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Summary 
The climatic fluctuations that occurred throughout the Quaternary resulted repeat- 
edly in the fragmentation of the rainforests of tropical Africa. This fragmentation 
would have facilitated allopatric speciation in each tropical rainforest refugium. 
The location and area of the tropical rainforest refugia that existed during the last 
glacial maximum have been estimated from the analysis of palaeoenvironmental 
information, present climatic information and the present distribution of tropical 
rainforest primates. The predictive value of island biogeographical theory is ana- 
lysed, based upon the present nature of the African rainforest, as well as the 
hypothetical nature of the rainforest refugia present during the last glacial maxi- 
mum. The gradual slope of the species area curve indicates that the distribution 
of primate fauna in the African rainforests does not represent an equilibrium 
between the rates of colonization and extinction. 

Resume 
Des fluctuations climatiques qui ont eu lieu durant le Quaternaire resulterent 
aplusieurs reprises la fragmentation de la forgt humide d’Afrique tropicale. Cette 
fragmentation aurait facilite une speciation allopatrique dans chaque refuge de 
la fortt tropicale humide. La localisation et la surface des refuges qui existerent 
au plus fort de la derniere glaciation ont ete estimees a partir de I’analyse d’infor- 
mations paleoenvironnementales, d’informations climatiques actuelles et des dis- 
tributions actuelles de primates de cette fortt. La valeur predictive de la theorie 
biogeographique des Ties est analysee sur base de la nature actuelle de la fortt tro- 
picale humide d’Afrique ainsi que de la nature hypothetique des refuges de fortt 
presents durant la derniere glaciation. La pente graduelle de la courbe des 
especes indique que la distribution faunistique des primates dans les forgts 
humides d’Afrique ne represente pas un equilibre entre les taux de colonisation 
et d’extinction. 

Introduction 
The primate fauna of the African tropical rainforests represent a diverse group 
of eleven genera, comprising thirty-eight species and 1 10 geographic subspecies. 
Other African mammalian groups show a similar richness (Booth, 1954); how- 
ever, primates offer one of the best opportunities to examine the patterns of diver- 
sification. Research into the distribution and systematics of African tropical 
rainforest primates began as early as the 1920s. Taxonomic studies were initiated 
by Schwarz ( 1  928a,b, 1929, 193 1 )  and Sanderson (1940). Early detailed discussion 
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Fig. 1. Present-day rainforests of Africa, illustrating the size (kmz). distance (km) between forest blocks, 
and number of higher primate species or subspecies in the rainforests of West and Central Africa (size/ 
number). (See Struhsaker (1981) and Rodgers et (I/. (1982) for information concerning East African 
rainforests.) 

of the distribution of African primates was presented by Booth (1954a,b, 1955, 
1956a,b, 1957, 1958), Schwarz (1929, 1954), and Allen (1939). 

The objective of this study is to offer an historical explanation for the distri- 
bution and pattern of diversity of tropical rainforest African primates. It is postu- 
lated that throughout the Quaternary (Pleistocene and Holocene), the repeated 
glaciation of the northern latitudes disrupted the climate of tropical Africa, result- 
ing in periods of increased aridity. These climatic events repeatedly caused the 
reduction of the rainforest blocks throughout Africa in such a fashion that ‘island 
refugia’ were formed. The locations of these refugia are reconstructed by analys- 
ing the present climatic patterns, palaeoenvironmental data and the present 
distribution patterns of primates. These island refugia maintained the primate 
populations, and during the periods that the populations were separated geo- 
graphically, allopatric speciation is thought to have occurred. The patterns of pri- 
mate speciation can be used for analysing the applicability of the theory of island 
biogeography to mainland speciation. 

It is important to reconstruct the probable location of these tropical rainforest 
refugia in order to understand the present distribution ofthe primates. The recon- 
struction of the areas and locations of the tropical rainforest refugia was based 
upon current and reconstructed climate and vegetation patterns, as well as the 
current distribution of the forest-dwelling primates. 

Booth (1954b, 1956a,b, 1957, 1958), Carcasson (1964), Hamilton (1976) and 
Grubb (1982) have proposed locations of forest refugia from analyses of the distri- 
bution of various animal species. The locations of the refugia proposed by these 
authors correspond closely to those areas that would have continued to receive 
large amounts of rain during a glacial maximum (Figs 1 and 2). 

Booth (1957) divided the tropical rainforest of the west coast of Africa into 
six areas, separated by four proposed barriers capable of decreasing mammalian 
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Fig. 2. The hypothesized locations of the rainforests during a glacial maximum, illustrating the size 
(km’) and distance (km) between forest blocks African. (See Struhsaker (198 I )  and Rodgers rf a/. ( 1  982) 
for information concerning East African rainforests.) 

dispersal. The west coast of Africa receives its ranfall primarily from the moist 
equatorial westerlies, however, during a glacial maximum, these winds do not 
come into contact with the coastline because of the meridontal expansion of the 
polar highs, and thus the coastline receives moisture from the drier southeast trade 
winds (Bakker, 1967; Livingstone, 1978; Flenley 1979). 

As is evident today, the areas that would receive the most moisture and thus 
would be the most likely areas to maintain a rainforest ecosystem during arid 
glacial periods, would be those areas perpendicular to the direction of the equa- 
torial westerlies. There is fairly strong evidence to substantiate the existence of 
the most western refugium, proposed by Booth (1957), which centred around 
Cape Palmas, called the ‘Liberian’ refugium. This area is perpendicular to the 
direction of the equatorial westerlies. The second refugium is called the ‘Gold 
Coast’ refugium and is located in the area of Cape Three Points. The area between 
these two proposed refugia presently constitutes a substantial narrowing in the 
rainforest belt. This is called the V-Bode. I t  seems reasonable to speculate that 
when the rainfall decreased, this narrowing in the high forest belt would have 
increased in size and met the coast. Thus a savanna barrier between the ‘Liberian’ 
refugium to the west and the ‘Gold Coast’ refugium to the east would have existed. 
Seven tropical rainforest primate subspecies are found only west of the Cavally 
River; they evidently differentiated in the ‘Liberia’ refugium. The ‘Gold Coast’ 
refugium has six endemic primate species or subspecies. 

East of the ‘Gold Coast’ is a sparsely forested area, the Dahomey Gap. The 
Dahomey Gap is a region of low rainfall situated between the Volta River in the 
west and the western border of Nigeria. Booth (1954a, 1957, 1958) speculates that 
in dry periods the gap was much wider and the area from the Volta to the Niger 
River was open forest or savanna. The efficiency of this barrier is illustrated by 
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the fact that out of fourteen tropical rainforest primate species present in West 
Africa, only three occur on both sides of the Dahomey Gap. 

Booth’s (1957) claim for the existence of a refugium in the Benin area was dis- 
credited by Moreau (1  966), who provided evidence showing that the Niger Delta 
only formed during the last glaciation and that during a glacial maximum there 
was a southward movement of the Sahara towards the Benin area. 

Booth (1957) claims that the ‘East Nigeria’ refugium, between the Cross and 
Sanaga Rivers, and the ‘Gabon refugium’ in Gabon and southern Cameroon, repre- 
sent two distinct refugia, and that the Sanaga river is the barrier maintaining iso- 
lation between these areas. His claim is based on the fact that the northern region 
lacks four species of tropical rainforest primates which are found just south across 
the Sanaga River. Furthermore, the ‘Eastern Nigeria’ refuge has two species, 
Cercopithecus I’hoesti (Pocock, 1907) and Procolobus badius (Matschie, 1900), 
which are not found in the Gabon forest, but occur east of it in the eastern Zaire 
Basin. 

The Gabon forest is the area of greatest primate diversification in Africa; it 
contains forty-five tropical rainforest primate species or  subspecies. It is proposed 
that this area was separated from the Central and Eastern rain forests by an open 
forest gap that had developed in an area which today is represented by a substan- 
tial narrowing in the rainforest. The past separation of these two forest areas is 
supported by the fact that the Gabon region has eighteen endemic subspecies of 
tropical rainforest primates that are not found to the east of it. 

Based upon Hamilton’s (1976, 198 1) speculations, and the evidence of widely 
distributed wind-blown sand presented by Mortelman (1 957) and Mortelman & 
Monteyne (1959), it is postulated that no rainforest habitats could have existed 
in the area south of the Zaire River during the last glacial maximum. However, 
the area along the west side of the Rift Valley would receive sufficient rain during 
a glacial maximum to maintain the rainforest. The southeast trade winds which 
come from the west are displaced upwards by the mountains, causing rain to fall 
on the western slopes. This area has the second greatest level of primate diversity; 
i t  contains eighteen primate species or subspecies. 

Presently, in East Africa, there are small isolated islands of rain forest that sup- 
port primate populations. The forests of East Africa are primarily influenced by 
the southeast trade winds and the northeast monsoons coming from the Indian 
Ocean. At the time of a glacial maximum the southeast trade winds from the 
Indian Ocean would not contact the coastline to the same degree as during inter- 
glacial periods. Hence, the influence of the dry Arabian and Saharan anticyclones 
would increase, especially to the more northern rainforest sections of East Africa. 

Hamilton (1976, 1981) and Struhsaker(l981)propose that only two mountain 
rainforest refugia existed in the Uganda area during the last glacial maximum; the 
Impenetrable Forest and the Ruwenzori Mountain Forest. These two areas may 
have remained independent as they are today, or they may have joined together 
and been confluent with the Central African rainforest. Rodgers, Owen & 
Homewood (1982) analysed the distribution of mammal species in seventeen of 
the East African rainforests using association and principle-coordinate analyses. 
The level of similarity between the islands indicated the existence of four group- 
ings; west, north, south, and coastal. The climatic evidence presented suggested 
that only the west and coastal areas would have received sufficient rainfall from 
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the southeast trade winds and the northern monsoons to remain rainforest during 
the last glacial cycle. The existence of the west refugium is supported by a propor- 
tionately high number of primate species. However, the coastal region is the most 
impoverished area, and is highly dependent upon the south group. This would 
suggest that if the coastal areas were refugia during the last glacial cycle, as the 
climatic evidence would suggest, they were of minor influence to the neighbouring 
areas. Both the north and south island groups have relatively impoverished pri- 
mate populations and few endemic species, suggesting that these areas were not 
refugia throughout the last glacial cycle. 

A synthesis of the climatic and primate distribution evidence would suggest 
that eight refugia existed through the last glacial cycle; Liberia, Gold Coast, 
Eastern Nigeria, Gabon, Upper Zaire, Impenetrable Forest, Ruwenzori Forest, 
Kenya Coast and Zanzibar. For further analysis, all of these areas are assumed 
to have existed throughout the last glacial cycle. 

Materials and methods 
The application qf the theory of island biogeography to speciation o j  African 
primates 
In this section, an analysis of the applicability ofthe theory of island biogeography 
to the investigation of tropical rainforest primate speciation is investigated. This 
is done by examining whether or not it can explain the level of diversity and the 
level of endemism of the tropical rainforest African primates. The climate of 
tropical Africa was arid during the time when the northern latitudes were glaci- 
ated. It is proposed that this aridity caused the rainforests to retreat and divide 
into isolated refugia. As the rainforest retreated, the tropical rainforest primates 
associated with the forest also retreated. These tropical rainforest refugia were 
sufficiently isolated from each other by open forest or savanna barriers to be 
considered ‘islands’. 

The fact that during interglacial periods a number ofthe rainforest islands grew 
towards each other and united may obscure some of the trends of species’ distri- 
bution established during glacial times. However, it should not obliterate these 
trends, especially if i t  is true that the majority of the diversification of primate 
species occurred while populations were isolated in the rainforest refugia. 

There are a number of factors that make the level of diversity and the propor- 
tion of endemic primates of different regions only imperfectly comparable to each 
other: 
1 the history of each island refugium; 
2 the ability of the habitat to support different primate species; 
3 the degree of isolation at various times in the island refugium’s history; 
4 the accuracy of the established taxonomic divisions and the extent to which 

the primate fauna in each region is known, and; 
5 the extent to which the areas have differentially experienced human 

disturbance. 
The initial work of MacArthur & Wilson (1963, 1967) provided a theoretical 

model of insular biogeography. Much of the early examination of the model was 
based upon ornithological studies. It was commonly found that the number of 
species on an oceanic island was related to the size, as well as to the distance from 
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the island to colonizing source. Based upon the interpretation of these and other 
variables, the model attributed the number of species on an island to a dynamic 
equilibrium between the rates of colonization and extinction. Eventually the 
model was applied to populations on a variety of island situations, and its applica- 
bility in conservation planning was also investigated. A large number of studies 
have tested the validity of this model to true oceanic island situations (e.g. 
Greenslade, 1968; Hamilton & Armstrong, 1965; Johnson, Mason & Raven, 
1968). In addition to these studies there have been a number of investigations that 
examined other kinds of more obvious analogous habitats, such as mountain tops 
(Vuilleumier, 1969, 1970; Brown, 1971), and caves (Culver, 1970; Culver, 
Holsinger & Baroody, 1973). Some ofthese studies have supported the predictions 
of island biogeography theory, while others have not. 

It is not possible to consider any one rainforest island as the area from which 
all colonizing species originated: the mainland. It is more productive to consider 
the rainforest islands of Africa as representing an archipelego situation, as out- 
lined by MacArther & Wilson (1967). This type of interpretation allows for 
colonization to come from any island in the archipelago. 

The relationships between characteristics of the present and past rainforest 
blocks and present primate conditions were examined using regression analysis. 
The distribution patterns of all tropical rainforest higher primates were developed 
from the following studies: Allen (1939), Booth (1954a,b, 1955, 1956a,b, 1957, 
1958) Dandelot (1965) Kingdon (1971, 1981), Napier & Napier (1967), Rahm 
(1965, 1970), Rodgers et al. (1982), Sanderson (1940), Schwarz (1928a,b, 1929, 
193 1 ,  1954), and Struhsaker ( 1  98 1 ). In order to maintain consistency, the classifi- 
cation outlined by Napier & Napier (1967) was used throughout the analysis. 
Characteristics of East African forests were obtained from Struhsaker (1  98 1 ) and 
Rodgers et al. (1982). 

Results 
The number of tropical rainforest primate species is closely correlated with the 
area of the rainforest island presently inhabitated (r=0.78, P<O.Ol, Fig. 3). The 
relationship of present rainforest island area to species number is similar to those 
found in the situations previously described for oceanic islands (MacArthur & 
Wilson, 1963, 1967; Johnson, Mason & Raven, 1968; Johnson & Raven, 1970; 
Wilcox, 1978) and for continental islands (Brown, 1971; Vuilleumier, 1969, 
1970). 

The slope of the line describing the relationships between the log of species 
number and the log of present area is 0.16 ( z  value, Fig. 3). This low z value does 
not support MacArthur & Wilson’s (1967) prediction that the slope of the species’ 
area curve (log/log) would fall exclusively between 0-20 and 0.40. The slope of 
the species’ area curve is related to the degree of isolation of the island refugia; 
the lower the rate of colonization, the higher the z value. Low slope values have 
also been obtained for lizards of the California Channel Islands (0.166) by Case 
(1975), for the birds of the Galapagos archipelago (0.157) by Harris (1973), and 
for mainland mountain mammals (0.12) by Brown ( 1  97 1). The z value obtained 
from the present species’ area curve implies that the rate of colonization is high, 
which would be expected since some of the islands are presently in direct contact, 
and some are separated only by river barriers. 
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Fig. 3. Species’ area curve for the present distribution of tropical rainforest primates. The regression 
value for this relationship is 0.78 and the slope of the line is 0.16. 

If it is assumed that the number of species in each refugium during the last 
glacial maximum is proportional to the number of species present in those same 
areas today, it is possible to examine the influence of past distance between refu- 
gium and the refugium’s area during a glacial maximum on the present distri- 
bution of primate species. It should be cautioned that the characteristics of the 
refugia during a glacial maximum are essentially hypotheses. 

The number of tropical rainforest primate species in a refugium today are only 
slightly correlated with the estimated area of the rainforest refugia during the last 
glacial maximum ( r = 0 . 5 7 ,  P<O-lO,  Fig. 4). The slope of the line describing the 
relationship between the log of species number and the log of the estimated area 
of the rainforest refugia during the last glacial maximum is 0.38. This z value is 
comparable to the low rate of colonization found in the boreal mammals of the 
Great Basin of North America (Brown, 1971). Comparisons of the slope of the 
present and past species’ area curves would imply that colonization was greatly 
reduced during arid periods. This would imply that an increased level of isolation 
occurred during arid glacial periods which would have facilitated speciation. 

The rate of colonization could be influenced by a number of factors. The effec- 
tiveness of the barriers separating islands has an obvious influence on coloniz- 
ation. The barriers between the islands obviously vary in their effectiveness. 
Presently, isolating barriers between islands range from non-existent, with islands 
being in direct contact, to river barriers and large barriers of open forest and 
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Fig. 4. Species’ area curve for the hypothesized distribution of tropical rainforest primates during the 
last glacial maximum. The regression value for this relationship is 0.57 and the slope of the line is  
0.38. 

savanna. Colonization is influenced by the ability of the island to support primate 
species. The Benin area in Nigeria appears to have a low level of habitat diversity 
and thus a lower ability than most areas to support a wide range of primate 
species. It only supports six primate species. Unfortunately, it is impossible to 
distinguish between the effects of area and habitat diversity by regression analy- 
sis alone (Connor & McCoy, 1979; Connor & Simberloff, 1978; Gilbert, 1980; 
Seifert, 1975). Finally, colonization may be influenced by the fashion in which 
it occurs. An island may acquire its colonists in a stepping-stone fashion from 
neighbouring islands, or it may receive colonists directly from the colonizing 
source. 

Of these three factors influencing colonization and the level of species’ diver- 
sity, only the possibility that colonization is occurring in a stepping-stone fashion 
can be quantitatively tested here. This can be done by examining whether or not 
the number of species and the number of endemics are significantly influenced 
by the distance of neighbouring islands. The results of a number of previous stud- 
ies investigating island biogeography concluded that the distance to the nearest 
oceanic island (Hamilton, Barth & Bush, 1963) or continental island (Vuilleumier, 
1970) is one of the most imporant variables influencing both species’ number and 
the number of endemics. The distance that one tropical rainforest ‘island’ cur- 
rently is from its nearest neighbouring island is correlated with the number of 
species in the former (r=0.43, P<0.05), but not significantly correlated with the 
number of endemics ( r = O .  18, P>O. 10). The relationship between the estimated 
distance that any one island was from its nearest neighbour during the last glacial 
maximum is significantly correlated with the number of species in the former 
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island (v=0.80, P<0.05) but less so with the number of endemics (r=0.55, 
P<O.IO). The fact that the past distance to the nearest island is more strongly 
related to both species’ number and the number of endemic species than is the 
present distance, suggests that stepping-stone colonization was occurring more 
frequently during arid glacial periods. 

The number of tropical rainforest primate species endemic to a particular 
forest island is positively correlated with the present (r=0.80, P<O.O I )  area of 
the island. This conclusion is comparable to the results of MacArthur & Wilson 
(1967) and Greenslade (1968), who demonstrated that for a variety of insects, 
endemism and area are positively correlated. The slope of the line describing the 
relationship between the log of the number of endemics and the log of the present 
island area ( z  = 0.20) is closely comparable to those calculated for previously 
examined biotas. In contrast, the estimated area of the rainforest islands during 
a glacial maximum is not correlated to the number of endemics (r=O-00). 

Since the nature of the African tropical rainforest blocks today, and during 
the last glacial maximum, are both available for comparison, it is possible to de- 
termine whether present primate distribution trends are more strongly determined 
by present or past forest conditions. Both the number of species and the number 
of endemic species are more strongly predicted by the present area of the rainforest 
islands than by the estimated area during the last glacial maximum. Thus, the 
present conditions have largely obliterated the patterns previously established in 
the glacial cycle. These results are in contrast to Simpson (1974) who found that 
the number of plant species on the Galapagos Archipelagos predominately reflects 
conditions of the last glacial maximum. 

Discussion 
The African primate ‘island’ populations, past and present, represent the extreme 
types of ‘island’ communities commonly anal ysed by the island biogeographic 
model in terms of colonization rates. During interglacial periods, such as today, 
the rate of colonization is extremely high, while during arid glacial times the rate 
of colonization appears to have been fairly low. This is illustrated by the low 7 

value (0.16) of the species’ area curve for the present primate distribution and 
the high z value (0.38) for estimated primate distribution for glacial maximum. 
The fact that the present z value is outside the level predicted by MacArthur & 
Wilson ( 1  967) does not discredit the model, i t  simply illustrates the need to exam- 
ine the influence of other variables that could possibly affect colonization. It may 
be necessary to formulate independent models for species such as riverine and 
marsh species, since they have different habitat requirements than most tropical 
rainforest species and their habitats would be differently affected by climatic 
changes. 

I t  appears that the present distribution of the tropical rainforest primate 
species of Africa can not be interpreted to represent an equilibrium between the 
rates of colonization and extinction. This is demonstrated by the gradual slope 
of the species’ area curve, indicating a high rate of colonization. Since the equi- 
librium does not exist as expected by the island biogeography model, it would 
seem necessary to consider the use of more than one model, possibly in conjunc- 
tion with the island biogeography model, to explain the present distribution of 
rainforest primates. It is suggested that the historical events experienced by each 
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island, often including periods of greatly reduced or increased isolation, altered 
floristic composition and size of the forest, largely abolishing the trends predicted 
by island biogeographical theory. The recurrent climatic changes that took place 
throughout much of the Quaternary are suggested to be a significant factor 
influencing the present distribution of tropical rainforest primates. 

Brown (1971) states that in temperate regions it should be fairly common for 
island populations not to represent an equilibrium between the rates of coliniz- 
ation and extinction. This is as a direct result of the effects of climatic fluctuations 
occurring during the Pleistocene. It would appear since tropical habitats are simi- 
larly affected by climatic fluctuations, that this prediction also holds true for 
tropical-island populations. 

Although this study demonstrates that the populations of African primates do 
not represent an equilibrium between the rates of extinction and colonization, it 
should not be assumed therefore that the inferences taken from island biogeo- 
graphical theory, and presently being used in conservation planning, are incorrect. 
It simply demonstrates that it is insufficient to only examine the distance that a 
rainforest island is from a Pleistocene forest refuge, and the size of the island. 
Other factors such as floristic diversity and the effectiveness of contemporary 
isolating barriers must also be examined with regard to conservation planning. 
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