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remains >1000 years old have been sexed using a
simiar technigue?) at ambient temperatures.

Al of these are important considerations for the
motecular ecologist who may not have access to
specialized means of sample collection and storage
while in the field, or who may have collected
samples for other gurposes, but now wishes 10
determine the sex of trose iIndividuals. Moreover, in
this specific case a universal protocol for avian
sexing ivolving only PCR and electrophoresis is
likely to be available soon3-5.

In contrast, flow cytometry is only applicable to
bird species in which the sex chromosomes differ
significantly in size, and even in these cases
requires calibration using fairly large samples
of ingdividuats of known sex. This would. for instance,
limit the value of the technigue in studies of
endangered species®. Finaly, an attractive feature of
PCR technigues is that in addition to information
about sex, the investigator will easily have access to
DNA sequence information which might he valuate
in evolutionary or populatior  fudies’.

We believe that our recommendation of
PCR-based techniques for avian sexing was
based on objective criteria which would be most
useful to ecotogists embarking on such a project.
The reader may assess our objectivity by
examining their nearest laboratory for the
presence of a PCR instrument or a flow cytometer.
If neither is available. but a means for reliable
sexing of birds is required, the choice may be
between purchasing a flow cytometer which may
or may not be able to reveal the sex of the
species of interest, or, for about one tenth of the
cost, a PCR instrument that almost certainly will
be able to and which will also be useful for
microsatellite genotyping, RAPD, mtDNA, MHC,
SSCP and sequence analysis, and numerous
other applications in molecular ecology.
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lodels for the diversification of life
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The diversification of life through geological time suggests a rise from presumably
one species to many millions today. The diversification of marine familiss i: the past
600 million years (Myr) appears to have followed two or three logistic curves, with
equilibrium levels that lasted for up to 200 Myr. In contrast, continental organisms
clearly show an exponential pattern of diversification, and although it is not clear
whether the empirical diversification patterns are real or are artefacts of a poor fossil
record, the latter explanation seems unlikely, Perhaps marine and continental
organisms diversified in different ways, or perhaps the appearance of equilibrium
patterns for marine organisms is an artefact of taxonomic structures,
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L ite today is hugely diverse, with current
estimates ranging from three million
to 50 miilion species'. It is likely that all
known organisms originated from a singl.
common ancestor, and it is of interest to
know how this huge diversification bap-
pened. In an ideal world, the best ap-
proach te establishing the pattern of the
diversification of life would be to collect
data from a comprehensive fossil record
and to read off the empirical pattern as
documented by the fossils. The world,
however, is not ideal, and this approach
entails many problems of interpretation,
not least the quality of the fossil record.
Accritic of the fossil record might assert
that fossils are, by definition, less know-
able than extant organisms, and hence
should be accorded a secondary role in
interpreting patterns of evolution. This has

been a criticisim particularly of the use of
fossils in phylogeny reconstructionz?. The
enthusiastic palacontologist might assert
that fossils add information not available in
extant taxa, that they offer morphologies
and modes of life that are entirely unpre-
dictable from modern forms, and that they
fill gaping holes in phylogenies!. Fossils
also are datable, and they add the unique
dimension of time to all phylogenies and
diversification patterns®. Can these oppos-
ing viewpoints be resolved?

The quality of the fossil record

In studying patterns of diversification,
palaeontologists typically focus on the
past 550 million years (Myr), the Phanero-
zoic (literally, ‘abundant life"), or the Ven-
dian (610-550 Myr ago) plus the Phanero-
zoic. During this time, multicellular
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animals are well represented, whereas
earlier parts of the Precambrian fossil
record are incompletely known.

A key criticism of the fossil record is
that it probably becomes worse the fur-
ther back in time one goes®, Comparisons
of independent data sets, and error mod-
elling, suggested that the fossil record is
not statistically significantly biased, at
least at higher taxonomic levels (i.e. gen-
cra, families)”. In a third approach, com-
paring changes in knowledge of the fossil
record through research time%?, biases
have turncd out to be distributed vaie
domly with respect to geological time.

Twao further approaches, one geologi-
cal and the other phylogenetic, have sug-
gested that the fossil record is adequate
as a representation of true patterns of
global-scale diversification. First, compar-
isons of exceptionally well preserved fos-
sil deposits, in which soft-bodied as well
as hard-bodied organisms are retained,
reveal no diminution in quality back
through the Phanerozoic!, The same is
true of winnowed concentrations of
marine shells (coquing 3)". Secondly, and
contrary to expectation, comparisons of
fossil record data v ith morphols:sical and
molecular phylogenies™>-%* have shown
goud agreement by ‘axonomic group,
habitat and geological age!2,

The fossil record is good enough 1o
document aspects of the evolution of life,
and it can be assumed that errors and
gaps are randomiy disiributed with
respect to time. Following normal prac-
tice in palacontology, ‘diversity’ is
assessed simply as numbers of species,
genera or families, as indicated, and gen-
erally on a global scale.
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Models of diversification

There are many ways to go from one
species to many (Fig. 1), and these include
three simple mathematical models, linear,
exponential and logistic, each of which has
attracted some attention. These are shown
first as ideal uninterrupted medels (Fig. 1a),
and second with some mass extinctions
superimposed (Fig. 1b).

The linear model?!?* represents net
additive increase, simply the addition of a
fixed number of new species in each unit of
time. In terms of an evolutionary branch-
ing model, additive increase would mean
that, through time, speciation rates have
declined, or that extinction rates have in-
creased regularly at a rate sufficient tommop
up the excess speciations. The exponen-
tial model®21 is more understandable in
terms of a branching model of evolution.
If speciation and extinction rates remain
roughly constaiit, then there will be regu-
lar doubling of diversity within fixed units
of time. The logistic model?-= involves
one or more classic S-shaped curves, each
consisting of an initial period of slow di-
versity increase, a rapid rise, a slowing of
the rate of increase as a result of diversity-
dependent damping facters, and then a
plateau corresponding to a limiting or equi-
librium value.

There is no consensus on which model
best explains the diversification of major
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Fig. 4. Theoretical models for the civersification
of life, (a) in the absence of major perturbation
and (b) with two mass extinctions superim
posed. In each case, the upper curve is the
Ingistic or equilibrium model, the middle curve
is the additive or straight-line mode!, and the
lower curve is the exponential model.

sectors of life through time, nor on whether
all pattarns of diversification adhere to
the same model of increase. However, the
choice of model is important since each
makes profoundly different claims about
evolution.

Do marine and continental records
show different patterns?

The pattern of diversification of marine
invertebrate families (Fig. 2a) shows a
short plateau in the Cambrian (c. 40 Myr),
and a longer one from the Ordovician to the
Permian (c. 250 Myr)®, This is followed by a
long phase (250 Myr) of near-exponential
increase in diversity through the Mesozoic
and Cenozoic, the rising elemeni of a third
logistic curve, which shows a hint of a slow-
down in the last 25Myr or so, suggesting
that a third plateau level may be achieved
125 Myr in the future®,

The diversification of species of vascu-
lar plants (Fig. 2b) has been interpreted in
a similar way®# with a model that involves
the successive rise of new major bauplane
of plant types - early vascular plants in the
Devenian, lycopods, ferns, conifers and
others in the Carboniferous tc Permian,
gymnosperms in the Triassic to Jurassic,
and angiosperms from the Cretaceous on-
wards. The initial segment of the curve is
logistic, but the later segment is fit equally
by a linear or exponential curve. The diver-
sification of continental tetrapod families
(Fig. 2c) is best explained by an exponential
curve. The pattern of diversification may

be dissected into successive radiations of
major tetrapod groups! - basal tetrapods
and synapsids, dinosaurs, and birds and
mammals - but none of them shows a lo-
gistic pattern. The pattern of diversification
of insects (Fig. 2d) is also largely exponen-
tial, especially in the last 100 Myr, but could
be said to be approaching an equilibrium
level now™,

Recent plots of the diversification of
families of marine, continental and ‘all’ life
(Fig. 3), founded on a new data base?,
confirm these varying models for diver-
sification. The continental curve (Fig. 3b),
dominated by tetrapods, insects and land
plants, is exponential. The marine curve
(Fig. 3c) has been explained® by two logis-
tic curves, one in the Palaeozoic, and the
second in the post-Palaeozoic, with the be-
ginning of a plateau phase in the Late Mio-
cer? or Pliocene, some 5-10 Myr ago. The
combination of all marine and continental
families (Fig. 3a) can be explained by a sin-
gle poorly fitting exponential curve.

There may be fundamental differences
between marine and continental life. Rates
of taxonomic turnover in marine inver-
tebrates declined through the Phanerozoic
after the initial rapid Cambrian radiation,
while vascular land plants show increas-
ing rates of turnover through time®. Ter-
restrial vertebrates show intermediate pat-
terns. Perhaps adaptive space was filled
early on in the sea, while land plants (and
possibly vertebrates) have continued to
conguer new ecospace, and may still be
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Fig. 2. Patterns of diversification of (a) families of marine invertebrates, (b) vascular land plants, (c) non-
marine tetrapeds and {d) insects. Abbreviations: C, Cambrian; Crb, Carbomiferous; Crel, Cretaceous,
D, Devonian: Jur, jurassic; O, Ordovician; P, Permian; S, Silunian: Tert, Tertiary, Tr, Triassic: V. Vendian.
Based on Refs 9, 19, 30 and 31.
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Fig. 3. Patterns of tke diversification of life
through time, plotted for (a) all organisms,
(b) continental organisms and (c) marine or-
ganisms, in terms of changes in numbers of
families extant per stratigraphic stage. in each
graph, @ maximum and minimum is shown,
based on a combination cf stratigraphic and
habitat-preference information. The minimum
measure includes only families recorded as
definitely present within each siratigraphic
stage, or as definitely spanning that stage, and
only fanslies designated as restricted solely o
the marine or continental realm. The maximum
measure includes also all doubtful stratigraphic
attributions of families, and all equivoral and
shared habitat designations. The sum of mini-
mum measures for continental and marine
organisms is equal to the minimum measure
for all taxa together, but the sums of maximum
measures do not equal the maximum measure
for all taxa. because families with equivoca!
environmental assignments, and those which
occur in both marine and continental settings,
are counted as both marine and continental.
Cen, Cenozoic; Pc, Precambriar.; other apbrevi-
ations as for Fig. 2. Based on Ref. 24.
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continuing to do so. Diversification on land
began later than in the sea, and new groups
of plants invaded unstable habitats and
modified them3.

Implications of equilibrium and
expansion models

Logistic models for the diversification
of life could be compared solely with ex-
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ponential models; however, this would be
restrictive, not least since the early phase
of a logislic curve is typically exponential.
The key distinction is between equilibrium
and non-equilibrium (expansion) models.
Equilibrium models imply the existence of
global equilibria in diversity, while expan-
sion models assume that there is no ceil-
ing to the diversity of life, or at least that
such a ceiling has yet to be reached.

Equilibrium models

Equilibrium models for the expansion
of the diversity of life developed from an
influential body of ecological theory that
explained species assembly in confined
patches of living space™. This island-scale
model was extended?% to regional and
global scales, so that the island became
the world, and local rates of colonization
and extinction became global rates of origi-
nation and extinction of spectes. Time-
scales moved from tens or hundreds of
years to millions.

Logistic modelling of glokal-scale data
on diversification implies (1) interactions
among species within clades, (2) inierac-
tions between clades and (3) global equ:-
librium levels. Many studies show that
clades may radiate initially at exponential
rates, and then the rate of diversification
slows at a certain point as a result of some
diversity-dependent phenomenon, such as
competitive exclusion, increased species
packing or reduction of species ranges?’.
This style of reasoning follows explicitly
from classical experiments in competition
where the increase of one population sup-
presses another population that depends
orn: the same limiting resource.

The pattern of diversification of marine
families (Fig. 2a) has been interpreted® in
terms of a three-phase logistic mode] which
tepresents the behaviour of three evolu-
tionary ‘taunas’ (Fig. 3): Cambrian, Palaeo-
zoic and Modern. The Cambrian 1auna con-
sisted of organisms with broad habitat
and trophic requirements, while the later
Palaeczoic groups included more special-
ized forms. The Cambrian generalists were
able to radiate rapidly at first into empty
ecospace, but because of their lack of spe-
cialization could not reach high diversities.
New more-specialist forms could subdi-
vide the ecospace more finely, and hence
achieve higher diversitics. The Modern
evolutionary fauna, characterized by new
predatory groups and new defence strat-
egies, was apparently able to achieve yet
higher diversity.

There are two views of the evolution-
ary interactions oi species and higher taxa.
One view is that clades compete in a broad-
scale way. In other words, a newly arising
clade, or an invading group. is regarded as
competitively superior to another and can
thereby replace it wholesale. Such inter-

clade competition has often been assumed,
without being precisely defined, but this
viewpoint has been questioned?736-10, A
second view is that interspecific compe-
tition can scale up to be expressed at higher
levels?’. Patterns of waxing and waning of
the clades are attributed to diffuse com-
petition between members of species be-
longing to the different clades, where spe-
cies in clade A are generally competitively
superior to their ecological analogues in
clade B.

A critical assumption of logistic mod-
els is that equilibrium levels exist - steady-
state diversities at which speciation and
extirction rates are balanced?#27.3435 [n
the case of global diversification patterns,
these limiting processes could affect both
extincuon and origination ratest!, but
origination rates may be more diversity-
dependent?’, However, there is no inde-
pendent evidence for equilibria (i.e. for
fixed carrying capacities)*%. In evolution-
ary terms, equilibrium diversities imply
that all available resources are in use. How-
ever, with enough time, and with normal
rates of origination and extinction, certain
new species can surely insinuate, that is,
find new things to do, and thereby increase
species diversity with almost no limit1%15,

Expansion models

(Clades do not all diversily in the same
way. Some radiate rapidly, reach a maxi-
mum size, and remain at that diversity
level until they become extinct. Others con-
tinue for long spans of time at low diversity
levels, and some, such as insects, angio-
sperms, birds and mammals, seem to con-
tinue radiating linearly or exponentially
for many tens or hundreds of millions of
years. Perhaps life diversifies in this way,
with communities maintained well below
any resource limitationi245.16,

'The overall pattern consists of the sum
of diversification behaviours of numerous
unrelated clades. Ir the past 250 Myr, the
diversification of life has been dominated
by the spectacular radiations of certain
clades both in the sea (decapods, gastro-
pods, teleost fishes) and ¢n land (insects,
arachnids, angiosperms, birds, mammals).
The rate of increase has been exponential
inthe case of fanilies of continental organ-
isms, and perhaps linear in the case of ma-
rine families (Figs 2-4). Such expanding,
even exponential, long-term diversification
patterns may be understood intuitively.
For example, the evolution of tetrapods
{Fig. Sa) was characterized by repeated, but
unpredictable, expansions of ecospace?
from fresh waters to land, trees, the air,
burrowing underground, occupying hu-
man habitations ... Who is to say what new
habitats or modes of iife vertebrates may
adopt in the future which will drive their
diversity ever higher?
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Fig. 4. Diversification of marine invertebrates, and the three "evolutionary faunas’, Cambrian (tiilobites,
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Exponential increase could imply that
diversification would fast for ever. Presum-
ably there is an ultimate limit to the num-
hers of families, or other taxa, that can in-
habit the Earth at any time!!: such a limit
would be caused not least by the amount
of standing room on the Ark, and ulti-
mately the availability of the chemical com-
ponents of life, principally carbon.

Equilibrivm versus expansion: tests
and explanations

The five following observations may
provide test cases for distinguishing be-
tween equilibrium and expansion models
of the diversification of life;

(1) There was an evolutionary explo-
sion of marine animals during the early
Cambrian, and diversification rates slowed

PERSPECTIVES

after this initial exponential rise?. This
strongly suggests a logistic/equilibrium
explanation.

(2) The radiaticn of life on land, and
of certain major marine and continental
clades, appears to have foliowed an expo-
nential pattern, and there is no sign of
slowing down in the rate of increase, nor
cf the occurrence of any equilibrium lev-
els. These radiations strongly suggest pat-
terns of unfettered expansion.

(3) There were rapid rebouuds after
mass extinctions, in which lecal and global
diversity recovered to pre-extinction lev-
els during relatively short spans of time
This suggests that ecospace that had been
vacated as a result of an extinction event
could refill at a higher rate than entry into
new ecospace. Such rapid rebounds sug-
gest alogistic/ equilibrium model of diver-
sification®”. They could also be understood
in a world of unfettered expansion, es-
pecially since most rebounds reached lev-
els that were higher than pre-extinction.

(4) Late phases of diversification cycles
are associated with declining rates of origi-
nation and increasing rates of extinction,
as the logistic curve approaches the equi-
librium level. The marine record generally
confirms such expectations. and provides
evidence for the logistic model®,

(5) The Palaeozoic pla’eau in marine
animal diversity is stron. evidence for

Allfive points require t.*! Ler study, but
oniy the last two will be explored further
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that the two families could have encountered each other, while
+e fossil record. CCRs are plotted as overlaps and maximum CCRs (the sum of all overlaps and gap 0.

Geological time
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ordinal, familial, and generc counts are based
on empirical data, while the species curve is
biased on real courts and on simulations. Based
on Refs 25, 9, 49 and 50, respectively.

here. The slow-down in diversification
rates as the asymptote is approached
(point 4) is critical to the logistic model.
At this time, there should be a switch in
the nature of group originations, from ori-
gins in unoccupied ecospace, to more and
more competitive displacement of pre
existing taxa. An outline study of familial
originations of tetrapods*# has provided
no evidence for the approach of equilib-
rium at any point (Fig. 5b). For all 840 fam-
ilies of tetrapods that have a fossil record,
13-26% of familial origins could be (but
need not be) explained by competitive
interaction with a pre-existing family. How-
ever, the distribution of peaks is rand»m
with respect to time. There is no evidunee
for arise in candidate competitive replace-
ments in the late Palaeozoic or the late
Cenozoic, and hence no suggestion that
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tetrapod niches were filling up at either of
those times.

The most telling evidence for equilib-
rium models of the long-term diversifi-
cation of life is the Palaeozoic ‘plateau’ in
marine invertebrate diversity (Figs 2a, 3c,
4). This has been interpreted in a number
of ways.

(D) 'Htis real and indicates a global limit
to diversity’. According to this view?5275,
the plateau is sustained at a total level of
about 550 families, composed mainly of the
equilibrium diversity of 350 families of the
Palaeozoic evolutionary fauna.

(2) ‘It is real but was maintained below
any maximum carrying capacity by per-
turbations’. According to this view, per-
turbations have kept communitie~ well
helow any resource limitation22 2642434546,
and the quality of fit of some of the mod-
els to the data is claimed to be as good as
for logistic models. A number of kinds of
non-equilibrium models have been pro-
posed, some that are broadly diversity-
dependent?, others in which speciation
is diversity-dependent, but extinction is
diversity-independent?! 424, and finally a
neutral model that assumes random and
independent variation in 1ates of speci-
ation and extinction?24,

(3) ‘It is an artefact of taxonomic lev-
els’. A final view could be that the plateau
is an artefact of analyses carried out at high
taxonomic level. A comparison of plots of
the diversity of marine life through time
at ordinal, familial, generic and specific
level (Fig. 6) shows how the logistic pat-
tern appears to decay into an exponential
pattern. At ordinal level, there is a single
long plateau, at familial level, the shorter
Palaeozoic plateau. At generic level, the
Palaeozoic piateau is present®, but it is
relatively lower than the familial plateau,
and the post-Palaeozoic diversification of
genera is more exponential in appearance.
For species, there is no available empirical
curve, but a suggested consensus plot™
retains indications of a two-phase Palaeo-
zoic diversification pattern, but the pat-
tern on the whole is exponential. Perhaps
real diversification patterns are damped
as one ascends the Linnean hierarchy -9,
If damping is the explanation, then a focus
on species-level evolution might indicate
that exponential models are more appro-
priate than logistic, for the diversification
of marine animals.

Conclusion

There is no doubt that competition oc-
curs between individuals in populations of
microbes in enciosed laboratory vessels,
and between individuals in populations on
islands¥. However, it is not clear wh.ether
such modelling can be extended to re-
gional and global scales. The biosphere is
essentially a closed system, but it is not

ohvious whether life has yet reached the
global taxic carrying capacity.
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he rationale for any model in ecology (or

anywhere else) is the scientific desire to
capture the essence and to remove or re-
duce the redundant aspects of the system
under study. What is essential and what is |
redundant a7 “hereby what tevel of reduc- !
tion is required, to a large degree depends
onthe questions being asked. Theresultisa

modei’ of reality that is realistic to varying
degrees.

A second reason for modelling is the fact
that the abstraction obtained of the real |
world is much easier to handle and that we
can ask of the model true Kantian ‘whatif...’
questions by changing the assumptions and
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comparing anrd possibly testing the predic-

tions to see whether indeed the essence is
captured in the model

The best way to achieve a clear and un-
ambiguous formulation of the assumed es-
sence of ecological phenomena is to phrase
these in mathematical language not in the
least because of great power to manipulate
the model once it has been framed in math-
ematical terms. Because the mathematical
model can easily be translated into compu-
ter language, this opens a wide field of
manipulative/interactive exploration of the
consequences of the formulated ideas.

If one accepts this role for mathematics
as the lingua franca of science then there
is no alternative: ecologists should learn to
speak the language to better communicate
their science. This is not to say that the logic
of the language is a guarantee for the quality
of the communication. As pointed out by
de Roos and Sabelis! ‘[spatial] models have
been shown to produce a bewildering vari-
ety of dynamical pheromena to the extent
that almost every corceivable pattern can

© be generated by an appropriate model. Even

worse, the assumptions of these models
canuot immediately be discarded as biolog-
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ically unrealistic.” Grammar is a prerequisite
not a guarantee for literature.

As Gillman and Hails clearly state, they
wished to teach the grammar while intro-
ducing the literaiure. They have chosen to
present the mathematics piecemeal on a
need to know basis and to use the didactic
success formula of presenting separate is-
sues in boxes. Together they form a small
25-page primer in mathematics where, step
by step, the tools are developed; this can be
read separately if so desired. They succeed

i admirably in anticipating the matheinatical

prolems and explaining them beforc they
form a problem in following the ecological
argument. | have not seen a book in which
this is done as carefully and as clearly as
here. No need for students to be scared of
maths in ecology any more! It is only to-
wards the end that the tight coupling
between the ecological and mathematical
argument begins to get lost.

Given the wide variety of topics in ecol-
ogy that are phrased in mathematical terms,
the authors had to select from the available
models. Their choice seems reasonable:
they choose for models with a high lzvel of
generality (i.e. high degree of reduction) and
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