
 

Biological Journal of the Linnean Society

 

, 2003, 

 

80

 

, 23–36. With 2 figures

© 2003 The Linnean Society of London, 

 

Biological Journal of the Linnean Society, 

 

2003, 

 

80

 

, 23–36

 

23

 

Blackwell Science, LtdOxford, UKBIJBiological Journal of the Linnean Society0024-4066The Linnean Society of London, 2003? 2003
801
2336
Original Article

HEXAPOD DIVERSIFICATION
P. J. MAYHEW

 

Correspondence. E-mail: pjm19@york.ac.uk

 

A tale of two analyses: estimating the consequences of 
shifts in hexapod diversification

 

PETER J. MAYHEW

 

Department of Biology, University of York, PO Box 373, York YO10 5YW, UK

 

Received 2 September 2002; accepted for publication 31 January 2003

 

I present a novel descriptive (non-statistical) method to help identify the location and importance of shifts in diver-
sification across a phylogeny. The method first estimates radiation rates across terminal higher taxa and then sub-
jects these rates to a parsimony analysis across the phylogeny. The reconstructions define the magnitude, direction
and influence of past shifts in realized diversification rates across nodes. I apply the method to data on the extant
hexapod orders. The results indicate that the Coleoptera (beetles) and Diptera (flies) have contributed large upward
shifts in diversification tendency, without which, under the model employed, global species richness would be
reduced by 20% and 6%, respectively. The origin of Neoptera (insects with wing flexion), identified elsewhere as a sig-
nificant radiation, may represent a large positive, a large negative or zero influence on current species richness,
depending on the assumed phylogeny and parsimony method. The most influential radiations are attributable to the
origin of the Eumetabola (insects with complete metamorphosis plus bugs and their relatives) and Pterygota (winged
insects), but there is presently only weak evidence that they represent significant shifts in underlying diversification
tendency. These analyses support some but not all results of previous phylogenetic analyses and the identity of the
most important shift therefore remains elusive. New methodology involving comparisons across multiple taxa is
likely to be necessary. © 2003 The Linnean Society of London, 
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INTRODUCTION

 

Which evolutionary events have given our planet its
distinctive taxonomic signature? This question domi-
nates the field of macroevolution (Stanley, 1979), a
field that has received impetus from new phylogenies
combined with methodology for extracting informa-
tion about cladogenesis and extinction (see Harvey

 

et al

 

., 1991; Nee, May & Harvey, 1994; Heard &
Hauser, 1995; Nee, Barraclough & Harvey, 1996; Pur-
vis, 1996; Sanderson & Donoghue, 1996; Mooers &
Heard, 1997; Paradis, 1998; Nee, 2001).

The majority of new macroevolutionary studies
have tested associations between repeatedly evolved
traits and their effects on rates of cladogenesis (see
Barraclough, Vogler & Harvey, 1999). Such studies are

motivated partly by the need for statistical rigour in
determining the causes of macroevolutionary events,
which repeated evolutionary events allow. However
such studies in themselves may fail to include the
most important macroevolutionary events. The major-
ity of extant species have probably resulted from rel-
atively few extremely influential radiations, a fact
implied by the ‘hollow curve’ nature of ranked plots of
the species richness of higher taxa (see Williams,
1964; Mooers & Heard, 1997). For such radiations,
three fundamental questions may be asked. First, do
they represent true changes in the underlying rate of
diversification? Second, are they important in a
macroevolutionary sense? Third, what caused them?
Though the first and third questions are commonly
addressed in the literature, answers to the second
have not been rigorously attempted. In this paper I
address the second question in relation to hexapod
diversification.
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The most sizeable radiations in the history of life
are likely to have occurred amongst the Metazoa. Ani-
mals make up about 75% of described macroscopic
species (Southwood, 1978), but most animal phyla con-
tain very few species. The arthropods make up the
vast majority of animal species and can be considered
a significant radiation amongst metazoan phyla (Nee

 

et al

 

., 1996). In turn the bulk of arthropod species are
from the superclass Hexapoda (insects and their six-
legged relatives) constituting about 57% of described
macroscopic species. At least five events in hexapod
evolution are commonly cited as being of macroevolu-
tionary importance: the origin of the Insecta (insects),
Pterygota (winged insects), Neoptera (insects with
wing flexion), Holometabola (insects with complete
metamorphosis) and Coleoptera (beetles) (e.g. Hutch-
inson, 1959; Evans, 1984; Carpenter & Burnham,
1985; Carpenter, 1992; Gullan & Cranston, 2000;
Yang, 2001). In a previous study (Mayhew, 2002) I
used nested sister-clade comparisons across the hexa-
pod phylogeny (see Nee & Harvey, 1994; Nee 

 

et al

 

.,
1996) to investigate if these and other groups repre-
sent significant shifts in diversification tendency. I
showed that the Neoptera (or a slightly less inclusive
group) probably do, whilst the Insecta, Pterygota, and
Holometabola probably do not. In addition the
Coleoptera and Diptera (flies) have probably diversi-
fied faster than their sister groups. The question here
is: what was the macroevolutionary impact of these
different shifts?

To evaluate the impact of shifts in diversification on
present species richness, we need first to establish the
magnitude and direction of the changes involved
across nodes. However, it is often unclear if a signifi-
cant difference between two taxa results from an
increase in the diversity of one taxon, a decrease in the
diversity of the other, or both. Comparisons with an
outgroup are necessary to distinguish these hypothe-
ses. Sophisticated maximum likelihood procedures
(Sanderson & Donoghue, 1994), as well as nested
sister-taxon comparisons (see Nee & Harvey, 1994;
Nee 

 

et al

 

., 1996), can potentially distinguish the alter-
natives in the context of three-taxon phylogenies,
which are the simplest and most tractable case. How-
ever, using only three taxa is restrictive when more
phylogenetic information is available for either the
ingroups or outgroup, because that information allows
more accurate estimates of radiation rates along the
branches in question. In the context of very compre-
hensive (e.g. dated species level) phylogenies, powerful
likelihood methods are available that can identify
radiations across the whole tree (Nee 

 

et al

 

., 1994; Pur-
vis, Nee & Harvey, 1995). However, the necessary phy-
logenetic information is often absent.

In contrast, in many cases a phylogeny may be of
intermediate completeness, such that relationships

may be estimated for many taxa, and yet the terminal
taxa are still inclusive higher taxa, within which the
timing of branching events is unknown. In such cases
we would like an analysis to make use of the whole of
the available phylogenetic information. In a study of
platyhelminth diversification, Brooks & McLennan
(1993) applied parsimony analysis to species-richness
data across a phylogeny of several higher taxa, and
used the reconstruction to help localize shifts in diver-
sification on the tree. The method is non-statistical, in
that it is not based on a null model and cannot esti-
mate the significance of shifts, but such reconstruc-
tions may be used in concert with other methods to
increase understanding. Here I use a similar method
to explore the magnitude and effects of realized
changes in hexapod diversification. Instead of analys-
ing species richness across the tree, as Brooks &
McLennan (1993) did, I first calculated rates of diver-
sification for terminal higher taxa by incorporating
information on taxon age. I then estimated ancestral
diversification rates by parsimony. The reconstruc-
tions define the magnitude and effects of shifts in rate
across nodes. I thus ask the question, which events in
hexapod evolution have been the most important? To
my knowledge, this is the first study to attempt a rig-
orous answer to the question.

 

METHODS
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STIMATING

 

 

 

DIVERSIFICATION

 

 

 

AT

 

 

 

TIPS

 

The rate of diversification of terminal (phylogenetic-
tip) taxa was calculated as ln(

 

N

 

)/

 

t

 

 where 

 

N

 

 is current
species richness and 

 

t

 

 is the time since origin (Myr).
This assumes that diversification acts as a pure birth
process such that the growth of the clade is exponen-
tial. The rate of diversification is both a realized
average and a maximum likelihood estimate of
probabilistic tendency under the stochastic ‘Yule’ birth
process (Yule, 1924), in which the probability of a lin-
eage branching follows a Poisson distribution. This is
the simplest (single parameter) model of clade growth
in common use (Sanderson & Donoghue, 1996). It
allows simple yet meaningful statements about
macroevolution when phylogenetic information is not
very detailed, for example when the tips are all higher
taxa (Purvis, 1996). Although the assumption that
extinction does not occur is clearly false (though per-
haps more appropriate for insects than for many other
organisms), it does minimize assumptions in the face
of uncertainty about which other (more complex)
model of radiation might be the most appropriate. In
addition, if we are to ask a single parameter question
about radiation (‘Which hexapods radiate the fast-
est?’), a single parameter model is an appropriate
basis for a first response.
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Species richnesses for higher taxa (mainly orders)
came mainly from Parker (1982) and are presented in
table 2 of Mayhew (2002). Parker (1982) is the most
recently completed concurrent inventory of all major
living taxa. Values are estimates of described species
only. Whilst ignorance of the total number of species,
described and undescribed, is frustrating in any study
of speciose taxa, estimating undescribed species in
this case introduces new assumptions and sources of
error. Thus, I restrict conclusions to the picture
that described species present, with all appropriate
caution.

To estimate taxon age I used values for higher taxa
from Ross & Jarzembowski (1993), also in table 2 of
Mayhew (2002). Values are the mid-point of the age
range of the earliest stratum from which the taxon
was definitely recovered. Ignoring earlier possible
strata makes these estimates conservative. I modified
the estimates of taxon age by making a simple logical
step based on phylogenetic relatedness: that sister
taxa are the same age (whilst at the same time there
is no equivalent phylogenetic restriction on taxon age
for non-sister taxa). However, the ages of earliest
known fossils often differ for sister taxa. Given that
we are forced to assume for each analysis that the phy-
logeny used is correct, this discrepancy was treated as
the result of incompleteness of the fossil record, and
both sister taxa were assigned the age of the oldest of
the pair. Another possibility exists, however: that the
most recent earliest fossil is the true age of both and
that earlier fossils in one clade are actually stem
groups that have been misidentified. Whilst we cannot
absolutely rule out such a possibility, awareness
amongst palaeoentomologists should reduce its likeli-
hood and has resulted in taxonomic revision (Hennig,
1981). Incompleteness of the arthropod fossil record is
well established (e.g. Wills, 2001). Because the iden-
tity of the sister group of the hexapods remains enig-
matic (Blaxter, 2001), I took the age of the hexapods to
be that of the earliest hexapod fossil. For recent evi-
dence on the true age of the hexapods see Gaunt &
Miles (2002).
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STIMATING

 

 

 

DIVERSIFICATION

 

 

 

ON

 

 

 

INTERNAL

 

 

 

NODES

 

A range of methods have been developed for estimat-
ing ancestral states of continuous characters across a
phylogeny (see Webster & Purvis, 2002). Of the avail-
able methods most cannot be used in this context
because their assumptions of evolutionary change
along branches contradict the requirement here that
states should change exclusively at nodes. The latter
requirement derives from the fact that the estimates
of states at tips are in fact average states over the time
since taxa last shared an ancestor with other terminal

taxa in the phylogeny. Two methods that do satisfy the
requirement are linear parsimony and (unweighted)
squared-change parsimony. Linear parsimony mini-
mizes overall change in the character across the phy-
logeny using an algorithm of Swofford & Maddison
(1987). The second method yields the set of ancestral
states which minimizes squared change along
branches. In both methods, the magnitude of change is
independent of the length of branches, which is con-
sistent with the requirement here that change occurs
only at speciation events (nodes). Both methods were
implemented in MacClade 4 (Maddison & Maddison,
2001). For linear parsimony, the estimated ancestral
state sometimes included a range of possible values, in
which case the mean was taken. For any internal
node, the estimated rates allow one to calculate the
expected species richness of the clade below the node
at the time of the node. It should be stressed that these
methods cannot identify significant changes in
diversification tendency, merely changes in realized
average rate. However, given that significant shifts
have already been detected for the clades involved
using other methods (Mayhew, 2002), the current
methods are useful in assessing their magnitude and
impact.

 

P

 

HYLOGENETIC

 

 

 

TOPOLOGY

 

I used several estimates of phylogenetic topology to
take into account the extent of uncertainty in this, and
estimated rates of diversification at both tips and
internal nodes for each of them. The most recent and
extensive estimate is that of Wheeler 

 

et al

 

. (2001), and
I used the tree given in their abstract (Fig. 1a). Since
their study may not be definitive in the long term, and
is open to potential criticism (Huelsenbeck, 1997),
three other established estimates that incorporate all
the current taxa were used: those of Kristensen
(1995), Boudreaux (1979), and Hennig (1969)
(Fig. 1B–D). These estimates cover the range of cur-
rent opinion. Since the neuropteroid orders (lacewings
and their relatives) are often treated as one taxon
due to poor phylogenetic resolution, I also treated
them as a single taxon. I did the same for the
Phthiraptera (lice) 

 

+

 

 Psocoptera (booklice) (Psocodea),
because the Psocoptera are probably paraphyletic. I
omitted the newly described Mantophasmatodea
(Klass 

 

et al

 

., 2002) since their phylogenetic relations
are uncertain and none of the above phylogeny esti-
mates include them. I used orders as tips for the phy-
logenetic analysis in all other cases, assuming
monophyly of each. Since linear parsimony cannot be
used when the tree is not fully dichotomous, it was
only used on the estimates of phylogeny that are (Bou-
dreaux, 1979; Wheeler 

 

et al

 

., 2001). Taxonomic defini-
tions used throughout are as in Wheeler 

 

et al

 

. (2001).
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Figure 1.

 

Phylogenetic relations of the extant hexapod orders according to (A) Wheeler 

 

et al

 

. (2001), (B) Kristensen (1995),
(C) Boudreaux (1979) and (D) Hennig (1969). Other higher taxa mentioned in the text are also shown (arrows indicate
points of origin). Common names of orders are given in Table 1. The three largest increases in diversification rate (Table 1)
are marked by *, whilst the three shifts with the largest positive effect (Table 2) are marked 

 

+

 

. Marks are under the branch
whose origin marks the shift.
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A
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To assess the impact of a historical change in the rate
of diversification, we need to ask what would have
occurred in its absence and compare that with
observed species richness. The importance of the
change can be assessed by the magnitude of the dif-
ference. There are several possible methods of esti-
mating what would have occurred, but for present
purposes shifts in rate are assumed to be independent
and additive. This is necessary so that the effects of
each shift are distinguishable from others, especially
from subsequent shifts. To estimate the species-
richness effects of a shift at a node, 

 

d

 

n

 

, the total radi-
ation rate of the clade above the node was calculated
as before [ln(

 

N

 

)/

 

t

 

, where 

 

N

 

 is current species richness
and 

 

t

 

 is the time since origin (Myr)] and then dis-
counted by the size of the increase in shift at the node
(

 

d

 

R

 

) to get 

 

r

 

, the diversification rate in the absence of
the shift. The effect, 

 

d

 

n

 

, of 

 

d

 

R

 

 is equal to present
species richness, 

 

N

 

, minus 

 

e

 

rt

 

.
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d
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rt
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=

 

 [ln(

 

N

 

)/

 

t

 

] 

 

-

 

 

 

d
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 An example calculation is illustrated
in Figure 2. Note that whilst shifts in rate were

treated as additive, their effects on species richness
are not additive. Thus we cannot assign an absolute
number of extant species to each past shift in diversi-
fication. What we can do is postulate scenarios for the
absence of each shift in isolation given that other
shifts still occurred. Under these premises, shifts in
diversification will have had greater impact if: (a) they
involved large changes in rate; (b) they occurred in
taxa that were already radiating rapidly or would sub-
sequently radiate rapidly; (c) they occurred long ago.

As a gauge of the relative magnitude of any change,
it is useful to have an estimate of described extant
macroscopic planetary species richness. Southwood
(1978) estimates 1 397 000 described species including
792 000 hexapods. The analyses in this paper assume
860 371 hexapods, so we can extrapolate roughly
1.5 

 

¥

 

 10

 

6

 

 described macroscopic species.

 

RESULTS

 

The estimated rate of diversification (Myr

 

-

 

1

 

) at the
root of the hexapod tree was very similar across all

 

Figure 2.

 

Estimation of shifts in diversification rates across nodes and their effects on extant species richness. (A) Imagine
two sister taxa, 1 and 2, which contain 5000 and 100 000 species, respectively, (

 

N

 

) and which are estimated to be 100 Myr
old (

 

t

 

). Their net rates of diversification (ln(

 

N

 

)/

 

t

 

) are 0.0852 and 0.1151 Myr

 

-

 

1

 

, respectively. (B) Suppose, after applying a
parsimony algorithm, that their ancestor is estimated to have radiated at 0.0875 Myr

 

-

 

1

 

. The differences between the rates
of diversification of the two taxa and their common ancestor define the shifts across the node 

 

d

 

R

 

 

 

= -

 

0.0023 and 

 

+

 

0.0276,
respectively. (C) Suppose now that history had been different and that the shift at the origin of taxon 2 had not occurred.
It would then have radiated at the same rate as its ancestor (

 

r

 

 

 

=

 

 0.0875 Myr

 

-

 

1

 

). (D) Radiating at that rate for 100 Myr
would produce e

 

rt

 

 

 

=

 

 6310 species. The difference, 

 

d

 

n

 

, between this and the true species richness of taxon 2 is 93 690 species.
Therefore 93 690 species is the effect of the shift.

A B

DC



 

28

 

P. J. MAYHEW

 

© 2003 The Linnean Society of London, 

 

Biological Journal of the Linnean Society, 

 

2003, 

 

80

 

, 23–36

 

trees and methods. It ranged from 0.0170 (Boudreaux
tree, linear parsimony) to 0.0191 (Wheeler tree, linear
parsimony).

Shifts in diversification rate (Myr

 

-

 

1

 

) across nodes
ranged from 0.0219 (Coleoptera, Boudreaux tree,
linear parsimony) to 

 

-

 

0.0178 (Grylloblattaria (ice-
crawlers), Wheeler tree, linear parsimony). Under
linear parsimony, many nodes represented zero esti-
mated shift in diversification and when shifts occurred
they tended to be more extreme than they were under
squared-change parsimony (Table 1).

Of those nodes that occur in all trees, the greatest
average positive shifts occurred within the Coleoptera,
Diptera, Lepidoptera (butterflies, moths), Orthoptera
(grasshoppers, crickets) and Hymenoptera (sawflies,
wasps, bees, ants) (Table 1). These are all large orders
and substantially more species-rich than are other
closely related orders. The greatest average negative
shifts occurred in the Grylloblattaria, Zoraptera,
Strepsiptera, Mecoptera (scorpionflies), Embiidina
(webspinners), Protura and Trichoptera (caddisflies).
These are substantially less species-rich than are
other closely related orders. Of the commonly postu-
lated supraordinal taxa, the largest upward shifts
were indicated at the origin of the Eumetabola (insects
with complete metamorphosis plus the Paraneoptera),
the Paraneoptera (bugs and their relatives), and the
Pterygota (Table 1). The origin of the Dicondylia
(insects minus Archaeognatha) and Holometabola may
have coincided with zero change in diversification rate,
whilst the origins of the Neoptera and Insecta may
actually have represented a decrease in diversification
rate and consistently represent very small changes.

The shifts estimated to have had greatest positive
influence on current species richness are the origin of
the Eumetabola and Pterygota, each accounting for
half a million extant species, and the Coleoptera,
accounting for a third of a million (Table 2). The origin
of the Holometabola and Dicondylia may have been
very influential (Kristensen, Boudreaux and Hennig
trees, squared-change parsimony) but may not have
had any impact at all (linear parsimony analyses),
whilst the Lepidoptera, Hymenoptera and Diptera
are all consistently influential (about 10

 

5

 

 species
added).

The origin of the Neoptera may have accounted for
half a million species (Boudreaux tree, squared-
change parsimony) but may have caused a reduction
of a quarter of a million species (Wheeler and Kris-
tensen trees, squared-change parsimony). The origin
of the insects is unlikely in itself to have had any sig-
nificant impact (Table 2). The origin of several postu-
lated higher taxa containing the small mecopteroid
and polyneopterous orders are estimated to have had
the highest negative impact on current species
richness.

 

DISCUSSION

 

This study aimed to identify the macroevolutionary
impact of previously identified shifts in hexapod diver-
sification by comparisons across multiple taxa. It indi-
cates that the evolution of the Coleoptera and Diptera
both had a substantial positive impact on current spe-
cies richness. It also confirms that the origin of the
Insecta in itself is unlikely to have contributed much.
However, contrary to previous studies, it indicates that
although the origin of the Neoptera may have contrib-
uted a substantial number of species, it may also have
been associated with a negative effect on diversifica-
tion. Its origin is consistently associated  with very
little change in the rate of diversification. In addition,
the shifts in realized diversification rate estimated to
have had most macroevolutionary impact, the origin of
the Eumetabola and Pterygota, were previously found
not to represent significant shifts in diversification.
Below I first discuss the implications of these results in
the context of previous work, before going on to con-
sider how they might be improved upon.

 

C

 

ANDIDATE

 

 

 

INFLUENTIAL

 

 SHIFTS

The order Coleoptera has long held macroevolutionary
interest amongst biologists because 20% of all
described species belong to it and it is the most
species-rich hexapod order, a fact that J.B.S. Haldane
supposedly cited as revealing the Creator’s ‘inordinate
fondness’ (Hutchinson, 1959). Mayhew (2002) showed
that the order has on average diversified faster than
has its sister group. This study explicitly suggests that
the group is also a radiation, in the sense that it rep-
resents an increase in the net rate of diversification
compared to its ancestral branch, and furthermore
that without the shift, the planet would indeed be
about 20% less species-rich. Thus, the beetles have
certainly had a large macroevolutionary impact. The
work of Farrell (1998), however, suggests that their
species richness is largely a consequence of radiations
amongst derived beetle taxa, so the present quantita-
tive result should be taken with some caution. The
Diptera is another group representing a significant
shift in diversification, but without the shift at their
origin the planet would only be about 6% less species-
rich. In both groups the search for key innovations is
likely to prove fruitful.

The Insecta differ from the non-insect hexapods
(Entognatha) in several synapomorphous morpholog-
ical characteristics (13 according to Wheeler et al.,
2001). It has been argued that the acquisition of these
characteristics was a prerequisite for their macroevo-
lutionary success. Mayhew (2002) showed that despite
their overall species richness, the origin of the Insecta
likely did not represent a significant shift in diversifi-
cation because the primitive insect lineages only
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diversified as fast as their non-insect relatives. This
study confirms that finding in that the estimated mag-
nitude of the shift in rate across the node is consis-
tently small, and accounts for very little current
diversity. Whatever the subsequent effects of the
Insecta synapomorphies, in isolation they apparently
made little macroevolutionary impact.

The Neoptera are characterized by several synapo-
morphies, including most notably wing flexion. May-
hew (2002) considered that the Neoptera most likely
represented the most significant hexapod radiation. In
this analysis the estimated shift at the origin of the
group is consistently very small, the largest shifts in
rate occuring instead nearer the tip of the tree. How-
ever, under one set of assumptions the shift does
translate into a substantial effect on species richness
thanks to the age of the group. The principal reason in
this case seems to be the assumption of a monophyl-
etic Polyneoptera. In the trees that assume this (Bou-
dreaux, Hennig) the ancestral Neoptera are estimated
to have diversified slightly faster because the very
diverse Eumetabola form one immediate daughter lin-
eage and hence are influential. In the trees that
assume a paraphyletic or unresolved Polyneoptera
(Wheeler, Kristensen), the very diverse Eumetabola
are not an immediate daughter branch and have very
little influence on the ancestral Neoptera. Instead, the
immediate daughters are mostly species-poor groups,
which imply that the origin of the Neoptera had small
or negative effects on diversity.

These results show that when higher taxa comprise
both species-rich and species-poor subtaxa, taking
account of the relationships between these subtaxa
can be very important when attempting to locate
shifts in diversification. A high average tendency to
diversify across the Neoptera as a whole, which led to
significance in the pairwise comparisons (Mayhew,
2002), may be largely a consequence of subsequent
radiations in much more derived taxa, particularly
within orders, such that the shift across the node at
the origin of the clade may not be great, and may even
be negative. Such problems are difficult to identify in
nested pairwise comparisons when subsequent shifts
occur much later in the phylogeny. This study there-
fore casts doubt on the previous finding that the origin
of the Neoptera represents a significant shift, and on
the validity in general of analyses, aimed at locating
shifts, that only incorporate a few higher taxa.

Similarly, the origins of the Eumetabola and Ptery-
gota, which were previously only weakly indicated to
be significant radiations, here are consistently associ-
ated with high positive shifts in diversification rate
and have had an extremely large impact on modern
species richness. Whilst a large absolute shift need not
necessarily be a significant one, previously used pair-
wise tests of significance inherently lack power since

they incorporate minimal data to estimate rates. Thus
the data, although not currently indicating that the
origins of these groups were significant radiations,
also do not strongly refute that possibility. They
suggest that more effort should be devoted to the
possibility of key innovations at the origin of the
Eumetabola, a neglected event in hexapod evolution.

The signal here about the origin of the Holometab-
ola is ambiguous. Although it is never reconstructed
as a negative macroevolutionary step, it is not always
reconstructed as a large positive one. This is largely
because the Paraneoptera are estimated to have high
rates of diversification such that the more ancient ori-
gin of Eumetabola as a whole is usually of greater
importance. Mayhew (2002) also concluded that the
difference in diversity between the Paraneoptera and
Holometabola was not sufficiently large to imply dif-
ferences in the underlying rate of diversification. In
contrast, a recent study based on fossil families (Yang,
2001) concluded that complete metamorphosis does
represent a key innovation: that the Holometabola
have had consistently higher rates of diversification
than have their ancestors and sister groups, contrib-
uting to the bulk of insect diversity. Why the different
result? There are several possibilities, including the
different Linnean taxa involved (families by Yang, spe-
cies here), the inclusion by Yang (but not here) of
extinct taxa, the different underlying model of clado-
genesis (linear radiation by Yang, exponential here),
and the extent to which subsequent radiations are
taken into account (radiations up to order level here,
not by Yang). Both types of analysis have their advan-
tages and drawbacks and in the long term ways need
to be found to reconcile their different conclusions.

The results of this study also indicate that the origin
of several taxa have limited the species richness of the
planet to varying degrees. The Strepsiptera, Gryllo-
blattaria, Zoraptera and Neuropteroidea are all
significantly less species-rich than are related taxa
(Mayhew, 2002), and all have limited planetary diver-
sity relative to their ancestors. However, the magni-
tude of the reduction is always slight because their
ancestral lineages probably did not diversify very
rapidly either. With the notable exception of mass
extinction events, the emphasis in macroevolutionary
studies is normally on diversifying events. Results
here emphasize that current diversity is a product
both of positive shifts that have enhanced diversity
and of negative shifts that have reduced it. Such
downward shifts probably occur regularly in a range of
taxa and should be the subject of equal interest.

IMPROVEMENTS

This study is a first attempt to identify the influence
of shifts in diversification, and has posed as many
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questions as it has answered. Future improvements
may be expected both in general techniques and in the
accuracy of the specific results presented here; for that
reason this study should be viewed as preliminary. I
detail some possibilities below.

In this study I have reconstructed realized diversi-
fication rates on internal branches as opposed to
underlying tendency. Many realized shifts will not,
because of the stochastic nature of speciation and
extinction, represent shifts in underlying tendency.
However, there are currently no methods which can
estimate underlying tendency on internal branches for
phylogenies like those used here. This is a worry,
because existing optimal methods can probably never
be used in many cases due to lack of phylogenetic
information, whilst this study casts considerable
doubt on the validity of methods that only consider a
small number of higher taxa. The obvious solution is
to develop a new method. The likelihood method devel-
oped by Sanderson & Donoghue (1994) for three-clade
phylogenies is complex but could logically be applied
to larger numbers of clades. In outline, the method
first calculates the likelihood of a maximally complex
model, in which every branch has a separate tendency
to diversify. The likelihood of alternative simpler mod-
els is then compared with this. The simplest model
with a likelihood not significantly different from the
most complex is the one adopted. Whilst reasonably
tractable in a three-clade scenario where the number
of models is limited, for increasing numbers of clades
the number of possible alternative models increases
considerably. Implementing such a method would take
some considerable development, but is not impossible
given that similar difficulties have already been over-
come, for example in the estimation of phylogeny. In
the absence of such a method, however, the techniques
outlined here provide a measure of compensation.

In many current macroevolutionary analyses, the
assumptions about the radiation process are very sim-
ple (e.g. exponential clade growth, no extinction). This
use of simple models is conservative, and perhaps
reflects most our lack of knowledge of how clades do
generally radiate. This study has not attempted to
break the current mould in this respect. However, it
seems likely that clades that genuinely do differ in one
or more macroevolutionary parameters (e.g. rate of
speciation) do not currently show up as different
because of compensation by other parameters (e.g. car-
rying capacity of species, extinction rate). Distinguish-
ing these differences is desirable. How we can make
the step to parameter-rich models is presently unclear,
for it would require a detailed knowledge of macroevo-
lution, which conservative parameter-poor models are
unlikely to provide. Methods incorporating different
assumptions, if they could be justified, may give dif-
ferent results.

Despite increased use of phylogenetic information in
this study relative to previous studies, the tips still
represent higher taxa so if further radiations are
nested within them, as seems likely, shifts in radiation
rates across nodes are probably still overestimated
throughout. The only way around this problem would
be to have perfect knowledge of internal phylogeny
(i.e. a species-level phylogeny), which for species-rich
taxa is likely never to be achieved. However, any less
inclusive taxonomic level, such as families, as the
basis for the analysis would be an improvement. Lim-
ited phylogenetic information in many orders cur-
rently prevents that, although it is an achievable
prospect.

This study, in common with most comparative stud-
ies, has used data only on extant taxa to draw infer-
ences about past events. Extinct lineages, as well as
one newly discovered order, the Mantophasmatodea,
have been excluded because of lack of data, particu-
larly about their phylogenetic relations. In addition
the meaning of single-parameter constant rate mod-
els is unclear for taxa that were once diverse but are
now extinct. Yet this has possibly introduced bias
into the results, since extinct taxa possibly had lower
intrinsic rates of cladogenesis than their extant rela-
tives, and hence ancestors with lower diversification
rates. The extinct hexapod orders belong mostly to
the Palaeoptera and Polyneoptera (Carpenter &
Burnham, 1985). Thus it is likely that the estimated
realized diversification rates across nodes in these
taxa are most affected. The proper way to incorporate
information from extinct groups is in a comprehensive
analysis of the fossil record (e.g. Labandeira &
Sepkoski, 1993). Note also that if the phylogeny
can be developed sufficiently, extinct taxa may not
actually add much new information (see Nee et al.,
1994).

Another likely problem is that biases may have
affected the estimates of taxon age. Here the approach
taken was to minimize assumptions by using raw fos-
sil data as far as possible. Phylogenetic assumptions,
however, enforced some assumptions about missing
fossil data, such that sister taxa are the same age.
When the fossil record for a group is poor (such as for
the Lepidoptera or Protura), the age assigned to it is
likely to be more conservative for more derived taxa
because fewer constraints are imposed by the fossil
records of other taxa. The estimated age of Lepi-
doptera is consequently only constrained by the fossil
record of two taxa (its own and that of the Tri-
choptera), whilst the ages of the primitive orders are
constrained by the fossil record of every other hexapod
order. This is a possible source of bias, although it can
only be overcome by incorporating more detailed
assumptions about the fossil record or further data,
for example from molecular phylogenies.
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Finally, methods for estimating ancestral states of
continuous characters were employed here. Recent
work (e.g. Webster & Purvis, 2002) has shown that
these can prove unreliable, particularly if the charac-
ter in question displays a temporal trend. A temporal
trend in this context might include a tendency either
for an increase or a decrease in diversification rate
over time. The insect fossil record (Labandeira & Sep-
koski, 1993) suggests that such trends probably do
exist at least in some lineages, but they may be epi-
sodic and vary in direction. The effect of such changes
on the validity of this analysis remains unknown.

CONCLUSIONS

At present, we cannot confirm the identity of the most
influential shift in hexapod diversification. We can,
however, conclude that one or more radiations within
the Coleoptera have together been extremely influen-
tial, that the origin of Insecta was not, and that con-
siderable attention should in future centre on the
origins of the Neoptera, Holometabola, Pterygota and
Eumetabola, all of which remain plausible candidates
for, but none of which can be identified with certainty
as, important shifts. Improvements in phylogenetic
and fossil information and the development of meth-
odology (particularly maximum likelihood techniques)
for estimating rates on the internal branches of large
but incomplete phylogenies are likely to help.
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