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Abstract.—Tests for incongruence as an indicator of among-data partition conflict have played an im-
portant role in conditional data combination. When such tests reveal significant incongruence, this
has been interpreted as a rationale for not combining data into a single phylogenetic analysis. In this
study of lorisiform phylogeny, we use the incongruence length difference (ILD) test to assess conflict
among three independent data sets. A large morphological data set and two unlinked molecular data
sets—the mitochondrial cytochrome b gene and the nuclear interphotoreceptor retinoid binding pro-
tein (exon 1)—are analyzed with various optimality criteria and weighting mechanisms to determine
the phylogenetic relationships among slow lorises (Primates, Loridae). When analyzed separately, the
morphological data show impressive statistical support for a monophyletic Loridae. Both molecular
data sets resolve the Loridae as paraphyletic, though with different branching orders depending on
the optimality criterion or character weighting used. When the three data partitions are analyzed
in various combinations, an inverse relationship between congruence and phylogenetic accuracy is
observed. Nearly all combined analyses that recover monophyly indicate strong data partition incon-
gruence (P = 0.00005 in the most extreme case), whereas all analyses that recover paraphyly indicate
lack of significant incongruence. Numerous lines of evidence verify that monophyly is the accurate
phylogenetic result. Therefore, this study contributes to a growing body of information affirming that
measures of incongruence should not be used as indicators of data set combinability. [Conditional data
combination; galagos; incongruence length difference; lorises; molecules and morphology; partition

homogeneity test.]

The slow lorises (family Loridae; Gray,
1821) make up the most securely diagnosed
clade in the entire primate radiation, both
extant and extinct. These animals are distin-
guished from other primates by a spectacular
array of behavioral, morphological, physio-
logical, and ecological characteristics. A par-
tial list of these characteristics includes fewer
caudal vertebrae, more numerous thoracic
vertebrae, transpedicular foramina of the
thoracic vertebrae, shortened second digit of
the hands and feet, retia mirabilia of the prox-
imal limb vessels, large humeral and femoral
articulations, highly mobile ankles and
wrists, frontated and upwardly rotated or-
bits, specialized scent glands, slow method-
ical locomotion, digestive specializations for
the consumption of toxic prey, and reduced
basal metabolic rate (Charles-Dominique,
1977, Whittow et al.,, 1977, Muller et al.,
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1985; Rasmussen, 1986; Ikeda et al., 1988;
Rasmussen and Izard, 1988; Yoder, 1994;
Alterman, 1995; Runestad, 1997; Rasmussen
and Nekaris, 1998). It is therefore surprising
that the four genera that share these puta-
tive synapomorphies—Arctocebus, Perodicti-
cus, Nycticebus, and Loris—are not also linked
by genetic data. In fact, genetic studies have
nearly uniformly failed to resolve the lorid
clade. The only exception has been karyolog-
ical studies, which have placed three of the
four generain asingle clade (the fourth genus
Arctocebus was not included in these stud-
ies) (Rumpler et al., 1987; Dutrillaux, 1988;
Dutrillaux and Rumpler, 1995).

The slow lorises are currently found on
two continents, Africa and Asia, and can
be described as having one of two gen-
eral body types, robust or slender. Africa
possesses both a robust (Perodicticus) and a
slender (Arctocebus) form, as does Asia (Nyc-
ticebus and Loris, respectively). Primate clas-
sifications have tended to emphasize either
biogeography or morphology in dividing
the lorids into subgroups. Those that em-
phasize geography therefore group Perod-
icticus with Arctocebus and Nycticebus with
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Loris (Groves, 1971), whereas those that
emphasize general morphology group Per-
odicticus with Nycticebus and Arctocebus with
Loris (Hill, 1947; Schwartz, 1992). One study
concluded that the African and Asian lorisi-
forms form two distinct clades and that the
elaborate morphological and behavioral sim-
ilarities result from convergent evolution in
the slow lorises (Groves, 1971). Several ge-
netic studies support the hypothesis that the
Loridae is diphyletic (Sarich and Cronin,
1976; Porter et al., 1997, Goodman et al.,
1998), though only one, an immunodiffu-
sion study, has suggested that the African
slow lorises are more closely related to
the African bushbabies (family Galagonidae)
than to other slow lorises (Dene et al., 1976),
which is in agreement with Grove’s (1971)
hypothesis. Although slow lorises and gala-
gos are known to form a monophyletic
suborder Lorisiformes (Charles-Dominique
and Martin, 1970; Szalay and Katz, 1973;
Rasmussen and Nekaris, 1998), the idea that
the African slow lorises are related to galagos
to the exclusion of Asian slow lorises is some-
what unorthodox. Goodman et al. (1998)
have proposed an intermediate scheme in
which African lorises, Asian lorises, and
African bushbabies are each placed in their
own subfamily (Perodictinae, Lorinae, and
Galagoninae, respectively).

To investigate these phylogenetic discrep-
ancies, we examined a mitochondrial gene
known to be informative for strepsirrhine
phylogeny (Yoder et al., 1996) and a nuclear
gene known to be informative at a variety
of phylogenetic levels within the Mammalia
(Stanhope et al., 1992, 1996). These two in-
dependent molecular data sets were ana-
lyzed with phylogenetic methods to inves-
tigate their support for the presumed slow
loris clade. DNA sequence data were gen-
erated and analyzed for all lorisiform taxa
for which tissues were available. Given the
difficulty in acquiring tissue for the genus
Arctocebus, our taxon sample includes only
three of the four slow loris genera (Perodicti-
cus, Loris, and Nycticebus). We have also ana-
lyzed a large morphological data set to inves-
tigate its support for the slow loris clade. The
morphological and two molecular data sets
were analyzed separately and in a variety
of combinations, with both equal and differ-
ential weighting. We used the incongruence
length differential (ILD) test (Mickevich and
Farris, 1981; Farris et al., 1994, 1995) to in-

vestigate the degree of heterogeneity among
data sets. Results of the ILD tests were then
compared with tree topology and bootstrap
supportrelative to resolution of the slow loris
clade.

What is the ILD Test?

Several studies have suggested that data
sets should not be combined for phyloge-
netic analysis unless the data partitions are
demonstrably not heterogeneous or other-
wise in conflict (Bull et al., 1993; de Queiroz,
1993; Huelsenbeck et al., 1996). Althoughnu-
merous methodshavebeen developed for ex-
ploring the degree to which data sets conflict
with one another (Templeton, 1983; Rodrigo
et al., 1993; Farris et al., 1994, 1995; Larson,
1994), none has received more attention than
the ILD test. The origins of the test stem from
the homoplasy index proposed by Mickevich
and Farris (1981). That index was designed
to measure the degree to which homoplasy
isincreased by combined parsimony analysis
over the levels already present in the individ-
ual data sets. For example, in the analysis of
two data matrices, X and Y, the index identi-
fies a value (Dyy) that is derived by subtract-
ing the combined length of the individual
trees (L + L) from the length of the com-
bined tree (L,,). As homoplasy is increased
by combined data analysis, the value of D
will increase. But that begs the question as to
whatis the statistical significance of alarge D.

A statistical test was independently de-
rived by Swofford and by Farris to deter-
mine the significance of D values. Farris et al.
(1994, 1995) described it as an incongruence
length difference test, and Swofford called
it a “combinability” test in the earliest ver-
sions of PAUP* (the name was soon changed
to the partition homogeneity test for reasons
that will be discussed later). In both cases,
the test compares an observed D against a
null distribution generated by randomizing
data into partitions of sizes equal to the orig-
inal partitions. D is calculated for the ob-
served partitions and all random partitions
some number of times, represented by W.
Then, the number of replicates for which
D from the random partitions is less than
the observed partition is calculated and des-
ignated S. A P-value for determining the
probability of rejecting the null hypothesis
of congruence (or homogeneity) is equal to
1-S/W.
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TABLE 1. Abbreviations and GenBank accession numbers for study taxa. Slow lorises are highlighted with bold

font. “f” for female; “m” for male.

GenBank accession no.

Binomial Source of tissue Cytochrome b IRBP

Lorisiformes
Galago matschiei FMNH*148985; Burundi AF271409 AF271414
Galago moholi DUPCP2006f AF271410 AF271415
Galagoides demidoff DUPC 3062f AF271411 AF271416
Otolemur crassicaudatus DUPC unknown U53579¢ 7118054
Otolemur garnetti DUPC 8030m AF271412 AF271417
Loris tardigradus DUPC 1966m U53581°¢ AF271418
Nyticebus coucang DUPC 1942f U53580°¢ AF271419
Perodicticus potto FMNH 148987; Burundi AF271413 AF271420

Lemuriformes/Outgroups
Cheirogaleus major DUPC 639m U53570¢ AF271421
Daubentonia madagascariensis DUPC 6262f U53569¢ AF271422
Lemur catta DUPC 5738m U5b3575¢ AF081058°
Propithecus tattersalli DUPC 6196m U5b3573¢ AF081053¢
Tarsius bancanus DUPC 52f (for IRBP) AB011077°¢ AF271423
Saimiri scieureus SIS 8445f; Tulsa Zoo U53582¢ AF271424
Homo sapiens Unknown J014158 052530
Mus domesticus Unknown J01420¢ 7118134

aField Museum of Natural History.
bDuke University Primate Center.

<Yoder et al., 1996. fAndrews et al., 1998.

MATERIALS AND METHODS
Data Sets

Sources for DNA sequences are shown
in Table 1, with primate taxonomy accord-
ing to Groves (1993). Except for the Mus
domesticus and Homo sapiens outgroup se-
quences (taken from GenBank), all sequences
were derived from DNA extracted with a
standard phenol/chloroform technique af-
ter digestion overnight in a sodium dodecyl
sulfate-based extraction buffer. Tissue sam-
ples for the majority of strepsirrhine taxa
were taken from animals that died of nat-
ural causes at the Duke University Pri-
mate Center (DUPC). Two animals, Galago
matschiei and Perodicticus potto, were col-
lected in the field by Julian C. Kerbis and are
accessioned to the Field Museum of Natural
History (FMINH 148985 and 148987, respec-
tively). Amplification and sequencing con-
ditions for the entire 1,140-bp cytochrome
b gene were as described in Yoder et al.
(1996), except that additional primers were
designed to avoid coamplification of nuclear
pseudogenes in the family Galagonidae (gen-
era Otolemur, Galago, and Galagoides). The
pseudogene-excluding primers are L14610
(CCC CCA TAA ATA GGA GAA GGCTT),
which lies in the NADHb5 gene, and H16540

dStanhope et al., 1992.
¢Yoder & Irwin, 1999.

g Anderson et al., 1981.
hFong et al., 1990.
iBibb et al., 1981.

(CCA TCG TGA TGT CIT ATT TAA GGG
GAA CGT), which lies in the mitochondrial
control region. From exon 1 of the interpho-
toreceptor retinoid binding protein (IRBP)
939 bp was amplified and sequenced with
the primers and conditions listed in Table 2.
Polymerase chain reaction (PCR) products
were cycle-sequenced by using a dye termi-
nator sequencing kit (Applied Biosystems,
Foster City, CA) and then analyzed by gel
electrophoresis with an Applied Biosystems
automated DNA sequencer (model 377). Se-
quences were edited and compiled with
AutoAssembler 1.3.0 (Applied Biosystems)
and are available in GenBank under the ac-
cession numbers listed in Table 1. Alignment
of DNA sequences for both genes was ob-
vious because of the lack of insertions and
deletions and was performed by eye.

An 89-character morphological data set
was analyzed separately and in combina-
tion with the molecular data. Characters
1-85 of this data set are equivalent to charac-
ters 1-86 (minus character 9) reported in the
appendix to Yoder (1994). Character 9 was re-
moved because it is invariant for the present
taxon sample. In addition, four more char-
acters were scored for the present study: 86,
number of thoracic vertebrae (state 0 = less
than or equal to 13, state 1 = more than or
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TABLE 2. IRBP primers. “p
sequences published in Stanhope et al. (1992).

indicates 5" (forward) primer, “m” for 3’ (reverse) primers; numbering is relative to

Primer Sequence Annealing temp, °C
pl4l CTG GTC ATC TCC TAT GAG CCC AGC A 65
p217 ATG GCC AAG GTIC CTC TTG GAT AAC TAC TGC TT 55
p379 CCT CGC CTIG GTC ATC TCC TAT GAG CCC AGC AC 55
p545 CCA GGT CCT GGG AGA GAG GTA TG 65
p555 CTG GGA GAG AGG TAT GGT GCC GAC AA 65
p771 CTT GGT GGA GGC AGC CAG ACG TGG GA 65
ml1531 CGC AGG TCC ATG ATG AGG TGC TCC GTG TCC TG 55
ml1208 TCA GCA AAG CIG TCG AAG CGC AGG TA 65
m977 GCG TTIG AGC TIG GTG ACC AGA TCC T 65
m697 ACG GTG AGG AAG AAG TTIG GAT TGG 65
m417 TGC AGG TAG GAG ATG ATG TAG GGA ATG C 65

equal to 15; Yoder, 1992); 87, absence (state 0)
or presence (state 1) of retia mirabilia of the
proximal limb vessels (Wislocki and Straus,
1932; Ikeda et al., 1988, 1992); 88, absence
(state 0) or presence (state 1) of a longitudi-
nal septum in the auditory bulla (Rasmussen
and Nekaris, 1998); and 89, no anteromedial
expansion of the ethmoturbinals (state 0) or
anterior and medial expansion of the ethmo-
turbinals (state 1; Eaglen, 1980). Character
state distributions for morphological charac-
ters 86—89 are illustrated in Table 3; all others
are available in Yoder (1994).

Methods of Analysis

PAUP* 4.0b2a (PPC) was used for all phy-
logenetic analyses as well as for bootstrap
and partition homogeneity tests (Swofford,
1998). Parsimony analyses of the individual
and combined molecular data sets were

TABLE 3. Morphological characters specific to this
study. Slow lorises are highlighted with bold font. Char-
acters 1-85 (not shown) are from Yoder (1994).

Characters®

o]
o)}
(o]
N
0]
[e2]
[e2]
O

Binomial

Galago moholi
Galagoides demidoff
Otolemur crassicaudatus
Loris tardigradus
Nyticebus coucang
Perodicticus potto
Cheirogaleus major
Daubentonia madagascariensis
Lemur catta

Propithecus tattersall
Tarsius bancanus
Saimiri scieureus

cocoocorRrr~,rRrRrOoOO
cocoocorRrr~,rRrRrOoOO
COoOCOoCOoOORR R IR M
COoOCOoCOoOORR R IR M

aCharacter descriptions are given in Materials and Methods
section.

conducted with 100 replicates of the random
addition heuristic search option with TBR
branch swapping. The branch and bound
algorithm was used for the morphological
and for the combined molecular and mor-
phological analyses because of the smaller
taxon sample. To test for data set incongru-
ence, we used the partition homogeneity
test executable in PAUP* (this test is equiv-
alent to the incongruence length difference
test of Farris [Farris et al., 1994, 1995]; for
convenience, it will be referred to as the ILD
in this paper). We conducted 1,000 replicates
of the ILD test (using either the random ad-
dition heuristic search option or the branch
and bound option, depending on taxon
sample, as described above). Additional
replicates were run (up to 100,000) if accurate
P-values could notbe determined from 1,000
replicates. Parsimony-uninformative char-
acters were removed before each test. These
analyses were conducted for both the max-
imum taxon sample possible (which differs
for the molecular and morphological data
sets) and for a smaller taxon sample selected
to focus on potential phylogenetic conflict
within the Loridae. This latter sample
includes only nine taxa: Otolemur crassi-
caudatus, Galago moholi, Galagoides demidoff,
Perodicticus potto, Nycticebus coucang, Loris
tardigradus, Daubentonia madagascariensis,
Propithecus tattersalli, and Lemur catta.
Molecular characters were analyzed
with maximum parsimony under both
equal-weighting and various transversion-
weighting conditions. Transversion weights
were determined based on “classic” es-
timates of transition/transversion (i/v)
ratio (terminology introduced by Wakeley
[1996]), as well as by maximum likelihood
estimates of i/ v ratio. For the latter, estimates
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were determined separately for the com-
plete taxon sample and for the reduced
taxon sample because both empirical and
computer simulation studies have shown
that i/v estimates are sensitive to taxon
sample (Yang and Yoder, 1999). Several
weighting schemes were explored in which
morphological characters were up-weighted
to account for imbalance in number of in-
formative characters or tree length between
morphological and molecular data sets.
Bootstrap analysis was used as a measure
of node support in all parsimony analyses.
For analyses conducted for the maximum
taxon sample, 100 bootstrap replicates were
run with the random addition option (10
addition replicates per bootstrap replicate).
For the smaller taxon sample, 100 bootstraps
were run with branch and bound. For all
parsimony analyses, random seed numbers
were set to 1 to assure repeatability.

Data decisiveness (sensu Goloboff, 1991)
was determined for the reduced taxon sam-
ple. The method uses the following equation
to measure decisiveness,

S+S

DD=——
S+ M

where S is the mean length of all possible
trees, Sis the length of the most parsimonious
tree(s), and M is the sum of the minimum
possible number of character state changes
for a given data set (i.e., the length of the per-
fectly nonhomoplasious tree). The exhaus-
tive search option in PAUP* was used to
calculate S and S; the character diagnostics
option of the Describe Trees submenu was
used to calculate M.

The molecular data sets were also analyzed
by maximum likelihood in PAUP* with pa-
rameter settings selected by MODELTEST
(Posada and Crandall, 1998). The Kishino-
Hasegawa test (Kishino and Hasegawa,
1989) was used to evaluate the extent to
which the maximum likelihood tree is signif-
icantly better than competing trees under a
given model. Partitioned likelihood analysis
was also performed by using MODELTEST
to determine likelihood parameters for each
codon position subset individually. Because
PAUP* cannot search tree space under a par-
titioned likelihood model, a large set of can-
didate trees was evaluated for each of the
three codon subsets with likelihood values

summed across codon subsets to determine
the most likely tree. As many as 2,000 can-
didate trees, including the trees chosen by
the parsimony and likelihood optimality cri-
teria, were collected under constrained and
reverse-constrained conditions of slow loris
monophyly. Estimates of node support un-
der maximum likelihood were calculated in
PAUP* by quartet puzzling (Strimmer and
von Haesler, 1996; Strimmer et al., 1997; Cao
et al., 1998).

RESULTS
Data Set Characteristics

The data sets differ considerably in the
number of parsimony-informative charac-
ters contained by each. Cytochrome b con-
tains the majority, followed by IRBP, and
then morphology. For the complete com-
bined taxon sample, cytochrome b contains
480 parsimony-informative characters, IRBP
has 181, and the morphological data set
only 71. For the smaller taxon sample, these
numbers decline to 354 for cytochrome b,
81 for IRBP, and 57 for the morphological
data set. Therefore, in the complete and re-
duced molecular and morphological com-
bined analyses, informative molecular char-
acters outnumber morphological characters
by nearly 10:1 and 8:1, respectively. The data
sets also differ markedly in measures of data
decisiveness (Goloboff, 1991). The morpho-
logical and IRBP data sets were both highly
“decisive,” with DDs of 0.83 and 0.81, re-
spectively. Cytochrome b, on the other hand,
had a low DD (0.22). The statistics used
to determine these values are as follows:
morphology—S =179, S=115, M =102;
IRBP—S =306, S = 213, M =191; and cy-
tochrome b—S = 1281, S = 1159, M = 733.

For cytochrome b, a general time reversible
model with an asymmetric nucleotide rate
matrix and an i/v of 4.84 was preferred un-
der both the hierarchical likelihood ratio tests
(hLRTs) and the Akaike Information Crite-
rion (AIC). The proportion of invariable sites
was estimated at 0.3947 and the gamma dis-
tribution shape parameter at 0.9086. For the
smaller taxon sample, the estimated rate for
mutation classes differed considerably (e.g.,
C < T = 34.6262 for the complete sample
and 61.7548 for the reduced sample) but the
difference in the rate ratio was negligible
(4.84 v. 4.75), as were differences in other pa-
rameter estimates. For IRBP, the hLRT and
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AIC differed in their selection of likelihood
models. The hLRT selected the HKY +I" with
an estimated i/v ratio of 2.65 and gamma
shape parameter of 0.4114, whereas the AIC
selected a general time reversible model with
asymmetric nucleotide rate matrix and esti-
mated i/v of 2.79 and gamma shape param-
eter of 0.4054. Both methods estimated the
proportion of invariable sites to be 0.0. For a
combined cytochrome b plus IRBP data set,
the hLRT and AIC both selected a general
time reversible model with an asymmetric
nucleotide rate matrix. The proportion of in-
variable sites was estimated at 0.3741 and
the gamma distribution shape parameter at
0.8105.

Molecular Data: Analyzed Alone
and in Combination

Parsimony analysis of the two molecular
data sets, whether analyzed separately or in
combination, fails to support the traditional
hypothesis of slow loris monophyly (Fig. 1).
For all three analyses in which characters
were equally weighted, the results indicate
that the family Loridae is paraphyletic. Con-
sistently, the Asian slow lorises (Nycticebus
coucang and Loris tardigradus) are shown to
form a sister clade to the galagos, to the ex-
clusion of the African slow loris, Perodicti-
cus potto. Our results are therefore consistent
with those reported in previous molecular
phylogenetic analyses (Sarich and Cronin,
1976; Porter et al., 1997, Goodman et al.,
1998). P. potto’s basal position in the lorisi-
form tree, however, appears to give no sup-
port for Grove’s (1971) biogeographic hy-
pothesis of African lorisiform monophyly
to the exclusion of the Asian slow lorises.
If Grove’s hypothesis were true, then P.
potto, rather than N. coucang and L. tardi-
gradus, would be expected to join the galago
clade.

Numerous studies have shown that tran-
sitions occur more frequently than transver-
sions during molecular evolution (Brown
et al., 1982; Jukes, 1987; Tamura and
Nei, 1993; Wakeley, 1996; Huelsenbeck and
Neilsen, 1999), a finding used as a rationale
for various modes of transversion weighting
in parsimony analysis (e.g., Chippindale and
Wiens, 1994; Yoder et al., 1996; Voelker and
Edwards, 1998). We used maximum likeli-
hood estimates of the i/v ratio, rounded to
the nearest whole number, to determine the

Maximum Parsimony

{a) Cyth i) thplomur crassicaudatus
£4 Ohalamur garaeth
a5 L@:Galagc A
Galagoe matschivf
. - Galagoives denidaf
s7] L *{::Earis Tardligradus
[1a Mygticebus coucang

s Feradiclicus pok
Lesmir calta

] —Prapithects

i Chairagaisus major
Daubentona madagascanensis
Homo sapiens
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Cheirogaleus major
Daubentonia madagascariansis
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= 503 changes

FIGURE 1. Maximum parsimony trees for separate
and combined analyses of cytochrome b and IRBP in
which all characters are equally weighted. Trees are
rooted with Mus domesticus as the outgroup. Numbers
on branches represent bootstrap values. Branches are
drawn tobe proportional to the number of inferred char-
acter state changes. Boxes highlight resolution of slow
loris taxa. (a) Individual analysis of cytochrome b; one
of two trees of length 2,122, CI = 0.458, retention index
[RI] =0.364. (b) Individual analysis of IRBP (exon 1); one
tree of length 612, CI = 0.752, RI = 0.705. (c) Combined
analysis of cytochrome b and IRBP; one tree of length
2,742, CI = 0.522, RI = 0.436. The asterisk (*) indicates
the node discussed throughout this paper as supporting
slow loris paraphyly.

transversion weights for parsimony analysis.
When transversions are weighted fivefold
more heavily than transitions (i/v 5 weight-
ing) in the cytochrome b data set, the rela-
tive positions of P. potto and the Asian slow
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lorises reverse (results not shown). In this
case, P. potto is inferred with moderate boot-
strap support (67%) to be the sister taxon to
the galagos. Weighting transversions three-
fold more heavily in the IRBP data set (i/v
3 weighting) does not alter the unweighted
tree topology; the resulting tree is identi-
cal to that illustrated in Figure 1b but with
less bootstrap support (58%) for the node
supporting a sister group relationship be-
tween the Asian slow lorises and the galagos.
The combined analysis of the transversion-
weighted data lends further support to the
weighted cytochrome b analysis, however: In
the combined transversion-weighted analy-
sis, P. potto is again placed as sister to the
galagos, although with only moderate (64%)
bootstrap support.

In our experience, weak or conflicting phy-
logenetic results such as those described
above are often related to short inter-
nal branches, associated either with rapid
evolutionary radiation or with rate ac-
celeration after lineage divergence. In ei-
ther case, maximum likelihood analysis is
often recommended as a means for im-
proving phylogenetic accuracy (Felsenstein,
1978). Using the parameters selected by
MODELTEST, we conducted maximum like-
lihood analyses for the two molecular
data sets individually and in combination
(Fig. 2). The results with regard to slow
loris phylogeny are identical to those of the
transversion-weighted parsimony analysis.
Both the cytochrome b and combined analy-
ses place P. potto sister to the galagos, whereas
the IRBP analysis places it basally. Inspection
of relative branch lengths confirms the suspi-
cion of short internal branches resolving the
relative placement of the slow lorises, par-
ticularly for the IRBP data set (Fig. 2b). Inter-
estingly, however, when tree topologies were
evaluated under partitioned likelihood mod-
els (i.e., parameters were estimated individ-
ually for each codon subset), the IRBP data
favored a tree showing slow loris monophyly
as the most likely tree for both the complete
(Fig. 3a) and the smaller taxon samples (not
shown). In contrast, the cytochrome b data
continued to indicate slow loris paraphyly
for both taxon samples (illustrated for the
complete taxon sample in Fig. 3b). However,
the cytochrome b data under partitioned like-
lihood placed the Malagasy lemuriformsina
clade with the two anthropoid taxa sampled
(Homo and Saimiri), thereby casting doubt

Maximum Likelihood
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QGalago matschisi _
Perodicticus poito
Lords tardigradus
Nycticebus coucany
Lemur catta
Cheircgalaus major
Propithecus tattersallf
Dauberionia madagascanonsis
Homo saplens
Saimirl scieuraus

(&) Cytb ol

Tarsiue bancanus
. ~Mus domesticus
wen (3.1 substitutions/site

~{Nolenur crassicatdatus
szt *Ofolemur gametti
Galago moholi
186t Galago matscivel
Galaguides dermidoff

— L oris tardigradus
(A—Nycticebus coucang
- Peradicticus potto
~Lemur catta
Cheirogaleus major
Propithecus tattersalli
Daubentonia madagascariensis
Tarsius bancanus
Homo sapiens
Saimini sciaureus
Mus domesticus

{b) IRBP

o0

85

wemsmmeaeres (3}, 35 gUbstitutions/site

(G) Combined tolemur crassicaudatus
o fo0b—Otalemur garneti}
Galago moholl
-Galago malschisl
~Galagoides damidolf
beem—Parodioticus potto
_E:f.on‘s tardigradus
Nyctivebus coucang
Lemur calta
Chefrogaleus major
Propithecus tattersall
Daubsnionia madagascariensis
Tarsius bancanus
Saimirl scieursus
Homo saplens
Mus domesticus

——— 05 substitutionsisite

FIGURE 2. Maximum likelihood trees for separate
and combined analyses of cytochrome b and IRBP. Like-
lihood parameters were set as discussed in Results.
Branch lengths are drawn to be proportional to the
expected number of changes per site for that branch.
Numbers on branches represent quartet puzzling val-
ues. Boxes highlight resolution of slow loris taxa. (a)
Individual analysis of cytochrome b; —Ln likelihood =
9,429.6262, estimated i/v ratio = 4.84, estimated gamma
shape parameter = 0.9086. (b) Individual analysis of
IRBP; —Ln likelihood = 4,242.9952, estimated i/v ra-
tio = 2.79, estimated gamma shape parameter = 0.4054.
(c) Combined analysis of cytochrome b and IRBP; —Ln
likelihood = 14,132.8105, estimated i/v ratio = 2.92, es-
timated gamma shape parameter = 0.8105.
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Partitioned Likelihood Morphological Data: Analyzed Alone and in
Combination with Molecular Data
{a) IRBP ~ Olplemur crassicatidats As described in the introduction, the list

Targhis bancanus
Homa sapiens
Sairniii scieureus
Mus domastious

Ctofernur crassicaudatus
Oolemur garnstil
Galagoides domidoff

(6) Cyib
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e[ Lovis fardigradus
] Myctivebus coticang |

«Larmur calia
Fropithecys taifersgil
. Chelrogateus major
Daubardonia madagascanansis

Mus domesticus

FIGURE 3. Maximum likelihood trees from analysis
in which likelihood parameters were selected for indi-
vidual codon sets (i.e., first positions only; second posi-
tions only; third positions only). Likelihood parameters
for cytochrome b are: first position—i/v ratio = 2.18,
proportion of invariable sites = 0.0, gamma distribution
shape parameter = 0.2265; second position—i/v ratio =
4.10, proportion of invariable sites = 0.5897, gamma dis-
tribution shape parameter = 0.6453; third position—i/v
ratio = 37.38, proportion of invariable sites = 0.0090,
gamma distribution shape parameter = 0.6622. Likeli-
hood parameters for IRBP are; first position—i/v ratio =
2.26, proportion of invariable sites = 0.0, gamma distri-
bution shape parameter = 0.3539; second position—i/v
ratio = 2.31, proportion of invariable sites = 0.0, gamma
distribution shape parameter = 0.1697; third position—
i/v ratio = 2.42, proportion of invariable sites = 0.0,
gamma distribution shape parameter = 2.1396. (a) Tree
selected by IRBP partitioned data as the most likely of
1,767 candidate trees; summed —Ln likelihood across
three codon subsets, 4,002.3731. Boxes highlight resolu-
tion of slow loris taxa. (b) Tree selected by cytochrome
b partitioned data as the most likely of 1,900 candidate
trees; summed —Ln likelihood across three codon sub-
sets, 8,797.3609.

on the accuracy of these results. Moreover,
the Kishino—Hasegawa test indicates that the
most likely tree for each data set is not signif-
icantly more likely than trees that are other-
wise identical except for differing resolution
of the slow lorises.

of physical characteristics that appear to de-
fine a slow loris clade is extensive. Not sur-
prisingly, therefore, parsimony analysis of
the morphological data set yields a hypothe-
sis of monophyly with 100% bootstrap sup-
port (Fig. 4a). Inspection of reconstructed
character-state changes on the tree reveals 16
morphological apomorphies supporting the
slow loris clade, 7 of which are unreversed
(consistency index [CI] = 1.00). All other
strepsirrhine nodes resolved by the morpho-
logical analysis are compatible with those
defined by the molecular analyses. Like the
molecular data, the morphological data re-
cover a Malagasy lemuriform clade, a lorisi-
form clade, and a galago clade. Moreover,
all three clades are supported by moderate
(65%) to high (89%) bootstrap values. Appar-
ently, therefore, the only potential conflict be-
tween the molecular and morphological data
sets is confined to the differing resolutions of
the slow loris group.

When the molecular data are added
to the morphological data in an equally
weighted combined analysis (Fig. 4b), boot-
strap support for a slow loris clade declines
markedly, although at 74%, the support can
still be termed persuasive (Hillis and Bull,
1993). When evaluating this result, how-
ever, remember that the phylogenetically
informative characters contained within the
molecular data outnumber those within the
morphological data set by at least eight to
one (depending on taxon sample), thereby of-
fering potential justification for a differential
weighting scheme in which morphological
characters receive eight times the weight of
the molecular characters (Miyamoto, 1985).
Even so, when morphological characters are
given a weight only twice that of molec-
ular characters, bootstrap support for the
slow loris clade climbs to 96%. The results of
the combined morphological and molecular
analyses therefore providerobust support for
the hypothesis of slow loris monophyly, con-
trary to the molecular-only results presented
here and elsewhere in the literature.

Incongruence, Bootstrap Support, and
Phylogenetic Accuracy

Results such as those described above,
wherein different data sets yield different
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phylogenetic resolution of the same taxa,
invite speculation that data partition con-
flict or heterogeneity may be in effect. Al-
though problems such as sampling error
(Bull et al., 1993; Huelsenbeck et al., 1996)
or inadequacies of the reconstruction model
(Cunningham, 1997a) might potentially ex-
plain the disagreement, and thus not pre-
clude combined data analysis, more severe
problems of a biological nature (i.e., the
data sets represent more than one history)
are also suspect. In the latter case, data
set combination is not advisable. We per-
formed a comprehensive suite of combined
analyses, investigating data set incongru-
ence as measured by the ILD test, to investi-
gate the hypothesis that data set heterogene-
ity may be causing differential resolution
of the slow loris taxa. We also measured
clade support by bootstrap analysis for each
of the combined data sets. All data combi-
nations were analyzed under both equally
weighted and transversion-weighted condi-
tions. In all cases, two different taxon sam-
ples were investigated: a complete taxon
sample (as illustrated in Figs. 1-3 for the
molecular data and in Fig. 4 for the morpho-
logical and combined molecular and mor-
phological data) and a smaller taxon sam-
ple (in which all nonstrepsirrhine outgroups
and the genus Cheirogaleus were removed, as
were the species G. matschiei and O. garnet-
tii when present). The motivation for con-
ducting the analyses and tests with a smaller
taxon sample was both to focus on incongru-
ence related to the slow lorises and to assure
that taxon sampling was identical and thus
comparable in all combined analyses.
Results for the smaller taxon sample are
shown in Table 4. The various data com-
binations and weighting schemes are indi-
cated, along with associated P-values from
the ILD tests and resolution of the slow
lorises with bootstrap support (i.e., whether
they were found to be monophyletic or pa-
raphyletic in that analysis). Bootstrap sup-
port for a paraphyletic resolution is identi-
fied for the node that supports a sister group
relationship between the galagos and some,
but not all, of the slow lorises (e.g., the node
indicated with an asterisk in Fig. 1b). Re-
ducing the taxon sample tends to increase
incongruence. Whereas only two of the com-
plete taxon analyses yielded P-values <0.05,
(both of which are for the combined IRBP
and morphology data [not shown]), the ma-
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Lerur catla
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Daubentonia madagascariensis
Cheirogaleus major
Saurir scleureus

~=Tarsius bancanus
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{a) Morphology

Otolamur crassicaudatus

Gakago moholi
Galagoides demidoff
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FIGURE 4. Maximum parsimony trees for separate
analysis of morphological data and equally weighted
analysis of combined morphological, cytochrome b, and
IRBP data. Numbers on branches represent bootstrap
values. Circled bootstrap value highlights strength of
resolution of slow loris clade. (a) Individual analysis of
morphological data: one of two trees of length 177, CI =
0.661, RI =0.661. (b) Combined analysis of morphologi-
cal and genetic data: one tree of length 2,288, CI = 0.580,
RI = 0.425.

jority of the smaller taxon analyses yielded
P-values considerably less than 0.05 (Tables 4
and 5). We interpret this result as an indi-
cation that the reduced taxon sample, by
design, focuses the ILD test on incongru-
ence specific to the slow lorises. This fol-
lows the reasoning of Thornton and DeSalle
(2000), who showed thatincongruence canbe
differentially represented by isolated clades
within a larger phylogeny. Alternatively, the
apparent increase in heterogeneity might be
a simple function of a smaller sample size,
regardless of the taxonomic composition of
that sample. To test the latter hypothesis, we
conducted ILD tests for the same data set
combinations and weighting schemes, but
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TABLE 4. Comparison of ILD and bootstrap results for reduced (smaller) taxon sample. 3rd tv refers to third-
position transversions only (after Yoder et al., 1996); i/v 5 and i/v 3 refer to transversion weighting based on
maximum likelihood estimates of transition/transversion ratio for cytochrome b and IRBP, respectively; dashes
indicate which partition was omitted; monophyly and paraphyly refer to resolution (or not) of slow loris clade;
bootstrap values are given accordingly. Bold text highlights case where strongest indication of partition heterogene-

ity is associated with greatest bootstrap support for slow loris monophyly.

Partitions

Morphology Cytochrome b IRBP ILD P-value Lorid bootstraps
1) Equal Equal Equal 0.004 Monophyly, 85%
2) Equal Equal — 0.015 Monophyly, 90%
3) Equal 3rd tv — 0.004 Monophyly, 97%
4) Equal — Equal 0.00005 Monophyly, 100%
5) Equal — i/v3 0.001 Monophyly, 96%
6) Equal i/v5 i/v3 0.664 Paraphyly, 49%
7) Equal i/v5 — 0.333 Paraphyly, 52%
8) — Equal Equal 0.329 Paraphyly, 63%
9) — i/v5 i/v3 0.978 Paraphyly, 43%

with different taxa in the smaller taxon sam-
ple. For example, in the combined equally
weighted analysis of all three data sets (first
line of Table 4), we removed the three slow
loris taxa, thereby yielding an identical num-
ber (but different combination) of taxa in a
reduced sample. The results uphold the con-
clusion that the original smaller taxon sam-
ple focused on incongruence in the Loridae
because the P-value increased from 0.004 to
0.619 in the revised smaller taxon. Thus, there
is considerably less incongruence when the
smaller taxon sample does not include the
slow lorises.

Although reducing the taxon sample tends
to focus on heterogeneity relating to slow

loris phylogeny, it has no effect on phyloge-
netic resolution. In other words, the analyses
with fewer taxa also resolve the same rele-
vant clades recovered in the complete taxon
analyses. Both taxon samples resolve a lorisi-
form clade (node A in Fig. 5), an African
bushbaby clade (node B in Fig 5), and a lemu-
riform clade (node C in Fig. 5). Moreover,
these same clades are resolved regardless of
the weighting scheme used. In fact, Figure 5
is the strict consensus phylogeny of the nine
combined analyses listed in Table 4. The only
area of disagreement relates to the slow loris
group (highlighted with a box in Fig. 5). We
argue, therefore, that P-values can be inter-
preted as directly reflective of phylogenetic

TABLES. Effects of differential weighting on ILD, bootstrap, and tree statistics. i/ v refers to transversion weight-
ing. M = monophyly and P = paraphyly with respect to resolution (or not) of slow loris clade. D,, is homoplasy
index of Mickevitch and Farris (1981). TL = tree length; CI = consistency index. All values were calculated after
uninformative characters were excluded. Results shown are from the smaller taxon sample.

Morphology TL Molecular TL Combined TL Combined ILD
weight (Ly) CL, weight (Ly) a, (Lyty) Cliyy Dy, bootstrap P-value
Cytochrome b
1x 91 0.725 Equal 969  0.560 1069 0.570 9 M=90% 0.015
6x 546 0.725 Equal 969  0.560 1541 0.609 26 M=100% 0.0007
10x 910 0.725 Equal 969  0.560 1907 0.631 28 M =100% 0.008
1x 91 0.725 i/v5 2511 0.559 2619 0.561 17 P =52% 0.333
6x 546 0.725 i/v5 2511 0.559 3102 0.582 45 M=98% 0.0005
28x 2548  0.725 i/v5 2511 0.559 5147 0.632 8 M =100% 0.003
1x 91 0.725 i/v 10 4406  0.557 4514 0.558 17 P =58% 0.818
6x 546 0.725 i/v 10 4406  0.557 5027 0.567 75 M=66% 0.004
48 x 4368  0.725 i/v 10 4406  0.557 8942 0.629 168 M =100% 0.002
IRBP
1x 91 0.725 Equal 116 0.810 212 0.755 5 M=100% 0.00005
2x 182 0.725 Equal 116 0.810 330 0.770 32 M=100% 0.0003
1x 91 0.725 i/v2 151 0.821 247 0.769 5 M=98% 0.0004
2x 182 0.725 i/v2 151 0.821 345 0.751 12 M =100% 0.0003
1x 91 0.725 i/v3 186  0.830 282 0.780 5 M=9% 0.001
2x 182 0.725 i/v3 186  0.830 376 0.761 8§ M=100% 0.001
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FIGURE 5.  Strict consensus of maximum parsimony
trees derived from combined analyses described in
Table 4. Numbers indicate range of bootstrap values
from all analyses. Midpoint rooting was used to deter-
mine root of tree. Note that 100% bootstrap support for
the separation of the lorisiform and lemuriform clades
occurs only once in the unrooted network but is illus-
trated twice (shown in italics) on the rooted tree for
graphical emphasis. Box highlights resolution of slow
loris taxa. Node A = Afroasian lorisiforms; Node B =
African galagos; Node C = Malagasy lemuriforms.

conflict relating to the resolution of the slow
lorises.

P-values vary widely in Table 4, from
0.978 to 0.00005, suggesting that some
data/weighting combinations are not in
conflict but others are. The impact of incon-
gruence on phylogenetic accuracy is com-
pletely counterintuitive, however. If we as-
sume that the slow loris clade is real, and
thus monophyly is the accurate result, then
phylogenetic accuracy and lack of conflict
have a nearly inverse relationship. In other
words, in cases where incongruence is low
(P > 0.01), a presumably incorrect result of
slow loris paraphyly typically is found. On
the other hand, in all cases in which incon-
gruenceis high (P < 0.01), a presumably cor-
rect result of monophyly is found, always
with strong statistical support (bootstrap >
85%). In fact, the cases of strongest incon-
gruence (P = 0.00005) yield accurate results
with the most support (bootstrap = 100%).

DISCUSSION
What Is the ILD Good For?

The test was originally conceived as a
method for determining whether data sets
should be combined in a single parsimony

analysis, as is obvious from its original de-
scription as a “combinability” test in early
versions of PAUP*. However, the name was
later changed to “partition homogeneity” be-
cause of the realization that the test was in-
appropriate for deciding whether data sets
should be combined (David Swofford, pers.
comm.). The name change recognizes the
possibility that combining data sets for which
partition homogeneity is rejected might still
yield more accurate phylogenetic estimates,
just as a partitions that are deemed “ho-
mogeneous” may still contain substantial
amounts of among-subset incongruence (re-
lease notes for PAUP* version 4.0d50, Oct.
1996). Nonetheless, investigators have con-
tinued to use the test to determine data set
heterogeneity and thus, presumably, non-
combinability. Even so, the test’s perceived
sensitivity has undergone a steady decline.
When the ILD was originally developed,
Farris recommended a P-value of 0.05 as
the threshold for determining noncombin-
ability. Since then, numerous investigators
have applied the test to empirical data and
have found that P-values < 0.05, and even
as low as 0.001, should not preclude data set
combination (Sullivan, 1996; Cunningham,
1997a,b; DeSalle and Brower, 1997; Sidall,
1997; Davis et al., 1998; Flynn and Nedbal,
1998; Messenger and McGuire, 1998).

So how do our results compare with
those of previous studies? For one, they
appear to support the idea that charac-
ter weighting can markedly reduce incon-
gruence (Cunningham, 1997a). For exam-
ple, transversion weighting in the combined
morphology and DNA data set for the re-
duced taxon sample increased P-values from
0.004 (Table 4, line 1) to 0.664 (Table 4,
line 6), indicating a substantial decrease
in incongruence. In this case, however, re-
duced incongruence did not increase ac-
curacy. On the contrary, accuracy was di-
minished. Whereas the equally weighted
analysis recovered the slow loris clade, the
weighted analysis did not. Indeed, our study
appears to indicate an inverse relationship
between congruence and accuracy. In all
cases where incongruence was severe (P <
0.004), accuracy was actually enhanced (i.e.,
the Loridae were shown to be monophyletic)
and bootstrap support for that clade was
high (>85%). The most dramatic example
was the equally weighted morphology plus
IRBP analysis (Table 4, line 4). In that case,
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support for lorid monophyly is ideal (boot-
strap = 100%) though incongruence is ex-
treme (P = 0.00005) Thus, our study contin-
ues the trend that has found diminishing sen-
sitivity of the ILD test, although the complete
reversal of congruence and accuracy is unex-
pected and difficult to explain.

Effects of Weighting on Incongruence

As mentioned above, transversion weight-
ing appears to decrease incongruence, but
at an apparent cost of diminished accuracy,
particularly in the cytochrome b data set. In
all but the case in which third-position-only
transversions were combined with the mor-
phological data (Table 4, line 3), transver-
sion weighting in the cytochrome b data
set yielded weak support for the wrong
phylogeny. This suggests that transver-
sion weighting might be overwhelming the
morphological signal if the morphological
data are not upweighted accordingly (Cliff
Cunningham, pers. comm.). To investigate
the effects of character weighting on data
set incongruence and slow loris resolution,
we compared the equally weighted com-
bined analyses with those in which transver-
sions were weighted according to either max-
imum likelihood or classical method (Brown
et al., 1982; Jukes, 1987) estimates of i/v ra-
tio; morphological characters were variously
upweighted to account for imbalance in in-
formative characters (6x for cytochrome b;
2x for IRBP) or for imbalance in partition tree
lengths. For the latter, tree length was esti-
mated for the morphological data alone and
also for the transversion-weighted molecular
data alone. Thus, because the i/v 5 weighted
cytochrome b tree is ~28 times longer than
the unweighted morphological tree, the mor-
phological data were upweighted by 28 x.

Inspection of Table 5 shows that this
weighting achieved one of the desired ef-
fects, in that individual tree lengths were ap-
proximately balanced (2,548:2,511 with up-
weighting v. 91:2,511 without upweighting).
However, the results of the upweighting
experiment merely reinforce the previous
observation of inverse relationship between
congruence and accuracy. Whenever the ac-
curate phylogeny receives strong statistical
support, P-values tend to be <0.01, usually
markedly so, indicating significant incongru-
ence. Conversely, in the two cases in which
P-values are >0.05, slow loris paraphyly

rather than monophyly is recovered. In both
of these cases, tree lengths of the individ-
ual morphological and molecular data sets
are markedly divergent, the molecular tree
length far exceeding that of the morpholog-
ical tree. This leads us to believe that con-
gruence and lack of accuracy are simply a
matter of the morphological data being over-
whelmed by the transversion-weighted cy-
tochrome b data. Such behavior is not ob-
served for the IRBP data because the applied
transversion weights are less extreme and be-
cause the number of parsimony-informative
characters is more balanced between the
morphological and IRBP data sets.

We readily admit that the relative weight-
ing schemes discussed above are perhaps ex-
treme. Individual data partitions will more
times than not contain differing numbers of
informative characters, yield trees of differ-
entlengths, orboth. The rationale for weight-
ing as an equalizing strategy is tenuous.
Nonetheless, this excercise in compensatory
weighting has forcefully demonstrated the
impact of the morphological data in these
combined analyses, which tends to be per-
ceived by the ILD as incongruence. Given
that the morphological data are probably re-
solving the lorid phylogeny correctly (as will
be discussed more fully, later in this paper),
we perceive this as a flaw in the test.

RELATIONSHIP OF HOMOPLASY
TO INCONGRUENCE AND ACCURACY

The ILD was designed to measure the ef-
fect of data combination on the levels of
homoplasy. As a determinant of combin-
ability, the test assumes that as homoplasy
is increased, accuracy will decrease. We al-
ready know, however, that this assumption
is erroneous. Previous studies have shown
that homoplasy as measured by CI has vir-
tually no relationship to phylogenetic accu-
racy (Sanderson and Donoghue, 1989). Our
investigation into the relationship among CI,
incongruence, and accuracy (Table 5) also in-
dicates that homoplasy has little relationship
to accuracy for this study. For example, the
IRBP data analyzed alone have the greatest
CI (0.810-0.830, depending on transversion
weights) but never recover lorid monophyly
in parsimony analyses. This phylogenetic re-
sult is also true for the cytochrome b data
analyzed alone, which have the lowest CI
(0.557-0.560). Likewise, combined analysis
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of cytochrome b and morphology tends to
increase homoplasy relative to morphology
alone (i.e., CI decreases markedly), but ho-
moplasy decreases in combined morphology
and IRBP analyses (i.e., CI increases rela-
tive to morphology alone), even though both
combinations tend to recover the accurate
phylogeny.

Surprisingly, CI also appears to have little
influence on significance levels of incongru-
ence. If we examine the CI of the combined
tree relative to the CI of the morphological
tree, changes of anywhere from +6% to —22%
are perceived to be incongruent (P < 0.01),
whereas changes of —21% to —23% are tol-
erated as congruent. In other words, a large
increase in homoplasy (indicated by a sub-
stantial decrease in ClI) is better tolerated by
the ILD than is a small decrease in homo-
plasy. Likewise, the magnitude of D, in and
of itself, has little relationship to the signif-
icance of the incongruence. The only rela-
tionship that appears to have any predictable
effect on incongruence is that the closer
the CI of the combined analysis is to the CI of
the molecular data, the less significant is the
incongruence (as seen in any of the combined
transversion-weighted cytochrome b analy-
ses in which morphological characters were
not upweighted). But, as already reported,
this occurs only because the morphological
data are being subsumed by the molecular
data because of the vast imbalance in their
relative tree lengths.

Character Support Versus Data Decisiveness

The discussion above solves only one-half
of the puzzle. The correlation of paraphyly
with lack of incongruence in the combined
morphology and cytochrome b analysis is
the result of excessive weighting of the
molecular data when transversion weights
are applied. Because the tree length of the
molecular data so far exceeds that of the
morphological data, the ILD does not detect
a significant change in CI. And, because the
cytochrome b data in isolation do find para-
phyly, the relatively weak signal in the un-
weighted morphological data does not alter
the molecular resolution.

But why do accuracy (i.e., lorid mono-
phyly) and significant incongruence show a
correlation? And why does this appear to be
especially acute in the combined morphol-
ogy and IRBP analyses? If the ILD is to be

useful as a test of data combinability, we
would hope it is testing an essential feature
of phylogenetic conflict, and given that the
test is parsimony-based, we would hope the
perceived conflict would be related to con-
flicting character support for the opposing
monophyletic and paraphyletic resolutions
of the slow loris group. Oddly, this seems not
to be the case for the morphology and IRBP
combined analyses, in which the measures
of incongruence are extreme. Despite the re-
markable branch support for the lorid clade
in the morphological tree (16 characters, 7
with CI = 1.0), there is very little character
support for the paraphyletic resolution in the
IRBP tree (four characters, two with CI = 1.0).
When the two data partitions are combined,
the same 16 morphological characters and
two different IRBP characters support the
slow loris clade. Remarkably, however, six of
the seven morphological characters that had
CI < 1.0 in the morphology-only analysis, be-
come homoplasy-free in the combined anal-
ysis. Thus, in the combined analysis, 13 of
the 16 morphological apomorphies are unre-
versed. Combined analysis of the IRBP and
morphological data sets therefore seems to
increase character support rather than char-
acter conflict for the problematic clade. On
the other hand, cytochrome b branch sup-
port for the paraphyletic resolution, is appar-
ently far more conclusive, with 50 characters
(9 with CI = 1.0) supporting the branch that
unites Asian slow lorises with galagos, to the
exclusion of the African slow loris. Thus, the
character conflict between the morphologi-
cal and cytochrome b data could be poten-
tially far more severe than that between the
morphological and IRBP data. But this is not
reflected in the ILD tests.

A possible explanation for the perceived
incongruence between IRBP and morphol-
ogy, and the seemingly milder conflict be-
tween morphology and cytochrome b, may
be found in the respective “decisiveness” val-
ues (sensu Goloboff, 1991) among the three
data partitions. Davis et al. (1998) warned
that highly decisive data are more likely to
be assessed as incongruent (and thus non-
combinable) than are less decisive data sets.
This prediction appears to be upheld by
our results: The most extreme conflict oc-
curs when morphology and IRBP, both of
which have very high DD, are combined.
When either is combined with the far less de-
cisive cytochrome b data, ILD values are less
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significant. Even so, DD does not fully ex-
plain the anomolous results, given that ILD
values for cytochrome b (DD = 0.22) and
morphology (DD = 0.83) indicate consid-
erably more conflict than do combined cy-
tochrome b and IRBP (DD = 0.81) analyses.

The Reality of a Slow Loris Clade

In this study, we have partitioned data
such that each data set can be considered
independent of the other two (i.e., mito-
chondrial, nuclear, and morphological parti-
tions), have performed separate analyses of
each, and have performed combined analy-
ses under a variety of character-weighting
schemes. In so doing, we have focused on
an area of conflict specific to the resolution
of the slow lorises. In effect, then, we have
followed a methodology recently proposed
by Wiens (1998) for analyzing data sets with
different phylogenetic histories localized to
a few taxa within the total taxonomic sam-
ple. By this methodology, we should con-
sider the resolution of a slow loris clade to be
tentative.

Clearly, however, all of the conclusions
with regard to the reliability of the ILD test
rest on the assumption that the slow loris
clade is real and thus phylogenetically ac-
curate. If this assumption is false, then the
ILD test could be said to have performed
nearly perfectly, giving accurate results when
no heterogeneity was detected and false re-
sults when it was. Several lines of evidence
suggest that this is not the case, however,
and that our previous conclusions are jus-
tified. As enumerated in the introduction,
the number and complexity of shared sim-
ilarities among the slow lorises are impres-
sive. Concluding that all of these characters
arose through parallel evolution would call
for a remarkable case of evolutionary con-
vergence. Alternatively, fossil data appear
to falsify the otherwise plausible hypothe-
sis that slow loris characteristics are ances-
tral for the lorisiform clade. The fossil record
of early lorisiform evolution supports the
idea of a progressive morphological separa-
tion between two related clades (the galagos
and lorises), both following highly diver-
gent evolutionary pathways from a common,
more generalized ancestor (Rasmussen and
Nekaris, 1998).

Finally, several lines of evidence suggest
that the molecular data are inconclusive at

best with regard to slow loris phylogeny.
Although the molecular data conflict with
the monophyly hypothesis by suggesting pa-
raphyly, the resolution of African and Asian
slow lorises relative to the galagos is nei-
ther consistent nor robust. Taken alone, the
molecular data show only poor resolution
of the slow loris taxa rather than persua-
sive support for any particular topology.
The strength of resolution as measured by
the bootstrap and the branching order of a
paraphyletic Loridae change, depending on
which optimality criterion is used (likelihood
or parsimony) and whether or not transver-
sion weighting is applied in parsimony anal-
ysis. Moreover, the Kishino-Hasegawa test
was unable to reject tree topologies in which
the Loridae were constrained to be mono-
phyletic. In fact, when the two data sets
are analyzed under a maximum likelihood
model partitioned by codon position, a tree
with a monophyletic Loridae is chosen as
most likely by the IRBP data (though not
by the cytochrome b data). Taken as a
whole, these results suggest that the appar-
ent conflicts in the branching order of slow
lorises are artifactual (e.g., sampling error
attributable to insufficient molecular data)
rather than actual. Indeed, this exercise in
individual versus combined data analysis
may have been most useful in focusing at-
tention on the power of morphological data
to resolve nodes that are weakly supported
by molecular data. Such situations are likely
to arise when cladogenesis is rapid but as-
sociated with strong adaptive divergence—
events more likely to be recorded in the phys-
ical than in the genetic composition of an
organism.

In summary, our study draws one of two
conclusions. Either the ILD test is completely
misleading as an indicator of the potential
for phylogenetic accuracy in the combined
data analyses, or, if the ILD results are to be
believed and the slow loris clade is an ar-
tifact, these animals represent what must be
among the most spectacular examples of par-
allel evolution in all of Eutheria. We consider
the latter conclusion unlikely. Therefore, ac-
cepting the ILD results without further inves-
tigation could have led to a gross type I error
by rejecting the null hypothesis of data ho-
mogeneity. For this reason, we recommend
that the ILD never be used as a test of data
partition combinability.
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