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Abstract

We integrate information from the fossil record, morphology, behavior and mo-
lecular studies to provide a current overview of lorisoid evolution. Severa Eocene
prosimians of the northern continents, including both omomyids and adapoids, have
been suggested as possible lorisoid ancestors, but these cannot be substantiated as true
strepsirhines. A small-bodied primate, Anchomomys, of the middle Eocene of Europe
may be the best candidate among putative adapoids for status as a true strepsirhine.
Recent finds of Eocene primates in Africa have revealed new prosimian taxa that are
also viable contenders for strepsirhine status. Plesiopithecus teras is a Nycticebus-
sized, nocturnal prosimian from the late Eocene, Fayum, Egypt, that shares cranial
specializations with lorisoids, but it also retains primitive features (e.g. four premo-
lars) and has unique specializations of the anterior teeth excluding it from direct lorisi-
form ancestry. Another unnamed Fayum primate resembles modern cheirogaleids in
dental structure and body size. Two genera from Oman, Omanodon and Shizarodon,
also reveal a mix of similarities to both cheirogaleids and anchomomyin adapoids.
Resolving the phylogenetic position of these Africa primates of the early Tertiary will
surely require more and better fossils. By the early to middle Miocene, lorisoids were
well established in East Africa, and the debate about whether these represent lorisines
or galagines is reviewed. Neontological data are used to address the controversial
branching sequences among extant lorisid clades. Data from the skin and scent glands,
when integrated with other lines of evidence, suggest that Asian and African lorisines
share acommon lorisine ancestry. The hypothesis of an African clade containing both
pottos and galagos to the exclusion of Asian lorisinesis less tenable. True galagines
are found in the fossil record of Namibia, while true lorisines are known from the
Miocene of Asia. The hypothetical branching sequences can beintegrated with behav-
ioral and morphological features to develop an adaptive model of lorisoid divergence.
By specializing on two different foraging modes early in their radiation, lorisines and
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Table 1. Some shared

specializations of extant Presence of a complete longitudina septum through the auditory
lorisids® bulla o .
Major blood supply to the brain via an ascending pharyngeal
artery®

Tympanic ring is fused to external bullar wall®
Usual absence of a zygomaticofacial foramen?
Highly pneumatized mastoid region®
Hypothesized homologies of the karyotype

aSourcesinclude [4, 12, 17].

b Also found in cheirogaleids.

¢ Also found in platyrrhines.

d Also absent spottily among other primate groups.
¢ Also found in some anthropoids.

galagines subsequently underwent a chain of integrated evolutionary changes eventu-
aly having an impact on many components of locomotor behavior, anatomy, physiol-
ogy, reproduction, life history, and social behavior. Ongoing evolutionary studies of
extant galagines are illuminating population phenomena and processes of speciation
in an ecological context.

Introduction

Lorisiform primates have been subjects of an ever increasing number of behav-
ioral, ecological, morphological and reproductive studies[1, 2]. Only alittle attention
has been directed towards some of the basic questions about lorisiform evolutionary
history [3, 4]. When and where did the lorisiform clade originate? Are any of the
Eocene fossils close relatives of the lorisiform primates? What was the branching
sequence among the known lorisiform lineages? What were the key adaptive features
of the lorisiform radiation? When and where did adaptive divergence occur among
groups?

Extensive, long-term research in paleontology and various fields of neontology
will be required to obtain answers to all of these questions. The purpose of this paper
isto review current understanding of lorisiform evolution, and to make contributions
in four areas: (1) to review new fossil evidence relevant to lorisiform origins; (2) to
evaluate the Miocene fossil record of lorisids in the context of new information on
lorisiform origins; (3) to assess the branching sequences among extant lorisid line-
ages, and (4) to provide an adaptive model of lorisid evolutionary divergence.

Classification of Lorisiform Primates

Monophyly of Lorisidae

Extant lorises, pottos and galagos comprise a monophyletic group (the shared
specializations of which are listed in table 1). Members of this group are usually clas-
sified together in one family, Lorisidae, with two subfamilies, Lorisinae for the slow-
climbing forms (lorises and pottos), and Galaginae for the leaping forms (galagos).
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Raising these subfamilies to family rank has become a common practice, but there
isreally no rationale for splitting the two groups at the family level.

Whether one splits or lumps at the family level is not ssimply a matter of taste;
such decisions should be governed by considerations of adaptive diversity, cladistic
relationships, and nomenclatural conservatism and stability. Several families of mam-
mals contain as great or greater internal diversity than that which is found between
lorisines and galagines, even in their locomotor adaptations. For example, compare
burrowing Cynomys (prairie dogs) and gliding Glaucomys (flying squirrels) of the
family Sciuridae, marine Enhydra (sea otter) and desert Taxidea (American badger) of
the family Mustelidae, suspensory Ateles (spider monkey) and leaping Saimiri (squir-
rel monkey) of the family Cebidae. Greater divergence occurs among other primate
families than between lorisines and galagines (with the possible exception of the
hominoid families). No cladistic information is gained by separating the groups at the
family level rather than the subfamily level. The use of Galagidae is a non-conserva
tive choice that introduces nomenclatural instability without providing any gains in
expressing the diversity or natural genealogy of the group.

Monophyly of Srepsirhini

The monophyly of lorisids has never really been questioned. The interesting phy-
logenetic debates about extant lorisids have been about their relationship to cheiro-
galeids and other Malagasy primates. Gregory [5] placed Malagasy primates and
Eocene adapoids in a prosimian infraorder Lemuriformes, while lorisids were placed
inan equally ranked Lorisiformes, a classification still used by some researchers today
[4]. 1t is now widely accepted that the Lorisiformes and the Malagasy primates are
more closely related to each other than either is to omomyids or adapoids (but there
are exceptions [6]). The proper name to apply to this combined clade of lorisids and
Malagasy primatesisnot at al obvious.

Severa authors, beginning with Szalay and Delson [7], have used the infra-
order Lemuriformes Gregory, 1915, for the tooth-combed prosimian clade, containing
Malagasy primates and lorisids, but not adapoids. However, this version of ‘Lemuri-
formes' differs substantially from the initial use of the taxon by Gregory [5] and
many subsequent authors who excluded the lorisids, and included Eocene adapoids
which lack a tooth comb. The use of Lemuriformes by Szalay and Delson [7] does
not just ‘telescope’ the taxon, enlarging it to include the lorisids — it revamps the rela
tionships among groups. Therefore, Gregory’s Lemuriformes should not be used as a
taxon delimiting the tooth-combed prosimians; by simply eliminating adapoids from
the group, it may be applied in a more restricted sense to the clade of Malagasy
primates.

Another taxon commonly used to denote the tooth-combed prosimian clade is
Strepsirhini Pocock, 1918. However, this taxon has been even more confusing than
Lemuriformes when applied specifically to tooth-combed prosimians because Strep-
sirhini has been used often as a primitive wastebasket taxon to accomodate anything
not perceived as haplorhine, itself a very problematic taxon. However, if used in a
strict sense, the term Strepsirhini is available for the clade of tooth-combed prosimi-
ans. Membership in a strictly defined Strepsirhini must be demonstrated by the pres-
ence of shared specializations. For primates lacking atooth comb, such asthe aye-aye
(Daubentonia), the hypothesis of membership within the strepsirhine clade must be
documented by other lines of evidence [8].
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Relationship between Lorisidae and Cheirogal eidae

The possihility has been raised that lorisids and cheirogaleids share a close phy-
logenetic relationship exclusive of any other Malagasy taxa [9-13]. This hypothesis
was based mainly on shared patterns of arterial blood flow to the head and pneumati-
zation of the mastoid portion of the temporal bone. A classification was adopted that
put cheirogaleids within Lorisiformes [7]. As this shift in consensus was occurring
during the late 1970s through the 1980s, molecular and karyotypic data became avail-
able that either indicated cheirogaleids to be a member of the Malagasy radiation
[14-20], or were unable to resolve branching sequences [21]. Finaly, Martin [4] con-
ducted a thorough review of all published data, and Yoder [22, 23] compiled new data
on mitochondrial nucleotide sequences. Martin and Yoder concluded that cheiro-
galeids do belong in the Malagasy clade, and that the basicranial traits shared between
cheirogaleids and lorisids must be primitive for strepsirhines (as suggested by Le Gros
Clark [24]), or must have been attained convergently. In this paper, we accept the con-
clusion that the family Cheirogal eidae does not belong within Lorisiformes.

The Problem of Lorisiform Origins

Conceptual Issuesin Srepsirhine Origins

Researchers have less avidly sought lorisiform ancestors among Eocene primates
than they have looked for anthropoid ancestors, but the same kinds of conceptua and
empirical troubles that beset the question of anthropoid origins [25, 26] also comeinto
play when investigating lorisiform origins. A central issue is whether or not an early
Tertiary primate is strepsirhine or haplorhine. The question of lorisiform origins can-
not be successfully addressed until * strepsirhinism’ (in the strict sense advocated here)
can be identified in the fossil record [27, 28]. Such action requires that strepsirhinism
be judged on the basis of preserved morphology in the fossil record, not soft tissues
such as placentas, retinas and nose structures.

The broad, paraphyletic concept of Strepsirhini emerged in part from the incor-
rect perception that some degree of primitive uniformity occurs among strepsirhines.
Modern strepsirhines share several specializations of the cranium and dentition not
found in other primates. These traits can be used as a guide for assessing membership
within the strepsirhine clade among fossil forms. How the clade based on hard tissue
matches with the one that would be devised if fossil soft tissues were available cannot
be determined. The true match between a clade based on hard tissues and an onto-
genetically independent one based on soft tissues is probably almost always a nested
relationship, rather than a congruous one. The two clades may be exactly equivalent
when examining only those primates that happened to survive to the present, but
things become much more complicated when diverse early Tertiary radiations are also
considered. When primate diversity is viewed against a backdrop of time, onecladeis
almost certainly abroader paraphyletic taxon containing the other. To be more precise,
this problem is not restricted to the contrast between hard tissue clades and soft tissue
clades. The same concept holds true for any clade defined by more than one apparent
synapomorphy, even if all synapomorphies are osteological or all are molecular.
For a clade defined by n independent synapomorphies, there arelikely to be, in reality,
n nested clades, unless two or more synapomorphies had their evolutionary origins
at exactly the same time. The important difference between hard and soft tissues is
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Fig. 1. Phylogenetic hypothesis about the ancestral strepsirhine (‘lemur/loris stock’) posed by
Charles-Dominique and Martin [34]. This hypothesis excludes the superficially lemur-like notharc-
tines and adapines from the true strepsirhine clade, and suggests that basal strepsirhines exhibited an
assemblage of characters shared in common by the ‘cheirogaline stock’ and the ‘galagine stock’.
Reproduced from Nature.

that the nested sequence of clades can be discovered for the former but not for the
|atter.

Based on phenetic similarities between Eocene adapoids and Malagasy lemurids,
some early researchers concluded that adapoids gave rise to lemurids [29, 30], but
there was early dissent from this view [31-33]. According to this hypothesis, non-
lemurid Malagasy primates (cheirogaleids, indrids, aye-ayes, several subfossil taxa)
and lorisids must have been secondarily derived from a primitive, lemur-like primate.
Gregory [5, p. 215] discussed how the postcrania of Galago and Perodicticus could be
‘derived directly from the Notharctus type’, which Gregory considered to be essen-
tially lemurid.

The myth of an ancestral lemur was challenged in a paper titled ‘Evolution of
lorisesand lemurs', written by Charles-Dominique and Martin [34] in 1970. Based on
their pioneering field studies of Galago demidoff and Microcebus murinus [35], these
two authors pointed out that the pervasive behavioral, ecological and morphological
similarities shared by cheirogaleids and lorisids are best interpreted as primitive reten-
tions from a common ancestor. If their hypothesis is true, then the lemurid morphol-
ogy commonly used as a morphotype for primitive prosimians is wrong, and there is
no reason to believe that lemurid-like morphology found in the Eocene is anywhere
near the ancestry of strepsirhines. Charles-Dominique and Martin [34, p. 259] con-
cluded: ‘The Eocene fossil Notharctidae, widely regarded as direct relatives of the
Malagasy lemurs, probably came from a separate stock roughly contemporaneous
with the hypothetical lemur/loris stock’ (fig.1).
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Szalay and Katz [9] took issue with the conclusion of Charles-Dominique and
Martin that the similarities shared by cheirogaleids and lorisids were primitive. They
wrote [9, p. 90] that ‘adapid-lemuroid ties are one of the most convincing among
groups separated by such atime gap as between the Eocene and Recent’ and that the
two groups are ‘astonishingly similar’. As late as 1987, Szalay et al. [28, p. 96] pro-
claimed that ‘the uniformity of such special strepsirhine complexes as the basicranial
morphology along with cranial and postcranial similarities’ allowed one to make a
precise phylogenetic tie between Eocene adapoids and modern lemurids.

In reality, strepsirhine uniformity does not exist; the historical debates over
the phylogenetic relationships of cheirogaleids, aye-ayes, and adapoids is evidence
enough for that. Coming to grips with the real diversity of prosimiansforcesold views
of the Eocene ancestry of strepsirhines to break down. Simply because something has
been considered ‘lemur-like’ does not qualify it as an ancestral strepsirhine. Basal
radiations of all the major primate taxa must have shared many primitive features. The
search for the true strepsirhine ancestor must be more rigorous.

Eocene Candidates for Strepsirhine Ancestry

Are Eocene Adapoids Primitive Strepsirhines?

If Charles-Dominique and Martin [34] were correct about the ancestral strepsi-
rhine, then nearly all known adapoids can be eliminated as lying near the ancestry of
Strepsirhini. If small size, nocturnality, quadrupedal scrambling and leaping, and
generalized omnivory are primitive for strepsirhines [34], then all notharctines and
adapines, and most cercamoniines, are too specialized to be near the ancestry of
strepsirhines. If the basicranial similarities shared by cheirogaleids and lorisoids are
primitive for strepsirhines [23, 24] then no Eocene primates known by cranialie near
the ancestry of strepsirhines.

The vertically implanted, spatulate incisors of adapoids also argue against an
adapoid origin for strepsirhines. Procumbent, pointed lower incisors are probably
primitive for euprimates, as supported by the fact that pointed, procumbent lower
incisors are shared by strepsirhines, tarsiers, omomyids, and by outgroups such as
plesiadapiforms, tree shrews, and many insectivore and proteuthere families. It seems
reasonable to conclude that the strepsirhine dental comb derives from primitive, jut-
ting, pointed incisors, rather than from vertical, spatulate ones. Why the strepsirhine
tongue and sublingua should closely resemble those of tree shrews [36] is difficult to
explain if strepsirhines originated from an ancestor with vertically placed, spatulate
incisors.

Relying mainly on Notharctus and Adapis, Wortman [37] and Stehlin [32] rea
soned very early that adapoids were too specialized to have given rise to lemurs, citing
adapoid specializations of the incisors, canines, and basicranium. However, not until
after the paper by Charles-Dominique and Martin [34] did the hypothesis of adapoid
origins for strepsirhines come under closer scrutiny. Cartmill and Kay [38] sought
possible synapomorphies to link strepsirhines to adapoids, and found none. Other
authors also questioned the idea that adapoids were Eocene strepsirhines when they
found dental and crania specializations shared by adapoids and anthropoids to the
exclusion of strepsirhines|[25, 26, 39, 40]. True strepsirhines have broad gaps between
their upper, central incisors alowing for physical continuity between rhinarium and
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vomeronasal organ; this midline interincisal distance in notharctines was found to be
narrower than those of strepsirhines (and within the platyrrhine range) while adapines
overlapped only the narrowest of strepsirhines (Propithecus and some lorisines [27]).
Morphological features of the talus hypothetically linking adapoids and true strepsi-
rhines have been described [41, 42], but polarity of these features remains uncertain,
and it is not clear why the the talar traits should be weighed more heavily than dental
or crania evidence even if they are specializations rather than ancestral conditions.

Given this background, it is useful to review briefly individual adapoid taxa that
may be relevant to strepsirhine origins. The known diversity of adapoids increases at
a steady pace. Several clades and lineages dating back to the base of the Eocene are
classified as ‘adapoid’, but the relationships among lineages are unclear, and there-
fore, each must be addressed individually. A classification of all prosimian genera
mentioned in the text appears in table 2.

Possible Strepsirhine Ancestors among Adapoids

Adapis parisiensis. A strepsirhine dental comb or scraper has never been found
on an Eocene primate jaw. Convergent acquisition of somewhat different dental
combs has been documented among unrelated early Tertiary mammals [43]. Several
peculiar arrangements of the anterior teeth of Eocene prosimians have been identified
as possible precursors or derivatives of atrue tooth comb [44-46]. Gingerich [44, 47]
emphasized that the lower canines of Adapis parisiensis were incorporated into a
single functional unit with the lower incisors, as relatively low-crowned teeth with a
flattened, anterior occlusal edge. He considered this alignment to be ‘an initial step
required by the functional reorganization of the caninesinto aunit with theincisors, as
is later seen in the dental scraper of Lemuriformes' [44, p. 176]. Gingerich also cited
morphological similarities between the folivory-adapted molars of extant Hapalemur
and Lepilemur on the one hand, and those of Adapis on the other [48], that suggested
possible phylogenetic ties between Adapis and the origin of the Maagasy clade. This
hypothesis has been criticized by later researchers[25, 38, 49].

Pronycticebus. Among the hundreds of known Eocene primates, none has re-
ceived more attention as a possible lorisiform than Pronycticebus gaudryi. The
famous skull of this species was originally described as having possible affinities with
lorises [50]. Le Gros Clark’s [24] careful study pushed Pronycticebus away from
lorisoids towards lemuroids. Interestingly, Le Gros Clark foreshadowed the much
later papers by Charles-Dominique and Martin [34] and Yoder [23] by concluding that
the basicranial features of Pronycticebus represented ‘a specialization which could
hardly have given rise to the (in many respects) more primitive lorisiform type' [24;
italics added]. Simons [51] pushed P. gaudryi back in the direction of lorisoids, while
Szalay [52] pushed it away again. A crushed skull and postcranial skeleton attributed
to anew species of Pronycticebus [53], found at the site of Geiseltal, Germany, may
belong instead to Caenopithecus [54]. The Geiseltal skeleton was not evaluated with
respect to its possible affiliations with true strepsirhines [53]. Given the presently
available evidence, neither Pronycticebus gaudryi nor Adapis parisiensis can be
viewed as lying especially close to the origin of true strepsirhines.

Anchomomyini. The best ‘adapoid’ candidates for true strepsirhine ancestry are
probably some members of the European (and possibly North African) tribe Ancho-
momyini. Although classified within the subfamily Cercamoniinae, the anchomo-
myins are a distinctive group whose relationships remain uncertain. The anchomo-
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Table 2. A classification of prosimian genera mentioned in the text

Order Primates
Suborder incertae sedis
Superfamily incertae sedis
Family incertae sedis
Altiatlasius
Azibius
Superfamily Adapoidea
Family Notharctidae
Subfamily Notharctinae
Notharctus
Subfamily Cercamoniinae
Aframonius
Caenopithecus
Pronycticebus
? Djebelemur?
Tribe Anchomomyini
Anchomomys
? Omanodon?
? Shizaradon?
Subfamily Sivaladapinae
Svaladapis
Indraloris
Family Adapidae
Subfamily Adapinae
Adapis
Suborder Strepsirhini
Infraorder incertae sedis
Superfamily Plesiopithecoidea
Family Plesiopithecidae
Plesiopithecus

Infraorder Lorisiformes
Superfamily Lorisoidea
Family Lorisidae
Subfamily incertae sedis
Progalago
Mioeuoticus
Subfamily Galaginae
Galago
? Komba®
Subfamily Lorisinae
Loris
Nycticebus
Nycticeboides
Perodicticus
Arctocebus
Infraorder Lemuriformes
Family Cheiroga eidae
Cheirogaleus
Mirza
Microcebus
Family Lemuridae
Lemur
Family Indridae
Propithecus
Family Daubentoniidae
Daubentonia

Suborder Tarsiiformes

Family Omomyidae
Subfamily Microchoerinae
Necrolemur
Family Tarsiidae
Afrotarsius
Tarsius

1 The subordinal or infraordinal classification of adapoids remains controversial. Among the subordinal choices
are Strepsirhini Pocock, 1918; or if oneis not convinced of strepsirhine affinities, the infraorder Adapiformes Sza-
lay and Delson, 1979, may be raised to subordinal rank; or if one favors special affiliation with anthropoids, one
may use Neopithecini Wortman, 1904 [206].

2 The classification of these three genera of small-bodied primates from the Paleogene of North Africais uncer-
tain (see text).

3 The galagine status of Komba should be considered hypothetical.

myins are the only known adapoids that reasonably approach the conception of a
primitive strepsirhine as developed by Charles-Dominique and Martin [34]. They are
small-bodied forms with molars similar to those of cheirogaleids[33, 47, 55-57]. The
preserved sockets of the anterior teeth suggest there was no tooth comb.

No craniaare yet known of Anchomomys, but recently, an assemblage of postcra-
nia from Middle Eocene deposits of the Spanish Pyrenees have been collected that
represent a new species that weighed about 120 g [58]. The Spanish Anchomomys
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exhibits the sloping talo-fibular joint that isfound in large-bodied adapoids and in true
strepsirhines [41]. This Spanish sample of postcraniais potentially the most exciting
data set from the northern continents for addressing questions of an adapoid ancestry
of strepsirhines.

Possible Ancestry among Omomyids

Schmid [45] discovered that the lower incisors of the microchoerine omomyid,
Necrolemur antiquus, bear fine striations in the enamel caused by grooming hair.
These striations are similar to those that occur on the teeth of the modern strepsirhine
dental comb, which suggested to Schmid that omomyids may be related to strepsi-
rhines [59]. The idea of an omomyid-strepsirhine clade — or even a more precise
omomyid-lorisiform clade [60] — has found support mainly in the work of Schwartz
[6]. Features shared by lorisids and omomyids (or actually, a subset of omomyids,
because some genera are transferred by Schwartz to other families) that are used in
support of the hypothesized clade are the elongate and narrow trochlear facet of the
astragalus, the reduction of molar paraconids, and the procumbent, pointed lower
incisors [6]. However, the link between omomyids and tarsiers is so strong [31,
61-65], that all known omomyids can be classified comfortably in Tarsiiformes. A tar-
siiform origin for strepsirhines would be a surprise.

Biogeography of Strepsirhine Origins

The search for lorisiform or strepsirhine ancestors among adapoids and omo-
myids of the northern continents has been dictated by the limitations of the fossil
record. In the absence of an Eocene fossil record for Africa, paleontologists naturally
look for the ancestry of modern groups among the taxa that are represented in the fos-
sil record. On biogeographic grounds, however, there are reasons to believe that the
northern primate groups are not directly relevant to true strepsirhine ancestry. Given
the strepsirhine distribution in Madagascar and Africa, with only one subfamily con-
taining two extant generain Asia, it makes sense to look for the origin of true strep-
sirhines in the early Tertiary of Africa Fortunately, new Paleocene, Eocene and
Oligocene primates are being discovered by active field projects in Egypt, Tunisia,
Algeria, Morocco and Oman. African aternatives to the northern omomyids and
adapoids are available finally for comparative study.

Fossil Prosimians of the African Eocene

Despite the low number of prosimian fossils that have been found in the early
Tertiary of Africa (table 3), the higher taxonomic diversity represented by the rare
finds exceeds that of any other continent during the Eocene, with representatives of
cercamoniine and anchomomyin-like adapoids [57, 66, 67], omomyids and tarsiids
[68-70], plesiopithecids which are possibly true strepsirhines [46, 71], and, finally,
a mouse-lemur-sized primate with cheirogaleid-like cheek teeth [Simons, pers. com-
mun.]. Africa was clearly a center of prosimian diversification during the early Ter-
tiary.

The earliest of the African prosimians is Altiatlasius, known from about ten iso-
lated teeth found in Paleocene deposits of Morocco [72]. Altiatlasius is probably the
earliest known true primate (excluding Plesiadapiformes) and at least in itsteeth, it is
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Table 3. Prosimians? of the Paleocene to Oligocene of Africa?

Locality and species

Described fossil material

Adrar Mgorn 1, Morocco
Altiatlasius koulchii
Chambi, Tunisia
Djebelemur martinezi
? primate, unnamed
Gour Lazib, Algeria
Azibius trerki
Thaytiniti, Oman
Omomyidae? sp. nov.
Tagah, Oman
Omanodon minor
Shizaradon dhofarensis
Fayum, Egypt, quarry L-41
Plesiopithecus teras
Aframonius diedes
New small-bodied taxon
Fayum, Egypt, quarry E
Omomyidae, unnamed
Fayum, Egypt, quarry M
? Lorisoid or plesiopithecid, unnamed

ten isolated teeth

lower jaw with Ps-M3 and isolated uppers
one lower molar

one lower jaw with three teeth
two isolated molars

several isolated teeth
one lower molar

cranium and 3 lower jaws
severa lower jaws
severa lower jaws

afew isolated teeth

oneisolated tooth

Afrotarsius chatrathi one lower jaw with parts of 5 teeth

2 Note that several of these taxa have been identified as anthropoids rather than prosimians (Djebelemur, Oma-
nodon, Shizarodon [73]).
b Full references for the datain this table are presented elsewhere [74].

also one of the structurally most primitive or generalized. No evidence suggests that
Altiatlasius is specifically lorisiform. Still, Altiatlasius does offer support to the idea
that primatesinitially differentiated in Africa.

Small-Bodied Strepsirhine Candidates

Among the newly found prosimians of the African Paleogene is avery enigmatic
assemblage of small-bodied forms that have been classified already by various authors
as anthropoids, adapoids, and cheirogaleids. This group includes Omanodon and
Shizaradon of Oman [57], Djebelemur of Tunisia [66], and a new, undescribed pri-
mate from Egypt. These primates are known only by isolated cheek teeth, and in the
case of Djebelemur, one lower jaw. Djebelemur shows similarities to cercamoniine
adapoids [66] and to early anthropoids [73], and has not really been mentioned in
the context of strepsirhine origins. In contrast, Omanodon and Shizaradon have
been investigated closely for possible relationships to strepsirhines, particularly
cheirogaleids. An excellent, detailed study of the Omani genera by Gheerbrant and
colleagues [57] concluded that these two Omani genera are related most closely to
European anchomomyins, although similarities to cheirogaleids were aso high-
lighted. The Omani teeth are also similar to those of a new primate known by several
specimens from quarry L-41 of the Fayum, Egypt, heretofore important as the site of
Eocene anthropoid primates[74]. The age of quarry L-41 isprobably late Eocene [75].
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Fig. 2. Cranium and unas-
sociated mandible of Plesiop-
ithecusterasfrom quarry L-41,
Fayum, Egypt. The cranium
has been distorted by crushing.
Among the distinctive charac-
teristicsare therelatively short,
deep rostrum and the enlarged
upper canine, the enlarged
orbit indicating nocturnality,
and the heavy nuchal cresting.
Along with the upper molar
shape, these features give the
skull a decidedly loris-like

R S e 4] appearance. Reproduced from
T T Iy Evolutionary Anthropology.

METRIC 1]

The new primate is roughly the size of a mouse lemur, which it also resemblesin den-
tal structure. It will serve as an interesting point of comparison with the Omani
primates, with anchomomyins, and with true strepsirhines. These recent finds from
Tunisia, Oman, and Egypt are exciting, but also frustrating, because not enough is
known of the animalsto judge what the mixed pattern of similarities really mean [57,
73].

Plesiopithecus. The anterior dentition and cranium (fig. 2) are known for Plesio-
pithecus teras, another prosimian from the Fayum’s quarry L-41[71, 76]. This species
has been interpreted as a close relative of strepsirhines which shows several features
that are specifically loris-like [46]. Additional preparation of the delicate cranial spec-
imen allows a more detailed evaluation of its taxonomic status than was previously
possible.

In the initial description of the skull, strepsirhine and lorisiform-like characters
were listed [46]. These included the projecting, compressed lower canine (or incisor?)
that resembles the teeth of a true strepsirhine tooth comb; the buccolingually com-
pressed upper canine; the lacrimal foramen positioned at the orbital margin; the
obliquely oriented molar trigonids with paraconids reduced to a shelf; and the reduced
size of the upper and lower third molars. These features are not viewed as evidence
specifically allying Plesiopithecus with Lorisiformes because the retention of four
premolars, and the relatively short P, crown, eliminate Plesiopithecus from being
within the lorisiform clade. In addition, apparent specializations of the anterior, tusk-
like teeth remove Plesiopithecus from lying directly in the ancestry of extant strepsi-
rhines.

Among strepsirhines, Plesiopithecus shows specia resemblances to lorisids in
the heavily built cranium, short and deep muzzle, and greatly enlarged orbits. The ini-
tially reported mastoid inflation [46] cannot be sustained now that the cranium has

260 Folia Primatol 1998;69(suppl 1):250-285 Rasmussen/Nekaris



Fig. 3. Hypothesized phylogenetic relation-
ships of Plesiopithecus. Node A represents an
ancestral true strepsirhine, characterized by the
following morphological specializations: elon-
gate, procumbent lower canine: flattened, blade-
Plesiopithecidae like upper canine; oblique trigonids with
paracristid reduced to a shelf; P, about the same
size or only dlightly taller than P; (while Py is
retained from the euprimate ancestor). Node B
represents the common ancestor of extant Mala-
Basal strepsirhine gasy primates and Lorisiformes, characterized

by the following specializations: loss of the first
premolar; tall, sub-caniniform P,. Node C repre-
euprimate stem sents Specializations of Pleﬁiopithecus, which
include: loss of lower incisors (or one pair of
incisors and canine?), enlargement of upper and
lower canines.

Malagasy
primates Lorisiformes

been better prepared. Although the bone of the mastoid region is thick and heavy,
there is no certain evidence that the region was notably inflated with pneumatic
spaces. The few loris-like features of the cranium of Plesiopithecus are not strong
enough to link this genus specifically to lorisiform primates, especially given the pres-
ence of aP; in some specimens and the specializations of the enlarged canine and loss
of lower incisors. Theloris-like cranial features are best viewed as primitive attributes
retained by modern lorisines but subsequently lost by most other strepsirhine taxa.
This inference, combined with the conclusions of Charles-Dominique and Martin
about ancestral strepsirhines [34], suggests an interesting combination of primitive
features: a generalized, nocturnal, relatively small-bodied primate with a proportion-
aly robust, short-faced, low-vaulted cranium.

Our interpretation of Plesiopithecus is that it is an early strepsirhine, showing
unique specializations of the incisors and canines (fig. 3). The isolated tooth from the
early Oligocene of the Fayum described as a lorisoid molar [69], may be plesio-
pithecid instead. The somewhat loris-like features of the cranium of Plesiopithecus
could be primitive for Strepsirhini, an hypothesis that has implications for the inter-
pretation of Miocene crania from East Africa.

Summary of Paleogene Record

Some of the mgjor points of the foregoing review are the following. Uncritically
viewing ‘lemur-like’ or ‘primitive’ primates of the Eocene as belonging to the strepsi-
rhine clade cannot be justified. Strepsirhines are a distinctive, specialized primate
clade of uncertain ancestry. The African Eocene is now producing credible strepsi-
rhine candidates. Several small-bodied forms resemble cheirogaleids and European
Anchomomys, but all are too poorly known for confident phylogenetic resolution.
Plesiopithecus may be a true strepsirhine, an hypothesis based mainly on dental fea-
tures. Assuming that this is correct, Plesiopithecus suggests that a large-eyed, robust
cranium with aloris-like attributes may be primitive for strepsirhines.
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The Lorisoid Fossil Record

Miocene of East Africa

Late Eocene and early Oligocene sites of North Africaarefollowed by along gap
in the African fossil record. The next appearance of strepsirhine primates is in the
early Miocene of East Africa, where members of the family Lorisidae have been
found. The Miocene lorisids occur too late in the fossil record to provide direct infor-
mation about the origin of the family. Potentially, what they may provide is informa-
tion about the early taxonomic divergence between the subfamilies Lorisinae and
Galaginae, aswell asinsight into the adaptive divergence into slow-climbing and |leap-
ing specialties. Interest in these issues has dominated the study of the early Miocene
lorisids.

The earliest fossil lorisids are from sedimentary and volcanic deposits associated
with two ancient volcanoes, Tinderet and Kisingiri, located in northern Kenya, east of
Lake Victoria. Fossil mammals have been found at several fossil-bearing sites in this
region, with Rusinga Island of the Kisingiri system and Songhor of the Tinderet sys-
tem being the most important sites for lorisids. The lorisids at Songhor are part of a
mammalian assemblage that resembles faunas of modern tropical rain forests [77].
The Rusinga Island beds that yield lorisids represent riparian woodland, as indicated
by paleosols [78] and by the associated fauna, which includes apes (Proconsul, Den-
dropithecus), flying squirrels (Anomaluridae), forest elephant shrews (Miorhyncho-
cyon) and chevrotains (Tragulidag), among others [79, 80]. The Tinderet sites are the
oldest at approximately 19 Ma, while the Kisingiri sites are slightly younger, dating
from 17 to 18 Ma [81-83].

Lorisoid fossils are also found at two early Miocene sites in Uganda (Moroto,
Napak) associated with volcanic activity 300 km north of the Kenyan sites [84].
Younger lorisoid fossils occur at the middle Miocene sites of Maboko Island in Lake
Victoria, and Ft. Ternan near the older Tinderet sites [85, 86]. Details on the occur-
rence of fossils at each of the East African sites can be found elsewhere [85-88]. Iso-
lated galagine teeth have recently been found at a geographically outlying site, an
early Upper Miocene locality of cave brecciasin northern Namibia [89].

The first fossil lorisids were found by Hopwood in 1931, but these were not
described until 35 years later [87]. The first described fossil lorisid was the type
mandible of Progalago dorae[90]. A long-standing debate was initiated with thisfirst
description because Maclnnes allocated his new fossil to the subfamily Galaginae.
The correct subfamily affiliation of Progalago still remains in question; one of the
most important historical threadsin the study of the Miocene |orisoids has been debate
over subfamilial alocation of material. Additional fossil material of Progalago was
found in subsequent years, including specimens used to diagnose two smaller species,
P. robustus and P. minor [91], species|ater placed in anew genus Komba [87]. Among
the more interesting new fossils was an endocast with fragments of the basicranium
adhering, including the auditory bullae. At this point, al three recognized species
were considered to be galagines.

In 1954, the cranium of a lorisid (fig.4) was found on Rusinga Island and
described by Le Gros Clark [92]. Among the notable features of this cranium are the
large orbits indicating nocturnality [93], and the configuration of the anterior tooth
sockets. Theincisor alveoli are very small and are widely separated from each other, a
trait seen today among specieswith atooth comb in the lower dentition. Le Gros Clark
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\/466Q Plesiopithecus Pronycticebus
I T

Fig. 4. Crania of extant Perodicticus and three fossil primates illustrating shared aspects of
shape that resemble lorisines, such as the short, deep rostrum; the relatively flat crania base; the
enlarged orbits; the low, heavily buttressed vault; and the prominent nuchal cresting. The fossils are
the following: askull attributed to Mioeuoticus, an early Miocene lorisid from Rusinga |sland, Kenya
(modified from [92]); Plesiopithecus, alate Eocene strepsirhine from Fayum, Egypt; and Pronyctice-
bus, amiddle Eocene adapoid from Memerlein, France (modified from [93]). Bar scale=1 cm.

[92, p. 5] hinted that the fossil may be lorisine, but he emphasized that the specimen
‘shows an interesting assemblage of morphological characters not found in combina-
tion in any of the Recent lorisiform genera . Lacking a mandible that was comparable
to the holotypes of species of Progalago, Le Gros Clark deferred from naming a new
taxon.

The Rusinga skull was followed by discovery of afacial cranium from Napak,
Uganda, which Leakey [94] named Mioeuocticus bishopi and placed in Galaginae. A
thorough revision of the Miocene lorisids was published soon afterwards by Simpson
[87], who erected the new genus, Komba, for the two smaller species, now Komba
robusta and K. minor. He was skeptical of the generic distinctiveness of Leakey's
Napak face, synonymizing it with Progalago, and suggested that the Rusinga cranium
might also belong in Progalago. Simpson named a new species, P. songhorensis for
some material previously put in P. dorae. Simpson differed from Le Gros Clark and
Thomas [91] in concluding that the anterior tooth sockets preserved on some of the
lower jaws indicated a fully modern tooth comb, a conclusion later substantiated by
Walker [95]. Finally, Simpson also mistakenly identified a new genus and species,
Propotto leakeyi, as a lorisid, when in fact, it was later determined to be a bat [95].
Simpson did not believe that the Miocene forms could be allocated to either of the
modern subfamilies, Lorisinae or Galaginae.
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The cranium from Rusinga and the face from Napak became the focus of impor-
tant discussion. Szalay and Katz speculated that the Rusinga cranium represented a
phylogenetically intermediate stage between early Tertiary cheirogaleids and modern
lorisids in order to bolster their theory of a cheirogaleid-lorisid clade [9]. Walker's
evaluation of the Rusinga cranium and the Napak face suggested that both specimens
were lorisine rather than galagine, based on lorisine features such as an uninflated
auditory bulla [96]. Because of similarities to the Napak face, Walker classified the
Rusinga cranium as Mioeuticus sp. nov. An additional lorisine maxillary specimen
was identified from the Middle Miocene site of Ft. Ternan, but also not named [85].
The allocation of the faces to an allegedly lorisine-like genus, Mioeuaticus, is central
to many of the conclusions that have been reached about Miocene lorisids. We will
therefore review some of the cranial datain more detail.

Le Gros Clark [92] described a mosaic pattern of resemblances between the
Rusinga skull and extant lorisids. The fossil resembled lorisines rather than galagines
in its abbreviated face. It resembled Asian rather than African lorisines in its unin-
flated bulla and less convex mastoid. A feature of the fossil that resembled galagos
more closely than any lorisine was the small foramen lacerum. Features that Le Gros
Clark interpreted as primitive, but that are absent from all extant lorisids, included the
heavy nuchal cresting, relatively large palate and nasal aperture, and the ectotympanic
that was relatively independent ventrally without extensive fusion to the lateral part of
the petrosal (most closely approximated among extant species in G. crassicaudatus).

In contrast to Le Gros Clark’s interpretation, Walker found the Rusinga cranium
to have ‘an unmistakable lorisine stamp’, listing six features: strongly constructed cra-
nium, raised temporal ridges, orbits directed upwards, weakly inflated bulla and mas-
toid, internal nares broad, and only slight basicranial flexion [96]. Walker concluded
that the Rusinga skull might represent the ancestral African lorisine, or even an ances-
tor of African and Asian lorisines combined.

The Postcranium Debates

After Simpson’sreview [87], postcranial fragments of lorisoids were found in the
collections from Napak, Uganda, and from Songhor, Kenya [97]. Walker [97], who
undertook the study of these bones, encountered a major problem that has yet to be
resolved to everyone's satisfaction: how to allocate isolated postcrania elements to
species. The six species diagnosed on the basis of dentitions ranged in a graded size
series from small forms similar in size to Galago demidoff up to ones larger than
Galago crassicaudatus. The gaps between successive species in the size sequence
were not enough to lend great confidence to al postcranial allocations. Walker chose
to assign all the postcraniato either Progalago or Komba [96, 97]. His morphological
comparisons revealed galagine-like structure of the fossils, especialy in the femur.
For example, the head of all specimens was cylindrical, the shaft was very straight,
and the distal end was anteroposteriorly deep but narrow with araised patellar groove
[98, 99]. Walker also interpreted the calcaneus as having a synovial joint with the
navicular, a facet found in galagines but not in lorisines or cheirogaleids. The most
important difference between the fossils and modern galagos was that the calcanei
(allocated to P. dorae, K. robusta, K. minor) were relatively short, in contrast to the
elongated calcaneus found in the living forms [95, 97]. The Miocene postcrania were
unambiguous in indicating active, leaping animals, certainly more similar to galagines
than to lorisines: athough the dental and cranial remains show quite eclectic resem-
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blances to different galagines and lorisines (Simpson, 1967), all the postcranial ele-
ments are clearly from animalsthat had avertical clinging and leaping locomotion like
that of modern galagos [97, p. 254].

Walker was the first researcher to examine in detail both the crania fossils and
the postcranial evidence pertaining to the Miocene lorisids. His analyses yielded four
galagine species, two each in the genera Progalago and Komba, and three lorisine
species, two in Mioeuoticus and one in an unspecified genus [85, 95, 97]. The putative
galagines were known by postcrania and dental remains but no crania (except the basi-
crania fragments clinging to the Rusinga endocast), while the lorisines were known
by crania but no postcrania.

Meanwhile, Szalay [100] examined postcranial elements from the East African
assemblage and concluded that the foot of the Miocene forms was not like that of
modern galagines. He could not find the calcaneonavicular joint reported by Walker;
thisjoint was later identified as one part of two separated anterior calcanea facets for
the plantar surface of the talar head and neck [101]. Szalay interpreted any one of the
three different sizes of calcanel to be similar to those of cheirogaleids, and therefore
‘ideal to pass for a structural ancestor for the calcaneum of lorises and galagos'. This
echoed Szalay’s earlier interpretation of the cranium as a connecting link between
ancestral cheirogaleids and modern lorisids [9].

Having recognized the importance of postcrania for interpreting the Miocene
lorisoid material, Gebo [101] conducted a detailed study that included comparisons
of foot morphology and locomotor behavior among extant lorisines, galagines and
cheirogaleids. Gebo found that the smallest foot bones, assigned to Komba minor,
indicated a leaping animal, but not specialized to the extent found in Galago. Simi-
larly, foot bones alocated to Progalago songhorensis also indicated a leaping and
quadrupedal animal, ‘reminiscent of a smaller version of G. crassicaudatus but with
less calcaneal elongation. In contrast, a calcaneus (KNM-SO 1364) assigned by sizeto
K. robustus was quite different, with a downward and medially sloping heel that sug-
gested greater emphasis on intrinsic foot muscles, which in turn suggested climbing.
Proportions of this bone resembled those of Cheirogaleus rather than the more
actively leaping Mirza or Microcebus. In a later publication, Gebo [88] allocated this
bone to the putative lorisine, Mioeuoticus bishopi. Finally, Gebo identified atalus with
an interesting assemblage of features, some found typically in lorisines (flattened and
wide talar head with a dorsal notch), some unique (large gap between anterior plantar
facets), and some indicating leaping behavior (long, straight talar neck, and high talar
body) [101]. Because of its lorisine features, Gebo [101] initially suggested possible
affiliation with Mioeuoticus, which was not otherwise known from the same locality
(Koru). Later, Gebo [88] formally listed the specimen as belonging to Mioeuoticus. In
summary, Gebo's study of the foot identified bones of four different species, al of
them generalized and primitive with respect to the extreme lorisine-galagine diver-
gence seen among extant forms. Within the genera ‘cheirogaleid-like’ assemblage,
two |leaned towards leaping specializations (attributed to K. minor and P. songhoren-
sis) and two leaned towards climbing (attributed to M. bishopi and the Rusinga species
of Mioeuoticus).

Gebo's foot study was followed by his more complete evaluation of the entire
assemblage of known postcrania [88]. While some elements, such as the humerus,
showed a mixture of lorisid-like and cheirogaleid-like structures, other elements were
distinctly lorisid-like. In particular, the femurs from East Africa ‘ have clear galagine
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affinities’ [88], asreflected in their cylindrical heads, the straightness of the shaft, and
the narrow and anteroposteriorly deep distal end. This result is especialy interesting
because femurs with these attributes were attributed to four different species (K.
minor, K. robusta, P. songhorensis and P. dorae) some of which otherwise lack clear
galagine features of the postcranium.

In the course of describing a new, Middle Miocene species of Komba, McCrossin
reshuffled the postcranial allocations made by Walker and Gebo [88, 97, 101] to pro-
duce alist for Progalago containing only postcraniawith ‘lorisine-like’ features [86].
McCrossin then used the modified postcranial list as evidence for lorisine affinities
of Progalago [86] (clearly a tautological process). If one considers only the teeth
and jaws, the only derived feature linking Progalago with lorisines is the mandibular
corpus that deepens posteriorly [85, 96], a trait not seen in al extant lorisines but
observed to evolve convergently among indrids and cebids. The unicuspate P, and
square upper molars cited by McCrossin as additional evidence of lorisine affinities
for Progalago are primitive features. (McCrossin used the bicuspid P, of Komba as
evidence of galagine affinities[86].) McCrossin al so overstated the significance of the
‘lorisine-like’ featuresidentified and studied by Gebo [88, 101]. Gebo did not feel that
climbing features were sufficient to establish membership in the true lorisine clade,
only that ‘afew foot bones do show specifically lorisine-like features which are func-
tionally related to more frequent climbing activities, yet in overall morphology they
still more closely resemble galagine foot bones. ... It isimpossible to allocate mater-
ial unambiguously to either the lorisine or galagine lineages' [88, p. 364].

Adaptive vs. Taxonomic Divergence

The description of the Rusinga Island cranium by Le Gros Clark [92] and the
postcranial comparisons by Gebo [88, 101] share one notable conclusion: that
the Miocene lorisoid material defies unambiguous placement in either Lorisinae or
Galaginae. Both researchers emphasized the mosaic pattern of resemblances, and both
identified primitive features not found among extant forms. Isolated features could be
held up as hypothetical synapomorphies to substantiate one view or another, but given
the lack of knowledge about polarity, the certain prevalence of homoplasy, and the
absence of independent evidence for postcranial allocations, such moves are prema-
ture. A lorisine-galagine divergence as clean and broad as that observed among extant
forms certainly did not exist among the known lorisids of the early Miocene, and a
subtle dichotomy will be harder to substantiate. In some respects, such as calcaneal
length [88, 100, 101], the Miocene specimens show morphology that could be inter-
preted as predating the lorisine-galagine split.

From an adaptive point of view, the known Miocene lorisids comprised a diverse
fauna of variable body size, with diets probably falling along the insectivore-frugivore
continuum judging from molar occlusal morphology, and with locomotor behavior
characterized by generalized quadrupedalism, involving variable degrees of emphasis
on leaping and climbing. The fauna contained no slow climbing lorisines, and no long-
footed leaping specialists. The raw material for today’s adaptive divergence was pre-
sent, but today’s extremes of specialization were not.

Even without a notable adaptive divergence, the taxonomic split between lori-
sines and galagines possibly could have occurred by the Miocene, and might be repre-
sented by fossils within the known fauna. Determining whether or not a true galagine
or lorisineis present might be possible with better associated finds of crania, teeth and
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postcrania. On the other hand, better associations might simply confirm the mosaic
pattern of character state distribution, defying attempts by researchers to allocate iso-
lated elements along lorisine-galagine lines. It remains unsettling that the three good
craniofacial specimensall are allocated to the ‘lorisine’ Mioeuoticus, while most if not
all of the more *galagine’ postcrania are attributed to Progalago or Komba. Isthe idea
of a somewhat loris-headed, generalized leaper and scrambler too preposterous? The
sympatric ape-headed, monkey-bodied proconsuloids [102, 103], provide a thought-
provoking analogy (fig.5).

Miocene of Namibia

The material from Namibia is very sparse. Two upper molars have been recov-
ered by Conroy from cave breccias at alocality called Harasib 3a, a site where mining
debris from deep inside the caves has been dumped out onto a steep slope in the Otavi
Mountains [89]. These teeth match modern galagines in detail (fig.6). They represent
a small-bodied gal agine comparable to small individuals of the extant species, Galago
demidoff. Unfortunately, the key diagnostic features of the extant members of Galagi-
nae, such as molarized premolars, obviously cannot be addressed until further material
is uncovered.

Plio-Pleistocene of Africa

More complete fossil material of galagines has been found at East African sites of
Plio-Pleistocene age [3]. Teeth and jaws from the Shungura Formation of the Omo
region of southern Ethiopia have been allocated to three species of Galago [104]. The
most important of these is a medium-sized species named G. howelli, known from
several teeth and jaws from Member B (ca. 3 Ma). Although the fossil resembles
G. alleni in ways, Wesselman concluded that G. howelli may lie near the ancestry of
the modern greater galagos, such as G. crassicaudatus[3, 104]. The two other galagos
known from the Shungura Formation include avery small form similar to G. demidoff
known by one tooth from Member B, and another small species represented by afrag-
ment of atooth from Member G (ca. 2 Ma) [104]. Other small Pliocene galagos have
been found at Laetoli, Tanzania (G. sadimanensis) [105] and Olduvai Gorge, Kenya.
A partial skeleton has been recovered of the Olduvai Gorge species, which reveals
foot structure similar to those of extant species [7, 101, 106]. The fossil galagos of
East Africademonstrate that galagines had already invaded the semiarid brushlands of
East Africa by the end of the Pliocene, when the sympatric primate fauna was char-
acterized by open country species such as baboons and hominids [80]. The environ-
mental and adaptive context of the galagine radiation has been thoroughly outlined by
Masters[3].

Asia

The first fossil described from the Asian Siwaliks as a lorisid primate was
Indraloris|Iulli [107]. The lorisid status of this primate was accepted by some authors
[93, 108, 109], but eventually new fossil finds [110] proved that Indraloris, aswell as
other species initially classified in a procyonid genus and later named Svaladapis
[111, 112], were representatives of alate-surviving group of adapoids [113-115].

The first record of a true lorisid from Asia was therefore the report of Nycti-
ceboides simpsoni [116]. This species represents a relatively small-bodied lorisine,
known by several postcranial elements, a few badly fragmented crania pieces, and
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Fig. 5. Schematic diagram showing a basal, bushy radiation of apes (proconsulids) and Old
World monkeys (victoriapithecines) in the early Miocene of Africa; in both cases, the early Miocene
anthropoids predate the cladistic divergence among the major extant lineages. We propose that the
same is true for most or al of the known lorisids of the early Miocene; the somewhat galagine-like
postcrania and somewhat lorisine-like crania that have been found in the early Miocene may repre-
sent the ancestral condition for the later clades of true galagines and lorisines.

Fig. 6. Scanning electron micrograph stereopairs of an upper left molar from late Miocene
cave breccias of Namibia[89]. The tooth is very similar to those of extant small species of Galago.
Scale bar =500 pm.
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dental remains including a tooth comb [43, 88, 117]. Nycticeboides was found in the
late Miocene deposits of the Siwalik Hills, Pakistan, and is approximately 8 Main age
[116]. Analysis of the postcranial remains indicates a slow-climbing lorisine, certainly
within the true lorisine clade. Orbital fragments of Nycticeboides suggest a narrow
interorbital region and raised orbital margin similar to the condition found in extant
Asian lorisines, rather than African ones [117]. The presence of lorisines in Asia by
eight million years ago is not surprising, because by then the forest belt connecting
African rainforests to Asian ones had broken up [118, 119].

Summary of Neogene Fossil Record

The fossil record unambiguously shows that lorisines and galagines had diverged
from each other by the late Miocene. The fossil record isless clear concerning a pos-
sible lorisine-galagine split by the early Miocene. Several or al of the fossil lorisids
known from the early Miocene may not belong on the modern lorisine or galagine
lines, but rather, they may represent now extinct lineages of a basal lorisid radiation.
The fossil record is ssimply inadequate at this time to help resolve the branching
sequences among the extant lorisid lineages. To address this important evolutionary
guestion, one must turn to a phylogenetic analysis based on the living species.

Phylogeny of Extant Lorisid Genera

The Problem

Very little attention has been paid to the higher level branching relationships
among the extant lorisids. Although conventionally split into two distinct groups, a
loris group and a galago group, there have been several indications that these may not
be natural phylogenetic groups [14, 120]. Furthermore, debates occur among those
researchers who accept a lorisine clade about the interrelationships of the two Asian
and two African genera. The traditional view is to accept an Asian clade and an
African clade, while some researchers [87, 121] have preferred instead a small-bodied
clade (Arctocebus and Loris) contrasting with a large-bodied clade (Nycticebus and
Perodicticus). Other suggested arrangements have Nycticebus and Arctocebus as a
cladeto the exclusion of Lorisand Perodicticus[122-124], and finally Perodicticus as
the outgroup to a clade of Arctocebus, Nycticebus and Loris[23]. The extant galagines
certainly form a distinct clade when compared to the lorisines, but the internal rela
tionships among galagines at the generic and specific levels remain controversial. In
the absence of a definitive phylogeny of galagine groups, we conservatively retain
all species in the genus Galago [1, 125]. Understanding the branching relationships
among the extant lorisid genera (fig. 7) isimportant for generating any overall model
of lorisid evolution, for assessing the relationships and significance of fossil lorisids,
and for providing a suitable framework for comparative studies.

Morphological Data

At first glance, the lorisines seem to be a cohesive natural grouping with all four
extant genera sharing some unique specializations. These include size reduction of the
second manual digit, development of specialized vascular networks (retiamirabilia) as
an adaptation for persistent grasping, reduction of thetail, and shared limb proportions
[126, 127]. This assemblage of traits forms the basis for putting African and Asian
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Fig. 7. A sample of the extant lorisids, illustrating one species from each extant genus (some
authors prefer to divide the Galago group into several genera). A Perodicticus potto (photo D. Har-
ing). B Arctocebus calabarensis (photo S. Bearder). C Loris tardigradus (photo A. Rasmussen).
D Nycticebus cougang (photo A. Rasmussen). E Galago crassicaudatus (photo D. Haring).
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Fig. 8. Summary of the skin characters described by Montagna and colleagues (see text for
references) of four lorisines and three galagines. Small stars marked with ‘S’ indicate small sebaceous
glands; large black symbols with ‘S’ indicate specialized, large scent glands; triangles are eccrine
glands; A = Active hair fallicles; Q = Quiescent hair follicles; A and Q together in a circle indicates
that both types of follicles occur in hair groups synchronously, while separate circlesindicate separate
hair cycles.

slow climbers into a common clade that contrasts with the galagine clade. As these
traitsare al clearly related to slow-climbing mode of locomotion, it would be desirable
to find nonlocomotor traits that confirm or refute the hypothesis of alorisine clade.

Several studies of lorisid skin have been undertaken, especially by Montagna and
colleagues [126, 128-132]. These comparative studies have been cited in discussions
of lorisid phylogeny, particularly because they revealed shared similarities between
galagines and African lorisines [133]. However, the comparative anatomical studies of
Montagna and colleagues were not phylogenetic. In this section, we undertake a phy-
logenetic analysis of thisimportant data set on lorisid skin (fig. 8).

The epidermis of all seven lorisids studied by Montagna and colleagues (Galago
demidoff, Galago senegalensis, Galago crassicaudatus, Perodicticus potto, Arctoce-
bus calabarensis, Nycticebus coucang, Loris tardigradus) is relatively thin, resem-
bling the primitive condition for primates as found also in tree shrews [129-132,
134-137]. The epidermis of the two Asian lorisines contains virtually no dendritic
melanocytes, except in the scrotum, ears and perianal regions. In African lorisines and
galagines there is a superficial absence of dendritic melanocytes in these same areas,
but these become evident upon treatment with alkaline phosphatase.
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The pelage pattern of lorisids also varies. Arctocebus and Perodicticus have hair
arranged in clumps of 4-20, with small and large groups fitted together. In between
these islands or clumps of hair is glabrous skin. One or two apocrine glands are
attached to each hair group [129, 136]. Asian lorisines also have hair groups of 4-20
follicles, and there is more than one apocrine gland per hair group. The apocrine
glands of Asian lorisines show high levels of phosphorylase activity, a condition dif-
ferent from that of African lorisids. The hair of galagos grows in clumps of variable
size (3-6 folliclesin G. demidoff and G. senegalensis, and an average of 8 or 9, rang-
ing up to 26 fallicles, in G. crassicaudatus), but there is only one apocrine gland per
hair group. This creates a growth pattern similar to those of mammals that have a
period when the fur is shedded, and indeed, galagos in the wild have been observed to
go through a seasonal molting [L. Nash, pers. commun.]. Dwarf galagos differ from
other lorisids in having an absence of glycogen in their quiescent follicles, asimilarity
to tree shrews. The follicle end organs of galagos more closely resemble those of
bovids than the ones found in lorisines.

Probably the greatest differences distinguishing the skin of various lorisids is
the presence and distribution of scent glands. In Perodicticus and Arctocebus, scent
glands are found in the anogenital region. This region is rich in apocrine and seba-
ceous glands, and has high levels of cholinesterase activity. The area is aso highly
enervated and contains numerous end organs rich in acetylcholinesterase [129, 136].
Though both male and female pottos have secretory glands in this region, the female
has two additional glands which, when squeezed, emit a strong-smelling, keratinous,
whitefluid [130]. A similar structureisfound in female Arctocebus and ismost clearly
seen during estrus [128]. Arctocebus has been reported to use its anogenital gland for
allomarking in a process called ‘ passing over’, whereas Perodicticus engages in geni-
tal scratching and marking [128].

The primary scent gland of the Asian lorisines is a brachial gland. The structure
of this gland is similar to the anogenital glands of the African lorisines [134, 135].
When the arm is shaved over the brachial gland, ayellowish fluid is secreted that has
a strong odor. Unlike the anogenital glands of the African lorisines, these brachial
glands have much phosphorylase activity [128, 135-137]. A behavior similar to the
passing over of Arctocebus has been reported in both Asian genera, but it is not known
if ascent isactually deposited [138].

The anogenital glands of galagos also contain cholinesterase, and do emit a
strong odor, but they are nowhere as humerous or large as those seen in the African
lorisines [131, 137, 139]. G. demidoff lacks apocrine glands in this area. Much of the
scent marking in galagos is done by chest-rubbing [140, 141]. The chest of at least
some galagos is a region of enlarged sebaceous and apocrine glands [142-145]. The
glands appear to be sexually dimorphic in size and secretions [143-145]. Galagos
mark substrates with their lips, muzzles and cheeks, presumably using sebaceous and
apocrine glands that are found there [142]. Face rubbing is lacking in Asian lorisines
[138] and Arctocebus [146] despite the presence of facial sebaceous and apocrine
glands. Urine washing (rubbing the feet and hands together while urinating on them)
isaprominent form of scent marking in galagos, cheirogal eids, and some platyrrhines,
but is absent in the lorisines except Loris[138, 147, 148].

The polarity of al the skin and glandular characters is hard to assess. Montagna
and his colleagues consistently interpreted the skin of galagosto be primitive based on
similarities they shared with other mammals, such as tree shrews and bovids. There-

272 Folia Primatol 1998;69(suppl 1):250-285 Rasmussen/Nekaris



Table 4. Taxon by character matrix for the skin of lorisids?

Arcto. Galago Loris Nycti. Perod.

1 Brachia glands present no no yes yes no
2 Anogenital glands present yes yes no no yes
3 Specia exudative, keratinous, female

anogenital gland yes no no no yes
4 Hair groupings in small clumps with multiple

glands yes no yes yes yes
5 High phosphorylase activity of apocrine glands no no yes yes no
6 Dendritic melanocytes evident without treatment  no no yes yes no

2 See text for data sources; the inferred primitive condition for each character is as follows: 1 = brachial glands
absent; 2=anogenital glands present; 3= specia exudative anogenital gland absent; 4= hair groupings in large
clumps with one gland each; 5=low phosphorylase activity; 6 = dendritic melanocytes not visible.

fore, shared similarities between galagos and African lorisines are not supportive of an
African clade containing pottos and galagos. The two genera of Asian lorisines are
linked by their shared possession of several features that are plausibly interpreted
as specializations: the presence of brachial glands, the presence of visible dendritic
melanocytes in untreated specimens, and the high level of phosphorylase activity. The
two African lorisines are linked by their distinctive, exudous anogenital scent glands,
and by the presence of the two additional glandsfound only in females of Perodicticus
and Arctocebus. If the polarity assessments of Montagna and colleagues are correct,
then African and Asian lorisines together lack seasonal shedding of hair, and share the
consistent presence of glycogen in quiescent follicles, and the presence of multiple
apocrine glands in at least some hair groups. The first of these characters — absence
of seasonal shedding — is conceivably primitive for primates, which would make the
galago condition for this trait specialized. These data are summarized in table 4.

The skin data could be subjected to any number of different kinds of cladistic
analyses. Given the ease and current popularity of such procedures, it might be useful
to state the obvious, that the output from parsimony and other popular cladistic algo-
rithms is dependent on the initial choice of characters, definition of character states,
and assessment of character polarity, among other decisions made by the investigator.
Parsimony procedures by themselves do not provide a statistical evaluation of phylo-
genetic branching sequences, they are merely areordering of the given data from tab-
ular form to more digestible dendritic form. Even the statistical approaches that have
been devised for evaluating confidence in atree [149-153], such as the bootstrap, are
applied to data setsthat almost always violate the statistical assumptionsand arerarely
interpreted strictly. Properly speaking, no ‘science’ occurs in a cladistic program; the
science and the art is all contained in the input. Given these caveats, the results of a
bootstrapped Wagner parsimony analysis using PHY LIP are presented in figure 9.

Apart from the skin data reviewed above, additional evidence that Asian lorisines
form a clade comes from crania similarities found only in Nycticebus and Loris [23,
126, 154]. These include the greater extension of the ectotympanic into atubular mea-
tus, the more angled auditory bulla, the presence of an orbital ethmomaxillary fissure,
the more tubular orbits with narrower interorbital distance, and the more reduced
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Fig. 9. Most parsimonious cladogram for

the skin data of table 4 with all variables receiv-

GCLlOLgO ing equal weight. The lorisine node appeared in
all 100 bootstrap replications, the Asian lorisine

node also appeared in 100, while the Arctoce-

Arctocebus bus-Perodicticus node appeared in only 82. This
means that the African lorisine clade cannot be
Perodicticus confidently resolved using repeated random

sampling of the skin data. Thisisthe same node

that has been most difficult to resolve in previ-

ous studies. If the specia exudative anogenital

. glands of female Arctocebus and Perodicticus

Loris are given more weight than some of the other
skin characters, the African lorisine clade would
be resolved with high confidence.

Nycticebus

incisors. Establishing better osteological and dental features that help to define the
extant cladesisimportant for application to the fossil record, for which skin variables,
reproductive biology, and molecular data are not available.

Molecular Evidence

The reconstruction of lorisid phylogeny has been the subject of several molecular
and karyotypic studies. Among the earliest of these studies were ones that examined
immunological distances among taxa [14, 120, 155]. In these studies, the strength of
the antigenic reaction between two species is measured; the resulting antigenic dis-
tances are then clustered to generate branching trees interpreted as phylogenies. The
immunological results of Goodman [120] showed a closer relationship (greater anti-
genic response) between Nycticebus and Galago than between Nycticebus and Pero-
dicticus. Loris was linked closely with Nycticebus, supporting the idea of an Asian
lorisine clade. The results of Goodman et a. [155] supported the hypothesis of an
Asian lorisine clade, an African lorisine clade, and a bushbaby clade, but the relation-
ships among the three clades remained unresolved. The results of Dene et a. [14]
found the same three groupings as the earlier studies, and again, could not resolve how
the three were related to each other, with different results being produced by different
antisera. Dene et a. [14] followed the lamentable practice of immediately reshuffling
classifications based on the outcome of a single phylogenetic study. Because they
could not resolve a clean dichotomy, they raised each of their three hypothetical clades
to family rank, Lorisidae, Galagidae and Perodicticidae! The key result of the immun-
odiffusion studies was that the lorisines (African and Asian) could not be shown to be
an exclusive clade.

Concurrent with the immunological studies were a series of studies on the pro-
simian karyotype [122, 123, 156, 157]. In karyotypic analyses, the number and gross
structure of chromosomesis evaluated in order to develop parsimonious phylogenetic
hypotheses. De Boer examined the chromosomes of galagos, and concluded that
G. crassicaudatus preserved the most primitive karyotype [122]. G. senegalensis and
G. alleni shared severa specialized traits that linked them to each other [122]. De
Boer then compared the galago karyotypes to those of lorisines [123]. Based on his
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assessment that G. crassicaudatus was primitive, de Boer found that Perodicticus and
Loriswere also relatively primitive, while Nycticebus and Arctocebus shared the loss
of chromosomes. Egozcue also pointed out the similarities between Nycticebus and
Arctocebus [156]. Researchersin the lab of Rumpler utilized chromosome banding to
address the relationships among lorisines [157]. They found that Nycticebus and Loris
could be linked together relative to Perodicticus, but, unfortunately, Arctocebus was
not included in the study. Finally, Rumpler et al. [17] examined members of several
prosimian families together in a single phylogenetic analysis of chromosomal evolu-
tion. According to this analysis (minus Arctocebus again), different galago lineages
differentiated from each other and from a common lorisine trunk very early in the
diversification of lorisid chromosomes. The key results from the karyotypic studies
are that alorisine and a galagine clade are supportable, that the galagos show greater
karyotypic diversification than the lorisines, and that the relationships within each of
the two primary clades are not well resolved.

Several more recent studies have examined DNA sequences of afew lorisid spe-
cies. These types of studies abtain the nucleotide base sequences from selected sec-
tions of the DNA molecules, and then use the similarities and differences in base
sequences to infer phylogeny, using parsimony or some other criterion. None of the
studies on lorisids has been complete enough taxonomically to address the issues of
intergeneric relationships. One study included Galago and Perodicticus [158], while
another included Galago, Nycticebus and Loris[23]. Future studies comparing al five
generawill be of interest.

The studies of molecular evolution in lorisids contribute to our knowledge of
variation and character evolution among lorisids, but obviously, no consensus has
emerged over the details of the lorisid genealogical tree. Too often, conflicts between
molecular and anatomical studies are cast into the framework of a molecules versus
morphology debate [159] that misses the point that all variable biological systems are
subject to convergence, parallelism and reversal. Assessing polarity and phylogeny
from a data set on either molecular or morphological datais a complex and uncertain
procedure. In addition to the problems of homoplasy, each procedure is also subject
to sampling error, faulty application of methodologies, and reliance upon questionable
assumptions. In reference to apparent disparities between morphological and molecu-
lar studies, Larson [160, p. 374] observed:

‘If the most parsimonious topology for the molecular data constitutes a subopti-
mal tree for the morphological data and vice versa, it isincorrect to conclude that the
data sets conflict. We cannot reject the hypothesis that both sets are estimating with
error the same phylogenetic topology.’

The molecular and morphological studies taken together favor the hypotheses of
a galagine clade and lorisine clade. Definition of clades within Galaginae remains
an area requiring more research. The molecular studies have not converged on a con-
sensus about the relationships among the four lorisine genera. This ambiguity prob-
ably reflects a relatively ancient history of independent evolution following a rela
tively brief period of initial divergence. Parsimony analyses of molecular data often
have trouble correctly resolving trees with short internal branches and long terminal
branches [161-163], and so molecular results may continue to be ambiguous in the
case of the lorisine genera. In our interpretation, the brachial scent glands shared by
Asian lorisines and the specialized exudative anogenital glands shared by African
lorisines comprise strong phylogenetic evidence for Asian monophyly and African
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Fig. 10. Schematic flow chart to illustrate how an initial divergence in foraging adaptations
between galagines (left) and lorisines (right) may have led to a cascade of selective pressures that
impacted nearly all aspects of galagine and lorisine biology (see text for details).

monophyly despite ambiguity in other systems. Along with cranial features [154] and
biogeographic pattern, we prefer figure 9 as areasonable hypothesis about genus-level
lorisid phylogeny.

Adaptive Interpretation of the Lorisine-Galagine Divergence

Phylogenetic trees are not an end in themselves; they allow much more interest-
ing questions to be addressed about patterns of adaptation and evolutionary change. In
this section, we review what is known about the correlations among different biologi-
cal systemsin lorisids, and identify some key adaptive differences that may account
for the specializations acquired along the galagine and lorisine lineages. This logic
follows the type of evolutionary modelling that has been applied in the case of primate
origins [164, 165] or hominid origins[166].

Most of the distinctive differences between lorisines and galagines may have fol-
lowed from a relatively subtle divergence in foraging adaptations between ancestral
forms of the two groups [138, 167]. According to this adaptive model, the ancestral
galagines became increasingly specialized towards obtaining active prey for the
arthropod component of their diet, while ancestral lorisines became specialized for
utilizing cryptic or toxic prey. This single adaptive shift could be responsible for a cas-
cade of additional, divergent adaptations that followed (fig. 10).
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The ecological rationale for specializing on active prey is that arthropods in this
category (e.g. adult lepidopterans, nonpungent orthopterans) form a resource base of
rich, nontoxic animals that tend to be easily detected by vision or hearing. Many of
these prey items avoid predation by secondary defense mechanisms [168]; i.e. they
utilize behavioral mechanisms such as fleeing after being detected by a predator. A
primate that evolves leaping behavior with remote auditory sensing of prey might be
expected to have greater success against this category of arthropods (as evolved in
paralel by galagos and tarsiers). In contrast, the ecological rationale for specializing
on cryptic or toxic prey is that arthropods in this category (e.g. larval lepidopterans,
ants and termites, among others) are hyperabundant and easily obtained. The cost
incurred by the predator is that many cryptic or slow arthropods are defended by toxic
compounds, and these must be dealt with physiologically [169-172].

Note that this model does not require that the ancestral lorisines and galagines
be exclusively or even primarily faunivorous; only that the average animal portion of
their diet be different. Data from the few field studies available suggest that lorisines
do include an unusually high proportion of toxic insectsin their diets[146, 173-176].
More fieldwork is required on food choice among free-ranging lorisines to further
clarify this hypothesis.

The model suggests that the focus on different arthropod groups led to different
foraging styles and locomotor adaptations. Galagines underwent intensified selection
for detecting prey by hearing, and for pursuing prey by active leaping, thereby leading
to selection for large external ears and hindlimb modifications such as the elongated
tarsus. Lorisines relied more upon smell and careful searching of substrates, thereby
leading to enhanced olfactory systems and slow climbing. These sensory differences,
in turn, led to a cascade of selective pressures that impacted social communication,
with galagines orienting towards vocal communication and lorisines emphasizing
scent communication and elaborate scent glands.

The divergent specializations on nontoxic versus toxic prey may have impacted
the basal metabolic rates of lorisines and galagines. All lorisids have basal rates lower
than those predicted for animals of their size; however, the basal rates of lorisines are
particularly low, being less than 50% of expected values [177-179]. Other mamma-
lian groups that specialize on toxic insect prey (anteaters, pangolins, aardvarks, aard-
wolves, numbats, echidnas, and some armadillos) exhibit notably reduced basa rates
for animals of their body sizes [180]. The possible reasons for reduced basal rates as
a physiological adaptation for detoxifying food are discussed elsewhere [167, 181].
Reduced metabolic rates may have had a significant impact on the locomotor styles of
lorisines, and on their reproductive rates. Lorisines have greatly reduced reproductive
rates and delayed life history schedules [167, 182] that have been unaccounted for by
body size, sociality, ecological stability, or other variables aside from basal metabolic
rate [138]. Whether or not a significant correlation exists between metabolic rate and
life history pattern has become a controversial issue requiring more research [183,
184]. Thus, the evolutionary model outlined here suggests that a simple foraging
dichotomy between ancestral galagines and lorisines may have led to an accelarating
synergy of selective pressures leading to two distinctive adaptive patterns found
among the living lorisids.

The early Miocene lorisids are adaptively generalized enough to represent the
kind of fauna from which the eventual lorisine and gal agine specializations emerged.
Judging from Miocene postcrania, the ancestral stock may have been more saltational
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than slow-climbing. One might expect parallel evolution among lineages of a single
subfamily because of the high degree of integration among selective pressures. This
propensity for parallelism within subfamilies should be reflected by similar adapta-
tions being obtained in dightly different fashion by lineages of significant antiquity.
As the most ancient split within a single subfamily is probably that between African
and Asian lorisines, the greatest parallelism might be expected between these two
groups. An example of parallel acquisition of afunctionally similar system may be the
evolution of additional, specialized scent glands in the African lorisines (anogenital
glands) and Asian lorisines (brachial glands).

Evolution and Ecology in Modern Africa and Asia

Among the extant galagos, evolutionary biologists have spectacular examples of
evolutionary radiations ‘in progress’. Some galagine groups are represented by a
diverse array of relatively young species and subspecies, many of which are only now
being recognized. The current surge of interest on the topic of galago diversity [3,
185-188], and the rethinking of speciation mechanisms [189-192] and species con-
ceptsin primatology [193], are the subjects of other papersin this volume [194, 195].
These current studies are examples of how lorisids continue to play an important role
in topics of general interest in anthropology and evolutionary biology [196]. Asjust a
few examples, African lorisids have been the subjects of field studies that addressed
questions of ecological partitioning [146], local resource competition [197-199],
reproduction and life history in the context of r and K selection [200], the relationship
between habitat structure, locomotion and foraging [201], and the implications of
lorisid social systems for the origin and evolution of primate sociality [1, 146].

Unfortunately, fieldwork on Asian lorisines has lagged behind that of the African
taxa. The diversity of Asian lorisines, like that of the African forms, may be currently
underestimated. In southern Indiaand Sri Lanka, populations of Loris— currently clas-
sified as a single species, L. tardigradus — are distributed in a variety of habitats and
climates, and show great diversity in size, coloration and other morphological vari-
ables [126, 202]. Similarly, two or more species of Nycticebus are widely distributed
on the mainland and islands of Southeast Asia[154, 203-205]. Whether the diversity
is at the specific or subspecific level hardly matters in the context of getting reliable
behavioral, ecological, morphological and molecular data from the full diversity of
extant lorisid populations.
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