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INTRODUCTION

With the development of phylogenetic studies based
on genetic and morphophysiological data, the number
of contradictions between final phylogenetic recon-
structions grows constantly. It is reasonable to suppose
that, as they are resolved, these contradictions will pro-
vide fruitful new insights into the patterns of evolution
and the correlation of evolutionary changes at different
levels of biological organization. An important obstacle
to this is the profound differences in generally accepted
methods in different fields of biology, and their mostly
independent development. An alarming sign of this dis-
cordance is the recently emerging practice to introduce
new taxonomic names based on the results of molecular
studies, regardless of the absence of any analogues in
taxonomic systems based on classical approaches.
Running its natural course, this situation will result in
the development of two independent phylogenetic
reconstructions and the loss of the constructive connec-
tion between studies at molecular and morphophysio-
logical levels. Taking into account the fact that molecu-
lar studies mostly involve similarities and dissimilari-
ties of uncertain biological significance, such newly
created molecular taxa cannot be diagnosed in a biolog-
ically meaningful way. Reasonable diagnoses are pres-
ently possible only at the morphophysiological level,
although even in this case the degree of biological
understanding is still a long way from perfect. In other
words, a taxonomic group recognized based on molec-
ular traits should necessarily be comprehended in terms
of the morphophysiological properties of organisms.
For the moment, molecular taxa remain “a thing to
themselves.” They add little to the understanding of the
nature of organisms, or to ordering our knowledge of
biodiversity and, hence, cannot provide the basis for

further biological studies. In particular, it is only possi-
ble to test molecular phylogenies by increasing the
quantity and quality of molecular data. Over the last 40
years or more, this trend in the development of genetic
phylogenies showed only a slight tendency to approach
the results in the context of traditional phylogenetic
reconstructions, but they have remained quite different
in essence. However, the search for a constructive dia-
logue aimed to reveal and overcome the contradictions
between phylogenetic reconstructions at molecular and
morphophysiological levels is the most topical problem
of modern phylogenetics.

For the synthesis of phylogenetic studies at different
levels of organization, the basic, essential distinctions
between evolutionary transformations at the molecu-
lar–genetic and higher (primarily organismal) levels of
biological organization should be outlined. The major
distinctive feature of phenotypic evolution is the fact
that it is directly controlled by natural selection,
whereas the dependence of genetic characteristics on
selective pressure is always indirect, and is determined
by the extent to which they have a selectively signifi-
cant phenotypic manifestation.

As early as 1938, Schmalhausen (1938, 1949) for-
mulated that phenotypic characters are potentially
much more stable than the genetic traits providing the
basis for their development. This concept agrees with
the empirical generalization that Timofeev-Resovsky
(1958) named Chetverikov’s principle (Chetverikov,
1926, 1983). It states that uniform phenotypes of the

 

wild type

 

 (Schmalhausen named it the 

 

adaptive norm

 

)
are underlain by a vast genetic diversity, which can be
discovered in laboratory conditions through inbreed-
ing, but usually has no phenotypic manifestation in
nature.
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The adaptive norm is defined as an ensemble of indi-
vidual ontogenies (life cycles) or their stages arising as
a historically (phylogenetically) use-proven, stable
(adaptive) response, reproduced in a descending line of
generations (hereditary) to historically typical
(adjusted in the course of preceding phylogeny) factors
of external and internal (including genotypic) environ-
ments (Rautian, 1988). In cases with more or less pro-
nounced polymorphism of the natural population, it is
possible to recognize several adaptive norms within the
general adaptive norm of a species or a population
(Schmalhausen, 1949). Gershenzon (1941) and
Schmalhausen (1949) named the genetic diversity bur-
ied under the cover of the adaptive norm the 

 

mobiliza-
tion reserve of intraspecific variability

 

, while Muller
(1950) named it the 

 

genetic load. 

 

In rare cases, when
the hidden hereditary traits manifest themselves in the
phenotype as abnormalities, this manifestation is usu-
ally not inherited in natural conditions (i.e., absent in
descendants), as was understood rather early
(Semenov-Tyan-Shanskii, 1910). As Chetverikov indi-
cated, in the nearest generations, the population
“absorbs like sponge” such accidentally manifested
mutations. In other words, according to Schmalhausen,
the stability of the adaptive norm (= wild type) is main-
tained in spite of genotypic diversity rather than due to
genotypic uniformity.

Stabilizing (canalizing) selection, which functions
in all evolutionary phases, produces and constantly
maintains structural variants that are capable of persist-
ing over potentially infinite periods of geological his-
tory (irrespective of the accumulation of genetic
change). Therefore, the rates of morphological evolu-
tion not only vary within a very wide range but, more
importantly, can be extremely low, supporting success-
ful variants of organization. This is corroborated, in
particular, by the existence of living fossils and long-
lived groups at any time in the geological history of
Earth. Thus, the organismal level of biological organi-
zation has the potential (not necessarily realized) for
self-preservation over an arbitrarily long time period.

The periods when stabilizing selection favoring the
old adaptive norm ceases to be the major developmen-
tal factor are short and rare because they result in unsta-
ble conditions of organization and are fraught with
extinction. However, they necessarily precede such
phenomena as a change of specialization, penetration
into new adaptive zones, the emergence of new taxa
(particularly those of high order), and adaptive radia-
tion. These phases are characterized by a set of regular
changes in evolving systems, which were recognized
and generalized by researchers in the field of macroevo-
lution in the form of patterns, modes, and restrictions of
phylogenetic development. Figure 1 shows general
relationships between key evolutionary characteristics,
such as specialization, continuity of development, dif-
ferentiation, etc. in time, and indicates the researchers
who introduced special terms to designate particular
phases of the phylogenetic cycle. This topic was con-

sidered by Rautian (1988), while a detailed discussion
on these questions is beyond the scope of the present
study. Here, it is important to emphasize that (1) during
the phases of stabilization and destabilization, an evolv-
ing system undergoes definite changes in its essential
characteristics; (2) the phase of stabilization is the basic
phase and lasts for a geologically long time, while the
phase of destabilization may be absent over an arbitrary
long period of the existence of a group; and (3) adaptive
radiation giving rise to taxa of the first order usually
immediately follows a phase of destabilization; in the
course of subsequent stabilization, adaptive radiations
produce taxa of lower ranks. A repeated increase in the
rank of taxa emerging through an adaptive radiation
occurs only as a result of a new, rather deep destabiliza-
tion. Certainly, low-rank taxa may appear simulta-
neously with high-rank taxa, the degree of destabiliza-
tion restricts only the highest possible rank of taxa pro-
duced by an adaptive radiation event.

Molecular–genetic characteristics are only indi-
rectly influenced by natural selection; in particular, they
are only indirectly subjected to stabilization. Therefore,
in contrast to morphofunctional characteristics, they
are incapable of remaining constant over arbitrary long
periods and 

 

inevitably change

 

 in the course of evolu-
tion. In particular, even under conditions of long stabi-
lizing selection of the phenotypes (for example, in liv-
ing fossils), more or less neutral genetic changes are
constantly accumulated. These features gave rise to the
neutral theory of molecular evolution and the concept
of the molecular clock, implying an approximately con-
stant rate of molecular substitutions (Zuckerkandl and
Pauling, 1965; Kimura, 1983). It is often marked that
the clock may be fast or slow; however, many genetic
phenomena agree satisfactorily with this theory and
allow for the quantitative estimation of divergence
between phylogenetic branches. This is impossible in
the case of morphological characteristics, because their
rate of change varies over an extremely wide range
(Simpson, 1953), and, in general, evolutionary trans-
formations cannot be reduced to a simple function of
time passed from the moment of isolation of daughter
lineages from a common ancestor.

The more neutral genetic change that occur in a cer-
tain group, the more reliable is information on the
sequence of branching and the time of divergence they
provide, but the less they are suitable for the recogni-
tion of boundaries between taxa (both species and
higher rank taxa), because they cannot provide a mea-
sure of the biological significance of changes. Thus, the
tasks of splitting phylogenetic branches into particular
taxa and the creation of hierarchical phylogenetic clas-
sification are still solvable only on the basis of morpho-
functional characteristics. In other words, genetic and
morphological approaches mostly supplement each
other rather than impose rigid restrictions on the inter-
pretation of results.
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RESULTS AND DISCUSSION

It is possible to illustrate the above statements using
examples of combined consideration of data on genetic
and morphological differentiation of certain mamma-
lian taxa.

 

Mammuthus–Loxodonta–Elephas Trichotomy

 

A number of recent studies were devoted to the anal-
ysis of nucleotide sequences of mammoths (

 

Mam-
muthus primigenius

 

) and comparisons with extant ele-
phants (Hagelberg et al., 1994; Höss et al., 1994; Hauf
et al., 1995, 1999, 2000; Yang et al., 1996; Derenko
et al., 1997; Ozawa et al., 1997; Noro et al., 1998; Bar-
riel et al., 1999; Dubrovo and Rautian, 1999; Rautian
and Dubrovo, 1999, 2001, 2003; Thomas et al., 2000;
Poulakakis et al., 2002; Debruyne et al., 2003; Joger
et al., 2003; Krause et al., 2005; etc.). These studies are
of special interest because they allow not only a consid-
eration of relationships between some elephantids, but
also a better understanding of general questions of phy-

logenetic reconstruction based on genetic and morpho-
functional characters.

In each study including material of more than one
specimen, mammoths are polymorphic and differ from
each other in a greater or lesser number of substitutions.
The study of 16S rRNA (Höss et al., 1994) is notewor-
thy in this respect, although this was the shortest
sequence examined. Four mammoths of different geo-
logical age were studied and split into two pairs, in each
of which the DNA sequence was identical, while the
pairs differed by five substitutions (5.4%). A compari-
son of this sequence in mammoths and one Asian ele-
phant revealed four and three substitutions (for the first
and second mammoth pairs, respectively). The African
elephant differed from mammoths by four and five sub-
stitutions, respectively, and from the Asian elephant by
only two

 

1

 

 (unfortunately, only one individual of each

 

1

 

It should be noted that, in this case, two, three, four, or five substi-
tutions differ from each other nonsignificantly because of the
very short sequence examined.

 

Noncoherent evolution Coherent evolution Krassilov, Zherikhin
Epistandard evolution Standard evolution Van Valen

Tachythely Horothely Bradythely
Quantum

Speciation Phyletic  evolution
Simpson

Neomorphic Epacme, anabasis, typogenesis
Acme, Epacme,

Haeckel, Sobolev, Schindewolf

Antheomorphic phase Paleomorphic Mesomorphic  phase Bellini

Phylogeronty

 

Phyl-Phy-

 

Phylogeronty

Phyletic Moisisovich, Pompetsky,
Cobelt, Depere, Large

BoirlenExplosive appearance Directional development Superspeciali-

Destabiliza-
Adaptive radiation Progressive specialization Kowalewsky, Depere, Osborn
Allomorphosis Telemorphosis Hypermorphosis Schmalhausen
Allogenesis Telegenesis Hypergenesis Paramonov
Cladogenesis Anagenesis Stasigenesis Rensh, Simpson

Specialization. idioadaptation, idiogenesis, telomorphosis Kowalewsky, Depere, Osborn,
Severtsov, Paramonov, Takhtajan

 

Time

Pa
ra

m
et

er
s 

re
la

te
d 

to
 th

e 
le

ve
l

 

evolution

phase
katabasistypostasis

phase Haitt et al.

cialization

 

em-
bryo-
ny

lone-
pio-
ny

 

selinity

zation

tion, despe-

 

1 2 3 4

 

of
 s

pe
ci

al
iz

at
io

n

 

Fig. 1.

 

 The major phases of a complete phylogenetic cycle (typical sequence of adaptation modes), their properties and classifica-
tions proposed by experts in macroevolutionary patterns: (

 

1

 

) extent of specialization, resistance, stability, continuity, adaptation of
states of the developing system, and directedness of its development; decrease in freedom of choice (in variability) and in creativity;
(

 

2

 

) rate and level of emanation (destabilization, extinction), decrease in specialization, resistance, stability, continuity, adaptation
of states of developing system, and directedness of its development; (

 

3

 

) rate of diversification: divergent evolution, adaptive radia-
tion; and (

 

4

 

) rate of specialization (phyletic evolution) and increase in integrity (after Rautian, 1988).

 

Phylogeronty Phylophebia
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extant elephant species was examined with reference to
16S rRNA).

The studies devoted to other loci used longer DNA
fragments (or even the complete mitochondrial
genome) of one or several mammoths in comparison
with those of living elephants. Attention was mostly
paid to the relative order of deviation of the 

 

Mam-
muthus, Loxodonta

 

, and 

 

Elephas

 

 lineages from the
ancestral stem. Even when the same genes were
sequenced, the phylogenetic trees reconstructed were
strikingly different: researchers concluded that avail-
able data suggest a closer affinity between mammoths
and Asian elephants (Yang et al., 1996; Ozawa et al.,
1997; Hauf et al., 1999), mammoths and African ele-
phants (Hauf et al., 1995; Noro et al., 1998; Barriel
et al., 1999; Thomas et al., 2000; Debruyne et al.,
2003), African and Asian elephants (Hauf et al., 2000),
or simultaneous (on geological time scale) divergence
of branches leading to the three elephantid genera
(Dubrovo and Rautian, 1999; Rautian and Dubrovo,
1999, 2001, 2003). Thus, all logically conceivable vari-
ants of relationships between the three genera have
been proposed. Moreover, most of the working teams
reported good bootstrap support for their results; this
indicates once again that the bootstrap support tests
only statistical correspondence of results to the com-
puter model used, and indirectly shows that these mod-
els do not describe biological aspects of evolutionary
change. Thus, the conflicting results are probably
attributable to rather small differences between the
pairwise genetic distances (

 

Mammuthus–Loxodonta,
Mammuthus–Elephas

 

, and 

 

Loxodonta–Elephas

 

), the
short DNA fragments analyzed in the majority of stud-
ies, small sample size, and inadequate, simplified mod-
els of genetic change, which are used in the course of
computer data processing.

These statements are evident from the comparison
of the complete sequence (961 bp) of the 12S rRNA

gene in one mammoth and several living elephants
(Noro et al., 1998). Table 1 shows pairwise genetic dis-
tances between the individuals investigated. The dis-
tances from the mammoth to extant elephants are
approximately equal, i.e., the random error is greater
than the difference between the 

 

Mammuthus–Lox-
odonta

 

 and 

 

Mammuthus–Elephas

 

 distances. Moreover,
this difference is less than the distances between speci-
mens of the same species. To gain a better appreciation
of genetic relationships, Rautian and Dubrovo (1999,
2001, 2003) applied the method of multidimensional
scaling (MDS, see Kruskal, 1964). This method supple-
ments the picture of molecular phylogenetic trees,
which depend on the model used by researchers and, in
our opinion, show only a formal, superficial resem-
blance to natural phylogenetic schemes. Taking such
trees as analogues of phylogenetic reconstructions, the
pictures produced by MDS can be taken for analogues
of the horizontal section of phylogenetic schemes.
Thus, they provide additional information concerning
relationships between objects involved in comparison.
An advantage of multidimensional scaling is the fact
that it gives a two-dimensional (actually, n-dimen-
sional) picture and, consequently, is more heuristic and
provides a better insight into true relationships.

Figure 2 shows the positions of the mammoth and
living elephants in the space of the first two coordinate
axes of MDS of genetic distances based on this
sequence. The mammoth is approximately equidistant
from each living elephant genus; moreover, the individ-
ual variation in each living elephant is substantially
greater than the differences between the distances

 

Mammuthus–Loxodonta

 

 and 

 

Mammuthus–Elephas.

 

As the same genetic distances are analyzed by one
or another tree-building method, nothing but a system
of dichotomizing branches is obtained. The tree topol-
ogy (sequence of branching) depends on the methods of
clustering used (Rautian and Dubrovo, 2001, 2003).

 

Table 1. 

 

 Pairwise sequence divergence estimates (above diagonal) and numbers of nucleotide substitutions (below diagonal)
based on the complete 12S rRNA gene sequences (after Noro et al., 1998)

MP L1 L2 L3 E1 E2 E3 DDU TMA

MP 1.37 1.05 1.37 1.16 1.26 1.27 22.1 28.8

L1 13/0 0.31 0 1.91 2.23 2.24 21.0 28.9

L2 10/0 3/0 0.31 1.58 1.91 1.91 20.8 28.8

L3 13/0 0/0 3/0 1.91 2.23 2.24 21.0 28.9

E1 10/2 17/1 14/1 17/1 0.31 0.31 20.7 28.9

E2 10/2 19/2 16/2 19/2 2/1 0 21.1 29.2

E3 10/2 19/2 16/2 19/2 2/1 0/0 20.9 29.2

DDU 125/49 120/49 119/49 120/49 119/48 121/49 119/49 22.0

TMA 137/78 138/80 137/80 138/80 138/80 139/81 137/81 110/64

 

* The upper right matrix shows Kimura two-parameter distances. The lower left matrix shows the number of transitions/number of trans-
versions. (MP) mammoth, (L1–L3) three African elephants, (E1–E3) three Asian elephants, (DDU) 

 

Dugong dugong

 

, and (TMA) 

 

Triche-
chus manatus

 

.
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The authors of primary genetic data obtained phyloge-
netic trees where the lineage of Asian elephants devi-
ates first, while the African elephants composed a sister
group of the wooly mammoth (Fig. 3). The bootstrap
support of most of the nodes in the trees was rather
high, so, the authors drew an unequivocal conclusion
that the woolly mammoth is more closely related to the
African elephant than to the Asian elephant (Noro et al.,
1998, p. 314).

In our opinion, these data do not allow such an inter-
pretation (and nor do the data from all other studies

where the woolly mammoth is placed closer to one or
another living elephant). A more accurate conclusion is
that the three elephantids are equidistant to within the
error of estimation of interspecific distances, and prob-
ably emerged as a result of the same event of adaptive
radiation. Here it should be noted that the elementary
unit of evolution is not an individual (or a DNA frag-
ment), but a population. Therefore, a correctly posed
question of genetic change in the course of evolution
means the estimation of 

 

transformations of the gene
pool of the ancestral population into the pool of
descendent species 

 

rather than changes in individual
genotypes. Hence, it should involve adequate analysis
of intraspecific genetic diversity of the species under
study. The solution of this question faces certain tech-
nical difficulties, such as a small sample size of each
species. However, this circumstance should be taken
into account at least at the interpretation of results. Oth-
erwise, genetic trees would reflect only changes of par-
ticular characters (nucleotide sequences) instead of
evolution of population and taxa. In fact, all studies
devoted to the genetics of mammoths and related ele-
phantids considered changes in genes, while conclu-
sions concerned the phylogeny of certain lineages. At
present, it is impossible to enlarge substantially the
material of each species (to get representative popula-
tion samples); therefore, intraspecific diversity should
be estimated indirectly and compared with the differen-
tiation of taxa.

In a number of studies, the nucleotide sequences of
the cytochrome 

 

b 

 

gene in several woolly mammoths,
African and Asian elephants, and one American mast-
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 Positions of (MP) mammoth, (L1–L3) three African
and (E1–E3) of three Asian elephants in the space of two
first axes of multidimensional scaling of genetic distances
based on the complete 961-bp sequences of the 12S rRNA
gene (after Rautian and Dubrovo, 2001, 2003, using data
from Noro et al., 1998).
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 Phylogenetic tree of the 12S rRNA sequences constructed by (a) neighbor-joining and (b) maximum parsimony methods;
numbers on internal branches are bootstrap values derived from (a) 1000 and (b) 100 replications; scale bar, substitutions per site,
estimated by Kimura’s two-parameter method (after Noro et al., 1998).
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 Positions of mammoths, African and Asian elephants, and American mastodon (

 

Mammut americanum

 

) based on a 222-bp
fragment of the cytochrome 

 

b

 

 gene: (M1–M7) mammoths: M1 and M6 (after Hagelberg et al., 1994), M3 (after Ozawa et al., 1997);
M4 (after Derenko et al., 1997), M5 (after Noro et al., 1998), M6 and M7 (after Yang et al., 1996); (L1–L6) African elephants
(E1–E6) Asian elephants; and (MAS) mastodon (after Yang et al., 1996): (a, b) in the space of two first coordinate axes of multidi-
mensional scaling of genetic distances, (a) including mastodon, (b) excluding mastodon; and (c) phylogenetic tree constructed by
the neighbor-joining method (after Rautian and Dubrovo, 2001, 2003, modified).
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odon (

 

Mammut americanus

 

) were reported (Hagelberg
et al., 1994; Hauf et al., 1995, 1999; Yang et al., 1996;
Derenko et al., 1997; Ozawa et al., 1997; Noro et al.,
1998; Thomas et al., 2000; Debruyne et al., 2003; Joger
et al., 2003). We combined the data from different
works in which the same fragment (222 bp) was exam-
ined in different specimens, and analyzed genetic dis-
tances between them (Fig. 4). Figures 4a and 4c show
distinct isolation of 

 

Mammut americanus 

 

from the
other taxa, which is revealed by both multidimensional
scaling and cluster analysis.

The mean distances from mastodon to 

 

Mammuthus,
Loxodonta

 

, and 

 

Elephas 

 

are approximately equal to
each other (differ within random error). They are 0.063,
0.056, and 0.057, respectively, and significantly differ
from the mean distances between the pairs 

 

Mam-
muthus–Elephas, Mammuthus–Loxodonta

 

, and 

 

Lox-
odonta–Elephas

 

, which are 0.032, 0.033, and 0.042. At
the same time, the differences between the last three
estimates are nonsignificant and lower than the mean
intraspecific distances, which are 0.031, 0.010, and
0.011 in 

 

Mammuthus, Elephas

 

, and 

 

Loxodonta

 

, respec-
tively. In 

 

Mammuthus

 

, the mean intraspecific distance
is significantly greater than in living elephants. This
could have resulted from incorrect determination of
some mammoth nucleotide sequences (as was sug-
gested by Thomas et al., 2000) or from the existence of
two species of woolly mammoth, the morphological
distinctions between which were not revealed (as was
proposed by Rautian and Dubrovo, 2001, 2003; see
Figs. 4a–4c, mammoths are divided into two groups,

M1–M5 and M6–M7). Therefore, it is probable that the
mean genetic distance between mammoths does not
reflect intraspecific variation. However, even if the data
on individual variation of mammoths are excluded
from consideration, the intraspecific variations of
extant elephants are too high to be neglected when phy-
logenetic trees are constructed.

Thus, the data on the cytochrome 

 

b

 

 sequence sug-
gest approximately equal genetic distances between the
three elephantid genera, as in the case with the 12S
rRNA gene; this supports the conclusion that they could
have diverged as a result of the same adaptive radiation
event.

Recently, Krause et al. (2005) determined a com-
plete (16770 bp) mitochondrial DNA sequence of a
mammoth from Berelekh and compared it with that of
the African and Asian elephants. The researchers con-
cluded that the mammoth is more closely related to the
Asian elephant than to the African elephant. However,
the length of the internal branch leading from the point
of divergence between the African elephant and the
common ancestor of the Asian elephant and woolly
mammoth to the point of divergence between the mam-
moth and Asian elephant is only about 7.3% of the total
length of the phylogenetic tree for the three evolution-
ary lineages (Fig. 5). On the basis that a divergence of
Asian and African elephants and mammoths occurred
about six million years ago, Krause et al. (2005) calcu-
lated that the divergence between the mammoth and
Asian elephant took place only 440000 years after the
divergence of the African elephant. At the same time,
the study considered the mitochondrial DNA of only
one mammoth, one Asian and one African elephant.
Thus, as in earlier studies, intraspecific (population)
variation was not taken into consideration; conse-
quently, these estimates concerned differences between
individual mitochondrial sequences rather than changes
in the population gene pool in the course of evolution.

It is possible to bridge this gap in part, using the
results of studies of intraspecific genetic variation of
extant elephants. Roca et al. (2001) examined the DNA
sequence variation in four nuclear genes (1732 base
pairs) in 195 free-ranging African elephants from
21 populations of two subspecies 

 

Loxodonta africana
africana

 

 Blumenbach, 1797 (African savannah ele-
phant) and 

 

L. africana cyclotis

 

 Matschie, 1900 (African
forest elephant).

 

2

 

 The researchers revealed high inter-
population genetic differences and on this basis esti-
mated the time of divergence between the forest and
savannah elephant subspecies as 2.63 

 

±

 

 0.94 Ma (i.e.,

 

2

 

Genetic differences between forest and savannah elephant popu-
lations were 58% of the difference in the same genes between the
elephant genera 

 

Loxodonta

 

 and 

 

Elephas.

 

 Based on this and differ-
ences in the multiple genetically fixed nucleotide sites, morpho-
logical and habitat features, Roca et al. (2001) proposed that the
forest and savannah elephants should be regarded as two species,

 

Loxodonta africana

 

 and 

 

Loxodonta cyclotis.

 

 However, the pres-
ence of clear gene flow between these forms corroborates their
subspecies rank (Debruyne, 2001).
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 Relationships between three elephantid genera based
on complete mitochondrial DNA sequences: (a) absolute
number of phylogenetically informative positions on which
the three-species test is based and (b) relative length of the
internal branch for clock-like phylogenetic tree, using the
substitution data from (a) and rooted by midpoint rooting
(after Krause et al., 2005).
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much more than 440000 years, the time interval
between the deviation of the African elephant lineage
and the divergence of the Asian elephant and mammoth
as estimated by Krause et al., 2005). Thus, the intersub-
specific differences in the African elephant are much
greater than the differences between the distances

 

Mammuthus–Elephas

 

 and 

 

Mammuthus–Loxodonta

 

.
Moreover, using the same method and data from Roca
et al. (2001), we estimated the time that would have
been required for the divergence of forms the difference
between which is the same as the mean distance
between individuals of the forest elephant

 

 L. a. cyclotis

 

as 510000 years. Thus, the intraspecific variation of
elephants is high enough to regard the distances 

 

Mam-
muthus–Elephas, Mammuthus–Loxodonta

 

, and 

 

Lox-
odonta–Elephas

 

 as equal (from the population genetic
point of view, they differ from each other nonsignifi-
cantly, even in the case of the complete mitochondrial
genome).

The conclusion that 

 

Mammuthus, Elephas

 

, and 

 

Lox-
odonta

 

 are genetically equidistant agrees with the
results of immunological studies (Lowenstein, 1985)
and comparisons of hair structure (Valente, 1983); in
these parameters, the distances between the three ele-
phantid genera are also approximately equal to each
other. Thus, on the assumption of approximately con-
stant rate of genetic substitutions, the emergence of the
phylogenetic lineages leading to Elephas, Mammuthus,
and Loxodonta should be regarded as a simultaneous
event (on geological time scale). It is possible to
explain certain differences between these distances by
the origin of the three lineages from different popula-
tions of the same ancestral species; these populations
were probably rather similar genetically and could have
been indistinguishable morphologically.

At the same time, in a number of advanced morpho-
logical characters, such as the increased height of the
tooth crown, the large number and high frequency of
plates, thin enamel, etc., Mammuthus is much closer to
Elephas than to Loxodonta (Maglio, 1973; Dubrovo,
1997). This clearly shows essential differences in the
rates of molecular–genetic and functional–morpholog-
ical evolution and the parallel development of advanced
morphological characters in mammoth and Asian ele-
phant. The latter conclusion follows from the fact that
their common ancestor was also the ancestor of the
African elephant and, hence, its characters could not be
in a more advanced condition than in Loxodonta
(Dubrovo and Rautian, 1999; Rautian and Dubrovo,
1999, 2001, 2003).

The genetic equidistancy of the three genera reflects
the temporal aspect of their divergence and is only indi-
rectly associated with adaptive evolution of elephan-
tids. Thus, molecular–genetic data are interesting not
only as a source of information on new parameters and
can be used not only for estimation of the extent to
which they follow evolutionary transformations at the
morphological level. The main significance of these

data is the fact that they allow available morphological
information to be examined from a new point of view.
In particular, in the case of elephantids, they support the
parallel development of certain key characters.

Over the almost 150 years of the evolutionary era in
biology, extensive data on parallel development in var-
ious plant and animal groups have been accumulated.
Parallelisms have proved to be frequent and inevitable
evolutionary phenomena, rather than rare and isolated
events (Rautian, 1988). The most amazing and well-
grounded examples are parallel reptilization (Olson,
1965; Tatarinov, 1976), mammalization (Tatarinov,
1959; Crompton, 1963), microtization (Agadjanian,
1992), angiospermization (Meyen, 1987; Krassilov,
1989), etc. Now, we can supplement this list with par-
allel elephantization in the lineages of the Asian ele-
phant and mammoth. It is noteworthy that the list is
enlarged in the most scarce part, namely, in the field of
low-rank taxa. The latter is particularly important,
because this shows the essential uniformity of laws and
patterns of macroevolution at different taxonomic levels.

The fact that our interpretation of genetic data on
elephantids agrees with the general rule of parallel evo-
lutionary development indirectly supports the trustwor-
thiness of this interpretation and encourages us to look
for other cases where genetic data can help in the sub-
stantiation of parallel development of certain morpho-
physiological characters.

Differentiation of Vespertilionid Bats

Another interesting example of tentatively simulta-
neous differentiation (adaptive radiation) of a series of taxa
is considered using the example of vespertilionid bats.

We analyzed the data on the nucleotide sequence of
the cytochrome b gene (1140 bp) reported by Stadel-
mann et al. (2004) for representatives of four subfami-
lies of the family Vespertilionidae. Sequences were
aligned using MegAlign (DNASTAR. Inc.) with
default parameters and subsequently modified by eye.
A phylogenetic tree (Fig. 6) was constructed using the
package PAUP*4.0b10 (UPGMA, with HKY85 dis-
tances) (Swofford, 2002). Statistical support for the
nodes was assessed using bootstrap analysis, with
1000 replicates (Felsenstein, 1985). Figure 6a shows a
weak bootstrap support of many nodes; therefore, we
removed all nodes with support less than 60% (Fig. 6b).
For a better understanding of relationships among the
bats considered we also applied the MDS method to the
genetic distances (Fig. 7).

Figures 6b and 7 show that most of the bats consid-
ered form a large cluster (with bootstrap support of
90%) that comprises taxa of different rank, i.e., the sub-
families Murininae (including the genera Harpioceph-
alus Gray, 1842 and Murina Gray, 1842) and Kerivoul-
inae (Kerivoula Gray, 1842) and a series of species of
the genus Myotis Kaup, 1829, including M. muricola
(Gray, 1846), M. evotis (H. Allen, 1864), M. alcathoe
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Helversen et Heller, 2001, M. macropus Gould, 1855,
M. macrotarsus (Waterhouse, 1845), M. ricketti (Tho-
mas, 1894), M. sicarius Thomas, 1915, M. formosus
Hodgson, 1835, M. welwitschii Gray, 1866, M. scotti
Thomas, 1927, M. tricolor Temminck, 1832, M. annectans
(Dobson 1871), and M. vivesi Menegaux, 1901, while
Myotis lesueuri along with M. seabrai as well as the
subfamily Miniopterinae (Miniopterus Bonaparte,

1837) form separate clusters. Thus, a number of bat
taxa are almost equidistant genetically. In addition, it is
possible to disregard certain differences between
genetic distances because of rather high intraspecific
variation (as in the case of elephantids).

On the assumption that genetic substitutions
occurred at approximately the same rate, it is possible
to propose simultaneous (on geological time scale) dif-
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Fig. 6. Phylogenetic trees for vespertilionid bats based on the complete cytochrome b gene sequence; numbers on internal branches
are bootstrap values derived from 1000 replications, %: (a) all nodes are shown and (b) only nodes with more than 60%-bootstrap
support are retained. Designations: (Ha) Harpiocephalus mordax, (Mu.c1) and (Mu.c2) Murina cf. cyclotis, (Mu.l) Murina leuco-
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ferentiation of the large cluster of equidistant taxa as a
result of the same radiation event. This raises the ques-
tion as to whether this radiation event produced sister
taxa of different ranks, or their rank should be revised
(giving all of them, or some of them the same taxo-
nomic rank).

Theoretically, it is not impossible for lineages to dif-
ferentiate simultaneously to produce taxa of different
ranks. This question was considered in detail by
Schwatz (1980), using the example of voles. Therefore,
genetically equidistant taxa are not necessarily of the
same rank. A prominent example is provided by the
genera Homo, Pan, and Gorilla. Many genetic (includ-
ing cytogenetic, biochemical, and molecular) studies
show that these three genera are approximately equidis-
tant genetically, or, more precisely, humans and chim-
panzees are more similar to one another than to gorillas
(Chen and Li, 2001). However, it is generally accepted
that chimpanzee and gorilla belong to the family
Pongidae, while humans are placed in the family Hom-
inidae along with their extinct relatives. This is caused
by the fact that, notwithstanding relatively small
genetic changes, hominids transformed significantly
morphologically, mastered an essentially new adaptive
zone, and created a new form of relationship with the
environment (see, for example, King and Wilson, 1975).

A similar situation of different taxonomic rank in
genetically equidistant taxa may well occur in the bats
considered. Actually, genetic traits do not provide crite-
ria for the establishment of taxonomic rank. Similarly,
there is no way to recognize biologically advanced fea-
tures based on the extent to which taxa differ in genetic
traits. At the same time, evolutionary systematics, with
its hierarchical structure, is based on the principles of
progressive development, recognition of advanced
characters that allow the penetration into new adaptive
zones, along with adaptive radiation in these zones.
This task is only realizable within the framework of the
morphophysiological approach.

Thus, we face the necessity of a division of labor
between the molecular–genetic and morphofunctional
approaches with reference to phylogenetic and taxo-
nomic conclusions: the first gives much for the recon-
struction and understanding of particular lineages, their
continuity, genetic relationships, etc., while the second
enables the recognition of advanced and other derived
characters and reconstruction of natural evolutionary
relationships and, hence, evolutionary systematics. At
the present stage of the development of molecular phy-
logenetics, it is frequently overlooked that the founda-
tion for its reconstructions is primarily provided by
studies at the morphophysiological level, first of all,
those using paleontological material. The rapid develop-
ment of molecular phylogenetic studies combined with
the evident decrease in the intensity of phylogenetic
studies at all other levels of organization is fraught with
the situation that the data forming the basis for molecular
reconstructions would appear to be the weak point.

Thus, in order to support (or change) the taxonomic
structure of the bats under consideration, it is necessary
to consider their taxonomically important characters.

Myotis is the most numerous and most widespread
genus of the entire order Chiroptera. Within the family
Vespertilionidae, the genus Myotis is conspicuous for
the retention of the most primitive dental formula, lack-
ing only one upper incisor, one upper premolar, and one
lower premolar of the complete eutherian armature, and
for the absence of specialized features of cranial struc-
ture and individual tooth form, which characterize
many of the bat genera with limited range (Miller and
Allen, 1928). The majority of species of Myotis display
the following primitive dental characters (Rossina,
2002): three upper and lower premolars; a vertical out-
growth of the cingulum on the anterolingual side of P4;
the presence of conules (paraconule) and lophs (paral-
oph and metaloph) on M1–M3. In addition, members of
the genus Myotis share primitive structural features of
the sternum and, probably, of the basisphenoid. The
basisphenoid fossae are poorly developed, the
basisphenoid is somewhat recessed relative to adjacent
bones (in the dorsal view of the choanal region). A
more primitive structure of the basisphenoid region is
only observed in the African genus Cistugo Thomas,
1912.

Myotis is usually regarded as a primitive genus,
because it is similar in tooth row morphology to the pre-
sumably ancestral form of Kerivoulinae (Miocene) and
to Stehlinia (Eocene) (Slaughter, 1970; Horacek, 1986).

Kerivoula is characterized by the same dental for-
mula and myotodont lower molars as Myotis and differs
in certain other dental characters. Its P3 is only slightly
smaller than P2, while in Myotis it is the smallest of the
upper premolars. P3 of Kerivoula is equal to, or some-
what larger than P2 and is similar in size to P4, which is
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atypical for Myotis (Miller, 1907). In addition to the
dental structure, Kerivoula differs from all other spe-
cies of the family Vespertilionidae in the sternal struc-
ture and certain exterior characters, such as a long tail
(Miller, 1907).

The subfamily Murininae (including Murina and
Harpiocephalus) is clearly distinguished from other
Vespertilionidae by both the exterior features (narial
structure, pattern of hair distribution, etc.) and a num-
ber of dental characters, including the extreme develop-
ment of a circular cingulum in all teeth. The teeth are
massive, robust and usually have blunt apices. P3 is
completely reduced, while P2 is extremely massive and
has a well-pronounced anterolingual projection of the
cingulum and a well-developed heel on the dorsolin-
gual side. The enamel on the buccal side of the massive,
irregularly quadrangular P4 has a unique additional ver-
tical crest deviating from the central cusp.

Unlike other Palearctic chiropters, the upper molars
of the tube-nosed bat have a well-developed stylar shelf
bordered by the cingular crest. The parastyle of each
upper molar in projection on the tooth crown is higher
than the mesostyle, which is atypical of the majority of
the Vespertilionidae. A genus-specific character of
Murina is the murinodont structure of the lower molars,
which is distinct from the nictalodont and myotodont
structural patterns of the lower molars of chiropters
(Rossina, 2003).

Miniopterus markedly differs from all other vesper-
tilionid bats in many characters, including the structure
of hair (Miller, 1907), tongue, and bulbourethral glands
(Tiunov, 1997), embryonic (Gopalakrishna and Karim,
1980; Gopalakrishna and Chari, 1983), and immuno-
logical (Pierson, 1986) characters; the absence of a bac-
ulum (Matthews, 1942); the presence of a tendon lock-
ing mechanism (Simmons, 1998), supplementary vesti-
gial tooth between the upper canine and the first
premolar (Mein and Tupinier, 1977); and the second
phalanx of the third digit being three times as long as
the first phalanx (Miller, 1907). Because of these dis-
tinctions, it has been repeatedly proposed to place Min-
iopterus in a separate family, the Miniopteridae.

Thus, the results of genetic and morphological com-
parisons agree in respect to the early isolation and most
significant deviation of Miniopterus from the other bats
discussed; genetic data provide new evidence for famil-
ial rank of this taxon. At the same time, there is no rea-
son to give identical taxonomic ranks to Murininae,
Kerivoulinae, and certain species of Myotis (i.e., to rise
the species included in the above “large cluster” to
generic or subfamilial rank or to include members of
Murininae and Kerivoulinae in the genus Myotis). This
is because species of Myotis are uniform morphologi-
cally, while the relatively large genetic distances
between them are attributable to a long period of inde-
pendent development, which did not result in the
appearance of advanced morphological characteristics

(the development was relatively slow with reference to
morphofunctional features).

In contrast to Myotis, approximately the same time
interval was enough for the lineages of Murininae and
Kerivoulinae to deviate significantly from the ancestral
taxon; i.e., they evolved morphologically at a higher
rate and acquired considerable distinctions deserving
subfamilial rank.

The positions of Myotis lesueuri and Myotis seabrai
are of special interest. They are at a relatively great
genetic distance from the other species of this genus
and are separated from them by a clear hiatus in the
space of multidimensional scaling (Fig. 7). This is a sit-
uation where genetic data provoke a question as to
whether or not these two species possess taxonomically
significant characters that merit their removal from the
genus Myotis to a separate genus or taxon of a higher
rank. The extent of genetic distinctions alone does not
allow the resolution of such questions.

The conclusion about approximately equal genetic
distances between the above chiropteran taxa is tenta-
tive; as genetic data are enlarged, the support of certain
nodes of the initial tree (Fig. 6a) would probably
increase, and the branching structure would become
more complex than is shown in Fig. 6b. Nevertheless,
we believe that it is expedient to consider this example
in order to outline an important field that virtually
escapes the attention of researchers. The idea that the
same radiation event can lead to the development of dif-
ferent-ranked taxa has usually been neglected in recent
interpretations of genetic data; this results in numerous
attempts to raise the rank of taxa to the highest rank of
sister taxa.

It should be noted that the functions of classical sys-
tematics and phylogenetics were quite different. A tax-
onomist distinguished taxa based primarily on hiatuses
and combined them in a hierarchical system. Subse-
quently, a phylogeneticist (who was frequently, although
not always, the same researcher) provided the system
with a phylogenetic interpretation (reconstruction). The
same system could have been provided with several
alternative phylogenetic reconstructions.

The phylogeneticist often improved the initial sys-
tem based on his phylogenetic reconstruction. Such a
modified system that underwent additional testing in
the course of phylogenetic reconstruction was named a
phylogenetic system.

In the case that a system is only intended for the
visualization of phylogeny, which frequently implies
only a sequence of branching lineages, it can hardly be
taken as a natural system of organisms, because it does
not necessarily reflect essential properties of organ-
isms. S.V. Meyen (personal communication) used to
say that such a system is artificial, whereas any artificial
system, as it is constructed on the basis of properties of
real organisms, is natural.

A taxonomic system based on the order of branch-
ing received from molecular data may be particularly
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surprising, because its taxa may include organisms that
differ strongly in morphophysiological characteristics,
while morphologically similar organisms may fall into
remote taxa.

These statements are illustrated with examples of
some higher taxa of placental mammals.

The progressive accumulation of DNA sequence
data during recent years has provided new important
data on the phylogenetic relationships of various taxa.
In particular, a number of studies was devoted to the
reconstruction of phylogenetic trees for eutherian
mammals on the basis of mitochondrial and nuclear
sequences (Madsen et al., 2001; Murphy et al., 2001a,
2001b; etc.). Extant placentals were divided into three
or four primary clades, which were regarded as super-
ordinal taxa: (I) Afrotheria (including elephants, mana-
tees, hyraxes, tenrecs, golden moles, aardvark, and ele-
phant shrews); (II) Xenarthra (sloths, anteaters, and
armadillos); (III) Euarchontoglires (rodents, lagomor-
phs, primates, flying lemurs, and tree shrews); and
(IV) Laurasiatheria (cetaceans, artiodactyls, perisso-
dactyls, carnivores, pangolins, bats, hedgehogs, moles,
and shrews) (Fig. 8). These phylogenetic reconstruc-
tions are partly consistent and partly markedly discrep-
ant with those generated from morphological studies
(Novacek, 2001).

Relationships of the taxa included in the group
Afrotheria are of special interest, because this group is
clearly defined and separated from other eutherian
groups in a large number of genetic studies. However,
the establishment of the superorder Afrotheria is
incompatible with the evolutionary morphological sys-
tem, because, among other things, its members do not
share any apomorphies. Morphological studies support
the grouping of elephants, hyraxes, and sirenians
(which are combined in the subcohort Paenungulata
Simpson, 1945). However, in addition to Paeunungu-
lata, Afrotheria comprises tenrecs, golden moles, ele-
phant shrews, and aardvarks, the morphophysiological
characters of which disagree with their close positions
in the taxonomic system. Elephant shrews and aard-
varks are presently assigned to separate orders, while
tenrecs and golden moles are generally referred to
insectivores (order Lipotyphla), along with shrews,
moles, and hedgehogs. Thus, acceptance of such group
as Afrotheria would suggest a radical shakeout of the
placental tree in ways not anticipated by morphological
work (Novacek, 2001, p. 573).

In our opinion, this disagreement is resolvable using
the same approach as in the case of vespertilionid bats.
Since genetic and morphophysiological characteristics
reflect different aspects of evolution, such that genetic
data allow one to trace genetic affinity of taxa, but play
a minor role in the establishment of taxa, their ranks,
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and boundaries between them, these tasks remain
within the grasp of the morphophysiological approach.

Thus, it is possible to propose the following inter-
pretation. The phylogenetic lineages that lead to
shrews, moles, hedgehogs, tenrecs, and golden moles
(which are assigned to the order Lipotyphla) deviated
early from the ancestral eutherian stem. During their
long subsequent evolution, they accumulated consider-
able genetic changes, which resulted in the remote
positions of these groups in molecular phylogenetic
trees. However, the rates of morphological evolution
were relatively low, so that these animals retained many
primitive characters up to the present time. Their mor-
phological pattern was restricted to relatively small
invertebrate-eating mammals and was possibly estab-
lished as early as the Late Jurassic under the condition
that the dominant block of the community was com-
posed of dinosaurs (Agadjanian, 2003a, 2003b). Mor-
phological studies of extant and extinct insectivores
strongly suggest that all of them should be assigned to
the same order (for a recent review, see Lopatin, 2005).

The other groups of Afrotheria (orders Mac-
roscelidea, Tubulidentata, Hyracoidea, Proboscidea,
and Sirenia) differentiated later and evolved from a
taxon genetically similar to the ancestors of Tenreco-
morpha and Chrysochloridea, but showed higher rates
of morphological evolution, so that their distinctions
reached the ordinal rank or, in the case of Paenungulata,
the subcohort rank. On the contrary, Tenrecidae,
Chrysochloridae, Soricidae, Talpidae, and Erinaceidae
retained essentially the same morphological pattern as
in the time of their emergence, even when they adapted
to a subterranean mode of life (Chrysochloridae and
Talpidae). Consequently, they do not merit splitting
into several orders, although they differentiated consid-
erably genetically. Thus, it is possible to solve the con-
tradictoriness of Afrotheria by the removal of its taxo-
nomic (superordinal) status, i.e., taking this cluster as a
group comprising genetically related orders and subor-
dinal taxa derived from the ancestral taxon (which com-
prises extinct and extant Lipotyphla).

A similar situation is observed in the case of the
order Cetacea, which is a sister group of the family Hip-
popotamidae within the molecular phylogenetic tree
(Fig. 8). It would have been inexpedient to give Hippo-
potamidae an ordinal rank and consider Hippopotami-
dae + Cetacea to be a superorder (which would have
been opposed to other Artiodactyla). The positions of
Hippopotamidae and Cetacea can be explained by an
almost simultaneous deviation of the lineages leading
to these groups from a common ancestor, followed by
morphological evolution at substantially different rates.
As a result, the Hippopotamidae mostly preserve ances-
tral morphological pattern and, hence, should be
retained in the order Artiodactyla, while cetaceans
underwent considerable morphological changes and
deserve the assignment to a separate order.

The examples of Afrotheria and Cetacea are very
important, because similar contradictions between phy-
logenetic reconstructions based on genetic and mor-
phological data have repeatedly arisen in many studies
and will arise in the future.

CONCLUSIONS

Phylogenetic reconstructions based on genetic and
morphophysiological data often come into conflict, the
basic reason for which is different patterns of evolu-
tionary change at different levels of biological organi-
zation. An important obstacle to the synthesis of results
obtained by different approaches is a profound differ-
entiation of methods generally accepted in different
fields of biology and their mostly independent develop-
ment. Thus, combined consideration of genetic and
morphological data in phylogenetic reconstructions
promises great advantages in the understanding of evo-
lution and its particular phenomena (such as parallel
development, adaptive radiation, and many others). We
believe that the theoretical basis for the synthesis of
results obtained by the studies at different levels is pro-
vided by the theory of stabilizing (canalizing) selection
(Schmalhausen, 1949), which put in order many bio-
logical phenomena.

The rates of evolution at the genetic and morpholog-
ical levels may not only differ considerably, but are
controlled by different factors. Newly obtained genetic
data support Schmalhausen’s idea that phenotypic char-
acteristics are potentially more stable than the genetic
traits providing the basis for their development. The
general rule is that morphofunctional (phenotypic)
characteristics are capable of persisting over potentially
infinite periods of geological history, while genetic
characteristics inevitably change in the course of evolu-
tion. The molecular clock may be fast or slow; however,
many genetic phenomena agree satisfactorily with this
theory and allow estimation of the temporal aspect of
evolution.

As a result of different patterns and rates of evolu-
tion at genetic and morphological levels, the two
approaches supplement each other rather than lead to
unsolvable conflicts. The first gives much to the recon-
struction and understanding of particular lineages, their
continuity, etc., while the second enables the recognition
of advanced and other derived characters and the recon-
struction of natural evolutionary relationships and,
hence, the development of evolutionary systematics.

Sister taxa in molecular phylogenetic trees may dif-
fer in rank. Moreover, it is possible to propose that taxa
combining a relatively low taxonomic rank with high
genetic differences between its members most likely
possess primitive (ancestral) morphophysiological
characteristics. This follows from early differentiation
and, hence, accumulation of genetic substitutions, but a
low rate of morphological change and, hence, retention
of ancestral characteristics and low rank of such taxa



PALEONTOLOGICAL JOURNAL      Vol. 40      Suppl. 4      2006

APPROACHES TO THE RESOLUTION OF CONTRADICTIONS S521

(an example is provided by the genus Myotis in com-
parison with other vespertilionid bats).

Thus, adequate synthesis of data obtained in differ-
ent fields of biology will provide a new insight into the
patterns of evolution and promote the development of
the theory of phylogeny and systematics and result in
the reconstruction of noncontradictory evolutionary
systematics.

ACKNOWLEDGMENTS

We are grateful to A.K. Agadjanian, N.N. Kalan-
dadze, D.E. Shcherbakov (Paleontological Institute,
Russian Academy of Sciences), S.V. Kruskop,
V.S. Lebedev (Zoological Museum of Moscow State
University), and M. Barclay (British Museum, London)
for valuable discussions and to S.V. Goryunova (Insti-
tute of General Genetics, Russian Academy of Sci-
ences) for help in processing genetic data.

This study was supported by the Presidium of the
Russian Academy of Sciences programs nos. 18, 25
“Biosphere Origin and Evolution” and “Historical
Dynamics of Bioresources As a Prerequisite for Their
Conservation and Harmonious Exploitation,” the Rus-
sian Foundation for Basic Research (project nos. 04-
05-64805 and 05-04-48493), and the Russian State Pro-
gram for Support of Leading Scientific Schools (project
no. NSh-6228.2006.4).

REFERENCES

1. A. K. Agadjanian, “Small Mammals from the Pliocene–
Pleistocene of the Russian Plain,” Doctoral Dissertation
in Biology (Paleontol. Inst. Akad. Nauk SSSR, Moscow,
1992).

2. A. K. Agadjanian, “Questions of Early Adaptive Radia-
tion of Mammals,” Paleontol. Zh., No. 1, 78–91 (2003a)
[Paleontol. J. 37 (1), 76–88 (2003a)].

3. A. K. Agadjanian, “Adaptive Radiation of Mammals:
Major Stages,” Paleontol. Zh., No. 2, 73–81 (2003b)
[Paleontol. J. 37 (2), 179–186 (2003b)].

4. V. Barriel, E. Thuet, and P. Tassy, “Molecular Phylogeny
of Elephantidae: Extreme Divergence of the Extant For-
est African Elephant,” CR Acad. Sci. Paris 322, 447–454
(1999).

5. F. C. Chen and W. H. Li, “Genomic Divergences
between Humans and Other Hominoids and the Effec-
tive Population Size of the Common Ancestor of
Humans and Chimpanzees,” Am. J. Hum. Genet. 68,
444–456 (2001).

6. S. S. Chetverikov, “On Certain Points of the Evolution-
ary Process from the Point of View of Modern Genetics,”
Zh. Eksperimental. Biol., Ser. A, No. 2, 3–54 (1926).

7. S. S. Chetverikov, Problems of General Biology and
Genetics (Reminiscences, Research Works, and Lec-
tures) (Nauka, Novosibirsk, 1983) [in Russian].

8. A. W. Crompton, “On the Lower Jaw of Diarthrognathus
and the Origin of the Mammalian Lower Jaw,” Proc.
Zool. Soc. London 140, 441–452 (1963).

9. R. Debruyne, “Molecular Phylogeny of Living Ele-
phants and Discussion on Infraspecific Systematics of
Loxodonta africana and Elephas maximus,” in The
World of Elephants: International Congress (Rome,
2001), pp. 628–629.

10. R. Debruyne, V. Barriel, and P. Tassy, “Mitochondrial
Cytochrome b of the Lyakhov Mammoth (Proboscidea,
Mammalia): New Data and Phylogenetic Analyses of
Elephantidae,” Mol. Phylogenet. Evol. 26, 421–434
(2003).

11. M. Derenko, B. Malyarchuk, and G. F. Shields, “Mito-
chondrial Cytochrome b Sequence from a 33000 Year-
Old Woolly Mammoth (Mammuthus primigenius),” Anc.
Biomol. 1, 149–153 (1997).

12. I. A. Dubrovo, “Fossil Proboscideans,” Geol. Zb. Velenje
Yugosl. 12 (Pliocenski in pleistocenski vretencarji saleske
Kotline in Primerjava s sirsim prostorom), 159–197
(1997).

13. I. A. Dubrovo and G. S. Rautian, “Comparative Analysis
of Genetic Diversity in Mammoth,” in 2nd International
Mammoth Conference, Amsterdam, May 17–21 (Amster-
dam, 1999), pp. 15–17.

14. J. Felsenstein, “Confidence-limits on Phylogenies with a
Molecular Clock,” Syst. Zool. 34, 152–161 (1985).

15. S. M. Gershenzon, “Mobilization Reserve of Intraspe-
cific Variation,” Zh. Obshch. Biol. 2 (1), 85–107 (1941).

16. A. Gopalakrishna and G. C. Chari, “A Review of the
Taxonomic Position of Miniopterus Based on Embryo-
logical Characters,” Curr. Sci. 52, 1176–1180 (1983).

17. A. Gopalakrishna and K. B. Karim, “Female Genital
Anatomy and the Morphogenesis of Foetal Membranes
of Chiroptera and Their Bearing on the Phylogenetic
Relationships of the Group,” Nat. Acad. Sci., India Golden
Jubilee Commemoration Volume, 380–428 (1980).

18. E. Hagelberg, M. G. Thomas, Ch. E. Cook, et al., “DNA
from Ancient Mammoth Bones,” Nature 370, 333–334
(1994).

19. J. Hauf, A. Bauer, N. Chalwatzis, et al., “Selective
Amplification of a Mammoth Mitochondrial Cyto-
chrome b Fragment Using an Elephant-specific Primer,”
Curr. Genet. 27, 486–487 (1995).

20. J. Hauf, U. Joger, F. K. Zimmermann, et al., “Protein and
Nucleic Acid Sequences of Woolly Mammoth Cyto-
chrome b and the Phylogenetic Position of Mammuthus
within the Elephantidae,” Deinsea Rotterdam 6 (Suppl.:
Mammoths and the Mammoths Fauna: Proceedings of
the First International Mammoth Conference, St. Peters-
burg, Russia, Ed. by G. Haynes, J. Klimowicz, and
W. Reumer), pp. 211-217 (1999).

21. J. Hauf, N. Chalwatzis, U. Joger, and F. K. Zimmer-
mann, “The Complete Mitochondrial Genome Sequence
of the African Elephant (Loxodonta africana) and Its
Implication for the Assessment of the Systematic Posi-
tion of the Proboscidea,” Zoology 102, 184–195 (2000).

22. I. Horacek, “Kerivoula (Mammalia, Chiroptera), a Fossil
in Europe?,” Acta Univ. Carolinae, Geol. Spin., No. 2,
213–222 (1986).

23. M. Höss, M. Pääbo, and N. K. Vereshchagin, “Mammoth
DNA Sequences,” Nature 370, 333 (1994).

24. U. Joger, G. Garrido, J. Hauf, et al., “Genetic Investiga-
tions on Mammoth (Mammuthus primigenius),” Deinsea
9, 205–220 (2003).



S522

PALEONTOLOGICAL JOURNAL      Vol. 40      Suppl. 4      2006

RAUTIAN et al.

25. M. Kimura, The Neutral Theory of Molecular Evolution
(Cambridge Univ. Press, Cambridge, 1983).

26. M.-C King and A. C. Wilson, “Evolution at Two Levels:
Molecular Similarities and Biological Differences
between Humans and Chimpanzees,” Science 188, 107–
116 (1975).

27. V. A. Krassilov, “Origin and Early Evolution of Flower-
ing Plants” (Nauka, Moscow, 1989) [in Russian].

28. J. Krause, P. H. Dear, J. L. Pollack, et al., “Multiplex
Amplification of the Mammoth Mitochondrial Genome
and the Evolution of Elephantidae,” Nature Publishing
Group (2005) (doi:10.1038/nature04432)

29. J. B. Kruskal, “Nonmetric Multidimensional Scaling:
A Numerical Method,” Psychometrika 29 (2), 115–129
(1964).

30. A. V. Lopatin, “Early Paleogene Insectivores and Mod-
ern Taxonomic System of Lipotyphla,” in Modern Pale-
ontology: Classical and New Methods (Paleontol. Inst.
Ross. Akad. Nauk, Moscow, 2005), pp. 133–154 [in
Russian].

31. J. M. Lowenstein, “Radioimmune Assay of Mammoth
Tissue,” Acta Zool. Fen. 170, 233–235 (1985).

32. O. Madsen, M. Scally, C. J. Douady, et al., “Parallel
Adaptive Radiations in Two Major Clades of Placental
Mammals,” Nature 409, 610–614 (2001).

33. V. J. Maglio, “Origin and Evolution of the Elephan-
tidae,” Trans. Am. Phil. Soc., New Ser. 63 (3), 1–149
(1973).

34. L. H. Matthews, “Notes on the Genitalia and Reproduc-
tion of Some African Bats,” Proc. Zool. Soc. London,
Ser. B 111, 289–346 (1942) (after Hoofer and Bussche,
2003).

35. P. Mein and Y. Tupinier, “Formule dentaire et position
systematique du Minioptere (Mammalia, Chiroptera),”
Mammalia 41, 207–211 (1977).

36. S. V. Meyen, Fundamentals of Paleobotany (Nedra,
Moscow, 1987) [in Russian].

37. G. S. Miller, Jr., and G. M. Allen, “The American Bats of
the Genera Myotis and Pizonyx,” Smithson. Inst. US Nat.
Mus. 144, 1–218 (1928).

38. G. S. Miller, Jr., “The Families and Genera of Bats,”
Bull. US Nat. Mus. 57, 1–282 (1907).

39. H. J. Muller, “Our Load of Mutations,” Am. J. Hum.
Genet. 2, 111–176 (1950).

40. W. J. Murphy, E. Eizirik, W. E. Johnson, et al., “Molec-
ular Phylogenetics and the Origins of Placental Mam-
mals,” Nature 409, 614–618 (2001a).

41. W. J. Murphy, E. Eizirik, S. J. O’Brien, et al., “Resolu-
tion of the Early Placental Mammal Radiation Using
Bayesian Phylogenetics,” Science 294, 2348–2351
(2001b).

42. M. Noro, R. Masuda, I. A. Dubrovo, et al., “Molecular
Phylogenetic Inference of the Woolly Mammoth Mam-
muthus primigenius, Based on Complete Sequence of
Mitochondrial Cytochrome b and 12S Ribosomal RNA
Genes,” J. Mol. Evol. 46, 314–326 (1998).

43. M. J. Novacek, “Mammalian Phylogeny: Genes and
Supertrees,” Curr. Biol. 11 (14), 573–575 (2001).

44. E. C. Olson, The Evolution of Life (Wedenfeld and
Nicolson, London, 1965).

45. T. Ozawa, S. Hayashi, and V. M. Mikhelson, “Phyloge-
netic Position of Mammoth and Steller’s Cow within
Tethitheria Demonstrated by Mitochondrial DNA
Sequences,” J. Mol. Evol. 44, 406–413 (1997).

46. N. Poulakakis, G. E. Theodorou, E. Zouros, and
M. Mylonas, “Molecular Phylogeny of the Extinct Pleis-
tocene Dwarf Elephant Palaeoloxodon antiquus falcon-
eri from Tilos Island, Dodekanisa, Greece,” J. Mol. Evol.
55, 364–374 (2002).

47. E. D. Pierson, “Molecular Systematics of the Microchi-
roptera: Higher Taxon Relationships and Biogeography,”
PhD Thesis (Univ. California, Berkeley, 1986).

48. A. S. Rautian, “Paleontology As a Source of Information
on the Laws and Factors of Evolution,” in Modern Pale-
ontology (Nedra, Moscow, 1988), Vol. 2, pp. 76–118 [in
Russian].

49. G. S. Rautian and I. A. Dubrovo, “Data on DNA Give
Evidence for Parallel Development of Mammoths and
Elephants,” in 4th Congress of the Theriological Society:
Abstracts (Moscow, 1999), p. 212 [in Russian].

50. G. S. Rautian and I. A. Dubrovo, “The Results of DNA
Examination in Mammoth,” in Mammoth and Its Envi-
ronment: 200 Years of Studying (Geos, Moscow, 2001),
pp. 112–123 [in Russian].

51. G. S. Rautian and I. A. Dubrovo, “Data on DNA Give
Evidence for Parallel Development in Mammoths and
Elephants,” Deinsea 9, 381–394 (2003).

52. A. L. Roca, N. Georgiadis, J. Pecon-Slattery, and
S. J. O’Brien, “Genetic Evidence for Two Species of
Elephant in Africa,” Science 293, 1473–1477 (2001).

53. V. V. Rossina, “Odontology of Myotis of Palearctic,” Ple-
cotus et al. 5, 11–28 (2002).

54. V. V. Rossina, “Murinodonty As a Special Structural
Type of Lower Molars of Bats,” Plecotus et al. 6, 3–6
(2003).

55. I. I. Schmalhausen, Organism as the Whole in Individual
and Historical Development (Akad. Nauk SSSR, Mos-
cow, 1938) [in Russian].

56. I. I. Schmalhausen, Factors of Evolution: The Theory of
Stabilizing Selection, Ed. by Th. Dobzhansky (Blaki-
ston, Toronto, 1949).

57. S. S. Schwatz, Ecological Patterns of Evolution (Nauka,
Moscow, 1980) [in Russian].

58. A. P. Semenov-Tyan-Shanskii, “Taxonomic Boundaries
of Species and Its Subdivisions: An Attempt at Precise
Categorization of Lower Taxonomic Units,” Zap. Akad.
Nauk St. Peterb., Ser. 8 25 (1), 1–29 (1910).

59. N. B. Simmons, “A Reappraisal of Interfamilial Rela-
tionships of Bats,” in Bat Biology and Conservation, Ed.
by T. H. Kunz and P. A. Racey (Smithsonian Inst., Wash-
ington, 1998), pp. 3–26.

60. G. G. Simpson, The Major Features of Evolution
(Columbia Univ. Press, Columbia, 1953).

61. B. H. Slaughter, Evolutionary Trends of Chiropteran
Dentitions (Soutbern Metodolodist Univ. Press, Dallas,
1970), pp. 51–83.

62. B. Stadelmann, D. S. Jacobs, C. Schoeman, and
M. Ruedi, “Phylogeny of African Myotis Bats (Chiroptera,
Vespertilionidae) Inferred from Cytochrome b Sequences,”
Acta Chiropt. 6 (2), 177–192 (2004).



PALEONTOLOGICAL JOURNAL      Vol. 40      Suppl. 4      2006

APPROACHES TO THE RESOLUTION OF CONTRADICTIONS S523

63. D. L. Swofford, “PAUP*: Phylogenetic Analysis Using
Parsimony (*and Other Methods): Version 4” (Sinauer
Ass., Sunderland Massachusetts, 2002).

64. L. P. Tatarinov, Morphological Evolution of Theriodonts
and General Questions of Phylogenetics (Nauka, Mos-
cow, 1976).

65. L. P. Tatarinov, “The Origin of Reptiles and Some Princi-
ples of Their Classification,” Paleontol. Zh., No. 4, 65–84
(1959).

66. M. G. Thomas, E. Hagelberg, H. W. Jones, et al.,
“Molecular and Morphological Evidence on the Phylog-
eny of the Elephantidae,” Proc. R. Soc. London, Ser. B
267, 2493–2500 (2000).

67. N. V. Timofeev-Resovsky, “Microevolution: Elementary
Evolutionary Events, Materials, and Factors of the Evo-
lutionary Process,” Botan. Zh. 43 (3), 317–336 (1958).

68. M. P. Tiunov, Bats of the Far East of Russia (Dal’nauka,
Vladivostok, 1997) [in Russian].

69. A. Valente, “Hair Structure of the Woolly Mammoth
Mammuthus primigenius and the Modern Elephants,
Elephas maximus and Loxodonta africana,” J. Zool.
(London) 199, 271–274 (1983).

70. H. Yang, E. M. Golenberg, and J. Shoshani, “Phyloge-
netic Resolution within the Elephantidae Using Fossil
DNA Sequence from the American Mastodon (Mammut
americanus) As an Outgroup,” Proc. Nat. Akad. Sci. 93,
1190–1194 (1996).

71. E. Zuckerkandl and L. Pauling, Evolution Divergence
and Convergence in Proteins, Evolving Genes and Pro-
teins (Academic Press, New York, 1965), pp. 97–166.


