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birds, young males do not have the
option
of initially
breeding
in
pairs33. Tasmanian native hen (Tribonyx mortierii) males have limited
opportunities
to
mate
monogamously because of a male-biased
sex ratio; polyandrous matings are
an adaptive alternative
because
trios raise more young than pairs,
and because polyandrous
males
tend to be closely related34. In
neither of these species, however,
are the high costs of parental care
the primary reason for polyandry,
as appears to be the case in tamarins. Thus, cooperative polyandry
seems not to be a phenomenon
with a single cause, but to occur in
for
different
different
species
reasons.
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The Relationshipsof the Major Group
of Mammals: New Approaches
Michael J. Benton
Systematically,
mammuls must be the
most intensively studied group of organisms. Yet the relationships Between the
major orders - Gats, whales, primates,
rodents, insectivores, elephants, and so on
- are still controversial. New systematic
approaches, including molecular sequencing studies and cladisitic analyses of morphological data, have given rise to a number of new phylogenetic hypotheses, 6ut
only a few sister-group relationships seem
to have general support. These hypotheses
are depicted in the accompanying centrepage diagram.
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The Class Mammalia is generally
divided
into
three
subclasses:
Monotremata,
Metatheria
(marsupials) and Eutheria (placentalsl.
Monotremata are regarded as the
sister group of the Metatheria plus
Eutheria (= TheriaI since the latter
two groups share several derived
characters (synapomorphiesl
such
as separate anal and urogenital
openings, loss of the eggshell, and
mammary glands with teats. The
various
orders
of Eutheria
are
grouped together since they all
share the chorioallantoic placenta,
prolonged
gestation,
a median
vagina, and several other synapomorphies. The problems in clas-
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sification concern the arrangement
of the 18 or so placental orders.
An early phylogeny of placental
mammals
was
presented
by
Gregory’ in 1910 (see centrepage
diagram). Gregory grouped edentates with pholidotans (pangolins),
and
rodents
with
lagomorphs
(rabbits)-two
fairly
unsurprising
associations.
He also linked primates
with
scandentians
I tree
shrews), and those two with chiropterans (bats) plus dermopterans
(flying lemurs), in a major group
termed Archonta, and all four of
these with insectivores. This kind of
grouping
has also appeared in
various other proposed classifications. The most striking
part of
Gregory’s scheme of relationships
is that he split up the ungulates,
the
moderateand large-sized
hoofed plant-eaters. He paired the
artiodactyls (pigs, cattle, deer) with
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the carnivores, and those two with
the cetaceans (whales). The other
‘ungulate’ groups
form
another
which
proboscideans
clade
in
(elephants) pair successively with
sirenians
(sea cows), hyracoids,
perissodactyls (horses, rhinos) and
tubulidentates
(aardvarks).
Subsequently,
early
mammal
faunas were intensively studied by
palaeontologists such as Matthew2.
It became clear that during the
initial
radiations
of Palaeocene
placental mammals 60 million years
ago, there were many forms that are
hard to classify in one or other of
the modern orders. These discoveries seemed to blur the formerly
clear-cut boundaries between the
orders, leading to a general view
that it would be virtually impossible to produce a highly resolved
pattern of relationships
such as
Gregory’s,
Simpson typified this attitude in
his
landmark
‘Classification
of
Mammals’3 in which he showed
most of the orders arising in a great
‘bush’ with very few resolved pairs
of sister groups (see centrepage
diagram). He followed Gregory in
pairing rodents and lagomorphs. All
other orders were placed in two
great groups:
insectivores,
dermopterans, chiropterans, primates,
pholidotans
and
edentates
as
the group Unguiculata; carnivores,
tubulidentates,
perissodactyls, artiodactyls, hyracoids, sirenians and
proboscideans
as
Ferungulata.
Within
Simpson
Ferungulata,
grouped proboscideans,
sirenians
and hyracoids
as Gregory had
done.
The
major
assemblages
Unguiculata and Ferungulata have
not been strongly supported
by
subsequent authors, nor did Simpson himself
express great confidence in their validity. However,
one aspect of his 1945 classification
- the ‘bush’ model - has had great
influence on the interpretation
of
mammalian relationships
and phylogeny.
Simpson himself expressed this
clearly in 1978 when he argued that
all or most of the eutherian orders
were polychotomous in origin -that
they all arose at essentially
the
same time and branched out in a
rapid adaptive radiationd. This view
has led to a strong rejection of
attempts to resolve the evolutionary tree even to the extent that
Gregory attempted;
the task has

been reckoned by some to be
virtually impossible or futile. Gingerich wrote in 1986: ‘The phyletic
history of mammals is not a uniform
series of evenly spaced dichotomies but involves a much smaller
number of major multichotomies
in
which the component dichotomies
are closely packed (and probably
in many cases unresolved)
in
time15. This view has been rejected
by molecular systematists
and by
cladists.
Both
techniques
have
yielded apparently well-supported
dichotomies,
or pairings, of eutherian orders, but in many cases
the task of resolving the ‘bush’ of
placental orders has not proved to
be easy. This might suggest that
certain branching events occurred
in close succession
during
the
Palaeocene and Eocene radiation
of the mammals,
since unique
shared derived characters fsynapomorphiesl
seem to be minor features that are hard to detect.
Cladisticanalyses
A number of cladistic analyses of
morphological
characters of the
Eutheria have now been published.
McKenna6 found synapomorphies
in support of a pairing of macroscelideans (elephant shrews) and
lagomorphs, and (tentatively) those
two with rodents (see centrepage
diagram). He also grouped primates, chiropterans, dermopterans
and scandentians in an unresolved
tetrachotomy.
He established
an
‘ungulate’
consisting
of
group
artiodactyls
plus
tubulidentates,
cetaceans, hyracoids plus perissodactyls,
and
sirenians
plus
proboscideans.
He was unable to
place the pholidotans,
carnivores
or insectivores with any degree of
confidence, but argued that the
edentates
were the most primitive order of placentals. Novacek’s7
cladistic
analysis
provided
an
even less resolved cladogram (see
centrepage
diagram),
but
with
some points of resemblance
to
McKenna’s diagram. The edentates
are placed as the sister group to all
other placentals; the rodents, lagomorphs and macroscelideans form
a clade, as do the hyracoids, sirenians
and proboscideans,
and
the pholidotans
and carnivores
are given an ambiguous position.
Novacek provided a less resolved
‘ungulate’ group than did McKenna,
but a more resolved
group in

which he paired chiropterans and
dermopterans,
and
insectivores
plus(?) primates.
A third
cladogram
was developed
by Shoshanis
in which
edentates
and pholidotans
are
seen as the most primitive
eutherians (see centrepage diagram).
The
remaining
orders
fall into
four groups: cetaceans, hyracoids,
proboscideans,
sirenians;
tubulidentates, perissodactyls, artiodactyls; carnivores, primates, scandentians, dermopterans,
chiropterans;
and macroscelideans, lagomorphs,
rodents.
This
differs
from
the
McKenna and Novacek schemes in
splitting
the ‘ungulates’ between
two groups, and in associating the
second of these with the carnivores,
primates, and so on. Shoshani also
found evidence to pair the carnivores closely with the primates,
Novacek, Wyss and McKenna9
have reviewed all morphologicallybased cladograms of Eutheria in
some detail, and their final cladogram (see centrepage diagram) is
most like that of Novacek, but it is
less resolved
in some respects.
They pair edentates and pholidotans, but no longer divide the rest
of the eutherians into two major
groups - the ‘ungulates’ and the
insectivores,
primates, carnivores,
and so on are now all united in a
single ‘bush’. The only resolved
groups
within
this
clade are:
scandentians,
primates,
dermopterans,
chiropterans;
macroscelideans, lagomorphs, rodents;
and
hyracoids,
sirenians,
proboscideans. The last two clades have
shown a certain ‘robustness’ in that
they are seen in some form in all
analyses from Gregory’ onwards.
Why are these clades generally
accepted when all other attempts
at resolving the eutherian cladogram have proved to be so difficult? A comparison of the kinds of
synapomorphy
used for some of
the postulated
relationships
may
give an idea of the problems involved.
The ‘strong’ clade Glires (Lagomorpha + Rodentia) is defined by
12 synapomorphies
of the skull,
teeth and foetal development9,
such as the well-known continuously growing large incisors. These
characters have been used since
Gregory’s1 day to define Glires,
although many rodent specialists
abandoned the idea of a special
4
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these cladograms seem to be relatively stable (for instance,
the close relationship of Proboscidea and Sirenia, and the
primitive position of Edentata), but most orders appear in a
variety of possible positions. Resolution of the cladograms
can only come from careful review of anatomical homologies
and reassessments of new protein and DNA sequence data.
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(Luckett, W. R. and Szalay, F. S etlsi
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relationship
between rodents and
lagomorphslO, and molecular data
do not support the clade (see below).
The other ‘strong’ clade, Paenungulata (Hyracoidea
+ Sirenia
+
Proboscideal,
is defined by five
synapomorphies
of the skull, the
skeleton and foetal development9.
The Sirenia plus Proboscidea form
a clade within Paenungulata that is
defined by six synapomorphies
of
the skull
and teeth9. Even an
apparently robust grouping such as
the Paenungulata is by no means
accepted by all systematists.
For
that
example,
Fischer’ I argues
the postulated synapomorphies
of
Paenungulata are parallelisms,
and
thus of no systematic
value, and
that the hyracoids are the sister
group of the perissodactyls.
When the ‘robust’ mammalian
clades are still under dispute, it is
not surprising that systematists
are
not very confident about the ‘weaker’ clades. Novacek et o/.9, indeed,
were unable to find any convincing
evidence in support of an ungulate
clade, while other author+’ ‘,‘* prefer to regard it as valid on the basis
of a very small number of postulated synapomorphies
of the teeth,
the skull and the skeleton.
The
new large-scale
cladistic
analyses are forcing detailed reconsiderations of mammalian anatomy
as systematists
seek
potential
synapomorphies.
The problems in
identifying
synapomorphies
are
surprising in view of the amount of
study that has been devoted to
mammals. Do the molecular analyses provide a coherent pattern of
mammalian phylogeny?
Molecular dataon phylogeny
Molecular sequence data have
been available for certain mammalian taxa for over 20 years, and
numerous
attempts
have been
made to reconstruct mammal phylogeny from these data. For example, Romero-Herrera
and othersi
calculated trees for 18 mammalian
taxa on the basis of comparisons of
their myoglobin
sequences.
This
small analysis picked out Primates,
Cetacea and, more tentatively, Ungulata as individual clades.
More
recent
molecular
phylogenies of Mammalia have been
able to incorporate 62 eutherian
taxa, representing
nearly all extant

orders (excluding Dermoptera and
Macroscelideal for a cross-section
of eight polypeptides
(a- and plens
haemoglobin,
myoglobin,
cw-crystallin A, fibrinopeptides
A
and B, cytochrome c, and ribonuclease)7,‘3-‘5. The total data set
consists of 280 individual sequences16. The most complete analysisI
gave a cladogram (see centrepage
diagram) that can be compared
with
the
morphologically-based
cladograms.
Miyamoto and Goodman’s analysis picked out five major mammalian groups. The edentates were
separated
from
all
other
eutherians, as in most of the cladistic
analyses. The paenungulates were
paired with tubulidentates,
the
perissodactyls
artiodactyls
and
with cetaceans, the primates with
Glires, and a large assemblage of
chiropterans
plus
scandentians
plus insectivores
plus carnivores
plus pholidotans was established.
The degree of resolution
of this
molecular phylogeny is similar to
the recent morphologically-based
cladograms (see centrepage diagram) and many unresolved multichotomies remain.
Earlier cladograms by members
of the Goodman team, using parts
of the same data set, have produced phylogenies that differ from
.the complete analysis
in certain
respects, particularly
in the placings
of
Insectivora,
Carnivora,
Rodentia
and PhoIidota7,14f15. In
one study14, the monotremes were
placed within
Eutheria,
and the
artiodactyls were split in two, with
bovids
linked
to perissodactyls,
and the others with cetaceans.
reanalyses
of
Some
recent
molecular
data, in which cladograms were compiled for individual
molecules”~t6~17, have deepened
the confusion. For example, some
myoglobin data linked lagomorphs,
insectivores
and bats, while lens
cr-crystallin A data linked
lagomorphs,
rodents and primatesl7.
Another analysis of myoglobin data
actually split the lagomorphs into
two separate clades. Clearly, there
are also serious problems with the
molecular approach to phylogeny
reconstruction for mammals.
Problems and prospects
One problem is the patchiness of
available data. For example, where-
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as Miyamoto and Goodman’6 could
call upon molecular sequences for
21 species of primates and 14 of
artiodactyls, they had data for only
one taxon of other orders (chiropterans, edentates, hyracoids, pholisirenians,
dotans,
scandentians,
tubulidentates).
It is clear that
analysis of more protein sequences
is required.
A second problem is that the
tree-generating computer programs
seek the ‘most parsimonious’ solution from a complex matrix of data.
The programs are designed to draw
a tree that involves minimal parallelism
and reversal, but both of
these phenomena are of course
very common. In reality, the ‘most
parsimonious’ tree may be only a
fraction of I% more parsimonious
than a large number of other possible tree solutions. If evolution is
not parsimonious
(and there is no
evidence that it is), one can arrive
at a large number of ‘highly parsimonious’ trees which suggest all
kinds of conflicting cladistic relationships.
Indeed, Wyss
et alI8
found that each molecular analysis
gave rise to more than one ‘most
parsimonious’
tree. They believe
that it would be premature
to
accept a particular
cladogram
based on molecular data other than
in a highly provisional
way since
the results are so variable.
Certain molecular
phylogenists
have criticized
the morphological
approach to phylogeny reconstruction in mammals. Miyamoto and
Goodman’6 note the lack of resolution in the McKenna and Novacek
cladograms: ‘the consensus of the
traditional
viewpoint largely supports only a bush, rather than a
dichotomous
tree’. Indeed,
the
apparent lack of success of ‘traditional’ anatomists
and palaeontologists at resolving the phylogeny
of mammals must be frustrating to
them.
However,
the molecular
technique has not yet produced the
phylogeny
either. It suffers from
problems in the data set and in the
method of analysis. Until a technique is established
for detecting
significant
cladistic
events,
and
distinguishing
them
from other
‘random’ changes in molecular sequences, and from ‘multiple-hit’
phenomena (where more than one
substitution
takes place at a site),
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the unsatisfactory
maximum parsim3ny criterion will have to suffice.
The techniques of cladistic analysir; of morphological
data and
molecular
phylogeny
reconstruction have now been applied to the
M,ammalia for over ten years and
the results have not lived up to the
expectations
of either
group of
ar alysts.
However, broad assessments of the few areas of agreement and those of disagreement
are necessary9f18 before any resolution can be achieved. It would be
foolish to assume that one method
is more likely to achieve success
than the other.
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Physiological and chemical traits of many
plblnt species change in response to real or
sinzulated herbivory. These changes often
have significant
impacts on behavior,
growth, survivorship, feeding and oviposition of insects. However, evidence that
plernts gain direct or indirect protection
from insect enemies thereby is equivocal at
pn!sent. Evidenceis lacking for an impact
of induced defenses on insect population
dynamics, 6ut few studies have sought it.
M’,re detailed studies of plant physiology,
biochemistry, genetics and net benefit to
individual plants ure needed to identify the
adaptive significance of induced defenses.
Plants have long been known to
respond
to pathogen attack by
changing cell or tissue structure or
b;/ producing chemical deterrents’.
The
observation
that
similar
changes might occur in response to
herbivore attack is more recent2.
Siudy of these changes, called ‘induced defenses’ because of their
presumed protective effects’, has
greatly accelerated in the past ten
years. At least 50 examples
of
changes in physiological
or morphological traits, or in bioassay results related to real or simulated
herbivory
have been published
since 1974, involving well over 40
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PlantResponsesInducedby
Herbivores
Jack C, Schultz
plant species. Various aspects of
the subject have been reviewed in
the last four years’-4.
Because plants
possess
many
passive characters which may protect them against herbivores,
responses to herbivore stimuli must
be distinguished
from ‘constitutive’
traitslJf5 which may change in response to other external or internal
influences (e.g. weather, tissue age)
but are otherwise stable. For example, leaf phenolic composition and
concentrations
in Acer saccharum
vary seasonally,
with
leaf age
and position,
among individuals,
among sites, and through timeb,
but also change in response
to
pathogen infection7 and artificial
defoliatior?. Only the last variation
can be said properly
to be ‘induced’ by damage. Induced responses
are therefore a form of
phenotypic
plasticity
expressed
in
response
to
stimuli
from
herbivores.
Responses
are very
diverse.
Changes in both current growth and
regrowth following
damage have
been called ‘induced responses”-4.
In some cases, regrowth tissues differ from those actually damaged by
00

herbivores only because they are
youngerg. In these
cases, it is
doubtful that the plant ‘responds’
to herbivore stimuli by altering its
traits; damage merely alters the
frequencies of tissues that ordinarily differ in constitutive traits. If the
herbivore can only use older tissues, such a plant could become
more
‘resistant“?
however,
the
same plant may become more susceptible to a herbivore preferring
younger tissues. Similarly,
the production of younger tissues
out of
their normal phenological schedules (e.g. young tree leaves late in
the growing season) could reduce
or increase plant susceptibility
to
some herbivores
within a single
generation’,‘.
Herbivore attack may also shift
phenology of perennial plants in
subsequent years’,2. For herbivores
restricted to feeding on tissues of a
specific age, this may desynchronize herbivore and plant life histories,
making the plants
more
resistantlO.
This
is one way that
feeding by one herbivore generation could have an impact on performance of the next. Responses
like these, which act over more than

