lower jaw tooth width [65-WMS]) they may 
improve the capturing of different tooth configurations. 

Three of the 11 selected characters (indicated by asterisks in Table 1 and broad 
arrows in Fig. la-k), 1-GLS, 3-FRO, and 26-BUW, feature prominently in original 
descriptions. 

The underlined characters in Table 1 were selected for descriptive purposes 
only and include breadth ofbraincase (9-BBC), greatest height of skull (35-GHS), 
interorbital constriction (11-IOB), and greatest bulla length (25-BUL). These char­
acters, in combination with greatest length of skull ( 1-G LS), capture gross cranial 
configuration. Other descriptive characters incorporated into the data set were 
the standard external measurements, head and body length, tail length, hind foot 
length, and ear length, all recorded from specimen labels. 

Given the three groupings of characters (11 basic cranial, four descriptive cra­
nial, and four standard descriptive external), their selective use (singly or in com­
bination) will depend on the choice of analyses to be used in the revision. Since 
multivariate procedures involve the assessment of joint relationships among in­
tercorrelated variables to evaluate overall inter-OTU differences (James and 
McCulloch, 1990), all subsequent multivariate analyses will be based on the 11 
basic cranial characters, and will form the basis of taxonomic conclusions in the 
revision. The four descriptive cranial characters, in combination with the 11 basic 
cranial characters, could be used for exploratory multivariate analyses. Univariate 
-::in-::i lvc~c u,h;rh Pvaluate the eaualitv of means for each variable independently 
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and ignore correlations among variables (Willig et al., 1986), could be base on 
all three groupings of characters, and only used for descriptive and comparJ.i.1ve 
purposes. 

DISCUSSION 

The approach to character selection adopted in the present paper is an extension 
of the procedure suggested by Taylor ( 1990) and Taylor and Meester ( 199 3) who 
summarized character correlations in C. penicil/ata by means of cluster analysis, 
and selected representative characters on the basis oflow coefficients of variation. 
previous use, and ease of measurement, and interpreted their results in terms of 
the morphological integration concept of Olson and Miller (1958). As applied to 
Aethomys, the approach was similar to Taylor ( 1990) and Taylor and Meester 
( 199 3 ), but expanded upon to include: 1) measuring potentially useful characters 
from various regions of the cranium and mandible (including characters used 
previously) in a single homogeneous sample, representing an island population; 
2) screening the data set for outliers; 3) subjecting all characters to univariate 
assumptions tests (normality, equality of variances, and sexual dimorphism); 
followed by 4) analysis of statistical associations between characters, using prin­
cipal component and cluster analyses, with reference to a morphometric assess­
ment of functional units of the cranium, an approach consistent with the mor­
phological integration concept of Olson and Miller ( 1958); and 5) analysis of 
samples drawn from various taxa in the current classification as an aid in the 
selection of characters from identified phenotypic sets and their subsets, while 
considering criteria such as the coefficient of variation, percent measurement error, 
ease of recording, and previous use. 

The procedures followed by Taylor ( 1990), Taylor and Meester ( 1993 ), and the 
present study are more objective than using untested, previously used characters 
or simply recording as many characters as possible in the hope of assessing re­
lationships between OTUs. These approaches could have wider application in 
morphometrics, particularly in organisms in which cranial ontogenetic origins 
and interactions (Noden, 1978, 1983; Gans and Northcutt, 1983; Zelditch et al., 
1993), structural components, evolution, and adaptive functional potential of 
organismic form can be determined, such as has been demonstrated in some 
mammalian (Olson and Miller, 1958; Moss and Young, 1960; Moore, 1981; 
Cheverud, 1982) and avian groups (Noden, 1978, 1983; Cane, 1993). 

Analysis of the largest available sample of southern African Aethomys from a 
single locality, representing an island population of A. namaquensis, identified 
two outliers that were considered as not representative of the population and were 
excluded from the data set to avoid the introduction of bias in the sample. The 
assumptions tests identified 15 characters as statistically problematic because they 
were significantly sexually dimorphic, heteroscedastic, and/ or non-normally dis­
tributed; these results could be related a posteriori to difficulties experienced in 
their recording, unclearly defined measuring points in some individuals, high 
variability of characters among individuals, and characters associated with fre­
quently damaged parts of the skull. Interestingly, some of the characters that were 
found to be problematic have been used extensively in previous studies (Smith, 
1834; Roberts, 1951; Ellerman et al., 1953; Meester et al., 1986; Skinner and 
Smithers, 1990), such as nasal width (12-NAS), palatal length (17-PAL), length 
of diastema (28-LOD), greatest mandible length (from anterior edge of I, alveolus 
to posterior surface of angular process) (49-GML), and from anteroventral edge 
ofl1 alveolus to posterior surface of condylar process (50-MDL). The data screen-
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ing procedures underscore Pimentel and Smith's (1986b) remarks that test sta­
tistics are particularly useful in the earliest phases of data analysis in taxonomic 
studies. 

The results of cluster analysis of character associations were encouraging insofar 
as the major Neurocranial and Orofacial functional units were identified. In this 
respect, the results are similar to those obtained by Cheverud ( 1982), Taylor 
( 1990), and Taylor and Meester ( 199 3). Apart from these functional units some . ' measurements, particularly the length measurements traditionally used by tax-
onomists (e.g., condylobasal length), did not fit into the above units but formed 
a major cluster by themselves comprising "Mixed" NeurocraniaVorofacial char­
acters. In C. penicil/ata, these "Mixed" measurements were placed in the Neu­
rocranial functional set (Taylor, 1990; Taylor and Meester, 1993) rather than in 
a separate major dust,.:: as in Aethomys. 

The primary objective of the study was to evaluate new and previously used 
characters in order to identify a reduced set of measurements which would sum­
marize most important variations of cranial configuration. Since many of the 
measurements spanned the major functional units of the cranium, it was not 
surprising that the classification of measurements was equivocal. However, the 
analysis did generate highly correlated subsets of measurements, particularly in 
the case of dental characters. Strong indications oflogical subsets were also evident 
in: 1) the configuration of the braincase and dorsal aspect of the skull; and 2) the 
orbital/oraVmasticatory functional submatrices with which, interestingly, char­
acters related to the bullae and foramen magnum were also associated. 

Ancillary to the analysis of character associations, analysis of known taxa was 
undertaken to develop criteria for the selection of representative characters from 
within the phenotypic sets generated by cluster-analysis. This step was considered 
necessary since the analysis of character associations did not produce unequivocal 
groupings of characters, and because it is also not yet clear how tightly individual 
functional units are integrated in the phenotype. Final selection of 11 basic mea­
surements to be used for the revision of southern African Aethomys was also 
made with reference to coefficients of variation, measurement error, likelihood 
of damage, and use by previous authors. The 11 measurements are: greatest length 
of skull ( 1-GLS), greatest length of frontals (3-FRO), distance from anterior edg.: 
of nasals to anterior edge of posterior part of zygomatic arch (6-NPP), greatest 
bulla width (26-BUW), foramen magnum height (37-FMH), length of M1 (43-
LFM), greatest cross-sectional crown width of M' (47-WSM), angular process­
mandibular condyle length (51-AFA), mandibular foramen-articular facet length 
(56-MAF), posterior incisor-M3 (59-IML), and greatest cross-sectional crown width 
of M2 (65-WMS). With regard to coefficients of variation, all characters had low 
values for this statistic except greatest length of parietals (4-PAR), interparietal 
length (5-INT), hard palate width at M1 (21-PWM), infraorbital-zygomatic plate 
distance (31-12D), length of M2 (44-LSM) and M3 (45-LTM), greatest cross­
sectional crown width ofM3 (48-WTM), and length ofM3 (63-LMT), while percent 
measurement error showed this parameter to be negligible in all characters re­
corded. In contrast, percent measurement error values of over 50% have been 
recorded in recent studies on birds and mussels (Bailey and Byrnes, 1 990). 

Principal component and correspondence analyses were used to develop criteria 
for the selection of representative characters, and both showed a broad concor­
dance between characters shown to be of relevance. Canonical variates analysis 
(Pimentel, 1979; Campbell and Atchley, 1981; Livezey, 1989, 1990; Livezey and 
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Storer, 1992) was also considered but in an analysis of the 51-character data set 
a singular dispersion matrix was encountered, and analysis could not proceed 
(Pimentel and Smith, 1986b). Similar computational difficulties were encountered 
by Taylor ( 1990) and Taylor and Meester ( 1993) in a 48-variable matrix. This 
may be related to: l) large numbers of linearly and colinearly constrained variables 
(Pimentel and Smith, 1986b); 2) the presence of ipsative variables (Pimentel, 
1979); and 3) the sample size being much smaller relative to number of variables 
(Williams and Titus, 1988). This finding emphasizes the possibility of encoun­
tering analytical problems when using many unscreened variables in morpho­
metric studies (Blackith and Reyment, 1971 ). 

With the recent introduction of sophisticated three-dimensional measuring 
equipment and recent advances in unit-free, landmark-based morphometric meth­
ods (Strauss and Bookstein, 1982; Rohlf and Bookstein, 1990, and references 
therein; Rohlf and Marcus, 1993), future development of character selection pro­
tocols should focus on a clearer demarcation of the functional units of the cranium 
in relation to the individual cranial elements, and on synergism between landmark 
selection and the objectives of both species delineation and higher classification. 
In the present study the emphasis was on the former objective, while a different 
set of qualitative data will be used for phylogenetic analysis. The emphasis should 
also shift to a rigorous assessment of traditional characters. This is already ap­
parent in the present study where some of these characters were included simply 
for descriptive purposes and for comparison with previous studies, particularly 
with reference to their utility in relating morphometric results to the nomenclature. 
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APPENDIX I 
Aethomys specimens examined. TM = Transvaal Museum, Pretoria; USNM = 

National Museum of Natural History, Smithsonian Institution, Washington D.C. 
Aethomys chrysophilus. -Farm Al-te-ver, l km SSE Maasstroom, Transvaal, 

South Africa (22° 46' S; 28° 28' E): six males (TM 264 7 4, 26 541, 26 5 5 7, 26 5 5 9, 
26612, 26684); ten females (TM 26510, 26514, 26540, 26561, 26574, 26575, 
26583, 2661 l, 26668-69). 

Aethomys granti. -Sutherland, Cape Province, South Africa (32° 23' S; 20° 40' 
E): seven males (TM 38526-28, 38530, 38532, 38536, 38538); seven females 
(TM 38529, 38533-34, 38537, 38541-43). 

Aethomys namaquensis. - Keimoes Island, Orange River, Cape Province, South 
Africa (28° 43' S; 20° 50' E): 21 males (USNM 451913-14, 451921, 451933-34, 
451941, 451948, 451950-51, 451966, 451983, 451990-91, 452000, 452002, 
452019, 452028, 452039, 452041, 452045, 452055); 13 females (USNM 451915, 
451924,451956, 451992,451994, 452003,452006, 452016, 452020, 452031a­
b, 452035, 452053). 
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