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Genetrees and speciestrees are not
the same

Richard Nichols

The relationship between speciesis usually represented as a bifurcating tree
with the branching pointsrepresenting speciation events. The ancestry of
genestaken from these species can also be represented asatree,with the
branching pointsrepresenting ancestral genes. The time back to the branching
points,and even the branching order, can be different between the two trees.
This possibility iswidely recognized, but the discrepancies are often thought to
be small. A different picture isemerging from new empirical evidence,
particularly that based on multiple loci or on surveyswith awide geographical
scope. The discrepancies must be taken into account when estimating the
timing of speciation events, especially the more recent branches. On the
positive side, the different timings at different loci provide information about
the ancestral populations.

Richard Nichols
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Sciences, Queen Mary,
University of London,
London, UK E14NS.
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M olecular pHyYLoGENETICS (See Glossary)is based on
theprinciple that the number of substitutionsthat
haveaccumulated between the DN Asequences oftwo
speciesindicatesthetime since their common
ancestor. Thereisafundamental problem with this
approach,widely acknowledged in the standard texts
(e.g.Ref. 1):thetime back tothe common ancestor of
thetwoDN Asequencesistypically longer than the
timeback tothe com mon ancestor of the twospecies.
Thedifference between thetwotimesisshownas T,
inBox 1.Themoleculesare most unlikely tohavea
common ancestor living at thevery moment that the
ancestral species splitin two. Rather, the period T, is
thetimeback tothe common ancestor ofthe two
moleculeswithin the single ancestral species.
Thetiming ofthe speciation events estimated from
molecular phylogeniesmust be corrected for thisbias,
corresponding tothe average value of T,, and for the

uncertainty owing tothevariation around this
average.Theseissuesareimportantifthetiming of
speciation eventsisused todraw conclusions about
thenature ofthe speciation process (e.g. Barraclough
and N ee?, thisissue). Although itisinconvenient for
some applications, the variability in timings can also
beinformative. Differencesbetween loci can be used
todraw inferences about the past population size and
population subdivision. Thisapproach will become
moreimportant as comparisonsbetween speciesare
moreroutinely made at multipleloci. Theresults
could provide cluesabout the demography of
populationsthat haveundergone speciation.

Under theassumption that the ancestral species
had apopulation size similar tothe current species, it
ispossibletomakeacrude correction for the biasin
timingsthat result from 7,. Thismakesuse ofthe
similarity between timestoa common ancestor for
thegenesatalocuswithin aspeciesand T, (Box 2).
Thisand more sophisticated methods that deal with
information from multiple loci arereview ed and
developed by Edwards and Beerlis.

FigurelinBox 1 providesasimplified view of
speciation. Thereisasinglepointatwhich theinverted
Y'splits,implicitly indicating that the ancestral
speciesdivided instantaneously intotw odescendant
speciesbetween which therewasnogene flow. M any of
themodes of speciation sketched by Turelli et al.* (this
issue)wouldinvolveamoreprotracted interruption of
gene flow. Populationsdiverging in aLLopatry could
sporadically comeintocontact, the accumulation of
REPRODUCTIVE ISOLATION iN SYMPATRY OF PARAPATRY Might
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Box 1. Gene treeswithin speciestrees
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Theinverted Y (Fig. l) represents the
splitting of one speciesinto two. The
single upper branch is the ancestral
species; thetwo lower arms are the
descendant species, which are alive today
(atthe base).

Within each of the extant species, the
five lower tips of dark lines represent five
genes. The ancestry of these genes can be

traced back in time to common ancestors
(branch points). In this case, the common
ancestor (a) for the genesin each species
occurred morerecently than did the
speciation event (the branching of the
inverted Y). The time back to these common
ancestors will vary between loci and
species. In this case, itis 7, generationsin
the left-hand species. Thetwo agenes can
be traced backto two genesin the ancestral

Cand G lineages have the most recent
ancestor, so the branching order of the
genes differs from that of the species (they
could, of course, have had the correct
branching pattern by chance).

Time

(a)

species. Even further back, they share a
common ancestor (A) T, generations
before the splitbetween the two species.
Figure ll shows an example in which
the gene tree and species tree do not
match. There are three species (H, Cand
G); although Hand Cshare the most recent T
ancestry, the history of the genesis
differentand the genes of Cand G share
the more recent ancestor (X). This
occurred because the lineages from H and

T

Time

Cremained separate for the period 7. H c G

Consequently, all three species have
distinct ancestral genesin the top
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beincomplete for aperiod, and even taxa classified as
distinct species can hybridize. Thistype ofepisodic
gene flow might affect some loci and not othersbifso,
the differencesbetween loci could provide inform ation
about these episodes.

Evenin the case ofinstantaneous species splitting
(Box 1), therewill be differences between the gene
treesat different loci because ofthe variation in the
length of T,. Are differenceslarge enough tobe
confused with the signal from more protracted
speciation?lsitunreliable toestimate thetiming of
the speciessplit from one or twogenetrees, such as
that for mitochondrial DN A(mtDN A)?The answer to
these questionsis ‘that depends’.

Here, | outlinehow the magnitude ofthe
discrepancy dependson the effective population size
(N ) ofthe speciesbeing studied. Thissharpensthe
question. We need first toask whatismeant by the
effective sizes, and second, whether they are
generally large enough toaffect phylogenetic
inference. The second question hasheen addressed
empirically,in a few well-studied species, by
comparing results from many loci, and it gives some
surprisinginsightsintothe demographichistory of
humans. | alsoconsider the other aspects of
phylogenetichistory that might distort the estim ates
oftiming from molecular data.

Timingsand N,
T, can be calculated for an idealized diploid random -
mating population ofsize N . Thereare 2N _genesin

http://tree.trends.com
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ancestral species. It happens that the

thepopulation:the maternal and paternal copy in
each of N individuals. | usethe term ‘gene’for these
copieswheresomeauthorsuse ‘allele’tomakeit clear
that they arereferring tocopiesat the samelocus
(whereas,in somebranches ofgenetics, the ‘number
ofalleles'referstothe number ofvariants found at a
locus).

Tocalculate 7,,imagine starting at the time of the
speciation event and tracing back the ancestry ofthe
LINEAGE of a gene from each ofthe twodescendant
species. Because each lineageisequally likely tobe
descended from the 2N genesin theprevious
generation, thereisaprobability of 12N ofarriving
at the common ancestor (AinBox 1)in each
generation. Thisisknown asthe coalescence rate
from which the expected timings can be calculated®
(Box 2).Theaveragetime (generations per coalescent
event)istheinverse oftherate (coalescent eventsper
generation), 2Negenerations. If, at thetime of
speciation, therewere more than twoancestors for
thegenesinthepresenttwospecies,then theaverage
timewould increase towards 4N, butthe upper end
ofthe distributionsisquite similar. The discrepancy
between thetimes for genesand speciesisunlikely to
bemuch morethan 7N generations (Box 2). These
calculationsassume that the specieswasasingle
random-mating population. In reality, the situation
will be more complicated (e.g.the population might be
subdivided,Box 3), but the average times estim ated
from geneticdata are often characterized by the
corresponding N for an idealized single population.
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Box 2. Thevariationinthetimeto acommon ancestor for different loci

The time back to a common ancestor will
vary fromlocus to locusin the same
species. It depends on the effective size of
the population and the selection acting on
the locus or closely linked loci. Thereis
also alarge contribution from chance
leading to differences among loci (Fig. I).
In an idealized population, there are

relatively simple distributions for the
times back to a common ancestor of
differentloci where selection is weak?.

T, isthe time back to an ancestor of a
pair of genes within the same species (Fig. |,
solid curve). The average for an autosomal
geneis 2N_generations, buttimestwo-or
threefold greater will be seen at many loci.

Time T, is the time back to the common
ancestor for asample of genes from
within aspecies (Fig. |, dotted curve).
Compared with the solid curve, only afew
loci have avery recent common ancestor.
Thisisbecause T,is the time to the
common ancestors for all of the genesin
the sample. Although some pairs of genes

in the sample will have arecent common

| o ancestor, others will not. As the size of the
§ 5 sample increases, the distribution rapidly
g ‘g converges to the distribution shown in
8 % 0.004 - Fig.l. The average time is twice that for T,
“E < (4N, generations), butthe upper ranges
S E are similar. These distributions are
£ § 0.002 | calculated by assuming a probability
g.g of 1/2N_that a pair of genes share a
% = common ancestor in each preceding
& 0.000 — generation.
ON, 2N, 4N, 6N, 8N, 10N,
Reference

Number of generations

a Hudson,R.R.(1990)Genegenealogies and the
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Is T,large compared with the time betw een
speciation events? Some of the evidence suggests not.
M ooreb:” surveyed the published within-species
differencesat the mitochondrial cytochrome b gene
from birds.M tDN Aisexpected toprovide particularly
accuratetimingshecauseit hasessentially one
quarter ofthe effective population size ofan
autosom al locus. E ffective population sizeishalved
because mitochondriaare only transmitted through
femalesand halved again because each female
transmitsonly one haplotype. M oore looked for
evidence of small effective sizein intraspecificDN A
sequence comparisons. Thelargest difference
observed within aspecieswill give some indication of
themaximum error ofthe between-speciesvalues
(comparethetwocurvesin Box 2). Although one
intraspecificcomparison showed 2.5% sequence
divergence, most species had substantially smaller
(maximum)divergence. Interspeciesdivergence
tendstobelarger.

Klickaand Zink8®found divergence ofaround 5%in
comparisonshbetween North American songhirds,
which they interprettosuggest that separation dated
back tothe Early PleistocenebL ate Pliocene. The
substantially larger geneticdifferences betw een
speciesthan within seem toimply that therewaslittle
biasin the estimatesofthe timing of separation.
However, Avise and Walkeri®explain these large
differencesasdivergence that accumulated betw een
relatively isolated regionsin the ancestral species.
They demonstrate that comparable divergence can be
seenin present day species. In their survey, 76 % of
bird species contained lineagesthat are sodistinct
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coalescent process. O xford Surv. Evol.Biol. 7,
144

that they appear tohave been separate since the
Pleistocene. Thisdegree of divergenceisdetectedin a
widerange ofspecieswhen the survey hassufficient
geographical scopell. Ifreproductive isolation
accumulated gradually between these allopatric
populations, therewill be nosingle speciation event
that can be given aprecisedate. The phylogeny might,
however,berevealing about the period through which
theisolation persisted, in particular,whether isolation
continued through the major climaticfluctuations.

Comparisons at multiple loci
Given thisrather equivocal evidence from studies of
several speciesatasinglelocus,what more can be
learnt from multiple loci?One approach istoassess
the proportion ofloci that show the samebranching
patterns.Branching patterns can differ because ofthe
differenttimings of speciestreesand genetrees.Box 1
examinesthe chance ofthe genesand speciessharing
thesamebranching pattern (using three species). The
chance ofcongruent branching patternsdepends on
thelength oftheinternode shown as 7, (Refs 12,13)
(Box 1).Iftheinternodeislong enough relativetoN
the genes for the tw o closest specieswill have the
most recent common ancestor. For example,if T, is
longer than ~5N , then thereisa95%chance that the
gene and speciestreesare congruent. The exact
proportionsalsodepend on the probability that
appropriate mutationswill have occurred sothat the
actual branching pattern is detected.

Chen and Li'*used thisreasoningin reversel®to
work out the effective population size ofthe comm on
ancestor ofhumansand chimps. They looked at



Box 3. Effective population size in structured populations

Review TRENDS in Ecology & Evolution Vol.16 No.7 July 2001

361

One of the simplest models used to characterize effects of
population subdivision is the Finite Island Model. Figurel
illustrates the three rates that characterize its ceNeaLoagicAL (See
Glossary) structure. The circles represent the panmictic demes that
make up the population. The arrows show the different outcomes
that occur when lineages are traced back through time. The
population is composed of Ddemes, each of Ndiploid individuals.
Each individual migrates with probability mper generation. The
destination is equally likely to be any one of the other demes. For
simplicity the expressions for rates have excluded multiple events
in one generation. (Modified, with permission, from Ref. a.)

Genes in the same deme tend to have arecent common
ancestor, except for those descended from recent migrants. To
find the common ancestor of two genes from different demes,
their lineages must be traced back to a time when their ancestors
lived in the same deme. Therefore, they tend to have amore
ancient common ancestor. It follows that the time to a common
ancestor for the whole species depends largely on the rate at
which genesin different demes coalesce. This can be
approximated by the rate at which they arrive in the same deme
(¢), multiplied by the probability that they then coalesce before
migrating out again [which is given by the relative size of the two

|
Two lineages
coalesce at
rate a~ 1/2N

rates: a/(a+ b)].
In an idealized single population, the rate of coalescence is

One or other
migrates at
rate b~2m

Lineages arrive in
the same deme at
rate ¢ ~2m/D

Reference
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1/2N,. By equating this to the long-term rate above, an expression
for N,in asubdivided population is obtained (Eqn 1):

1 _ c—2
2N, (a+b)’
, _ 1 # [1]
N. = ND%') * aNm*

a Nichols,R.A. etal. (2001) Sustaining geneticvariation in asmall population:

evidence from the M auritiuskestrel. M ol. Ecol. 10,593D602

53 autosomal human sequences, each ofa non-coding
region 2D20-kb long and 5 kb aw ay from any
suspected gene. Thisstrategy was designed to
minimize the effect of selection on linked loci on the
patternsof coalescence. They did notinclude repeated
elementsthatmight have had unusualintragenomic
dynamics.

Each sequence was obtained from ahuman, a
chimpanzee,agorillaand an orang-utan. When
combined together, the total sequence em phatically
confirmed the current consensus that, ofthese
species,thehumansand chimpshave the most
recent common ancestry (Box 1). When taken on
their own, however, approximately 40% ofthe
sequences gave different branching orders. Using the
relationship between non-congruence and effective
population size,Chen and Li calculated that the
ancestral population sizewas52 000090 000
individuals. Itisperhapseasier tofollow the logic of
the calculation in the opposite direction. T, is
thoughttobearound twomillion years, this
representsroughly 100 000 generations (assuming a
20-year generation span for the common ancestor).
Thisnumber ofgenerationsisonetotwotimesthe
estim ate ofthe ancestral size. Asubstantial
proportion ofloci would gothrough theinternode
without coalescing (Fig.l,in Box 2)and would
consequently produce the high frequency of
incongruentgene trees.

Afurtherindication ofthe poor reliability of
estim ates from single loci comes from the estim ates of
therelative age ofthe m ost recent humanbchim p

http://tree.trends.com

common ancestor and the comm on ancestor for all
three species. The combined estim ate for the multiple
lociisthat T, representsone third ofthetime tothe
comm on ancestor for humansand chimps. An
individual estimate previously obtained for a globin
pseudogenel®was10%, demonstrating the
substantial error on estim ates from single loci. An
estimate from mtDN A (Ref. 17)was60%. In this case,
thedifference from the combined average of 33 % wiill
alsoincludeahbiasowing tothe smaller effective
population size of mtDN A.

Other speciesmight be expected tohave
larger Nethan doprimatesand thetimings
estimated from their molecular phylogenieswould,
therefore, be subject togreater biasand error.
Asimilar multilocus approach indicates that
theancient and modern effective sizes of some
Drosophilaspp.were ofthe order ofthree million
(Ref. 18)and that large population size resultsin
different species sharing the same polym orphism19,
Toextend thelessonstoother species,itwould be
helpful tofind some rules for assessing N from
our knowledge ofthe biology ofa species. Itis
particularly instructive tocompare the estim ate
for the humanbchim p ancestor with that for the
human lineage. Therelative size can be estim ated
from comparisonshbetween and within species over
multipleloci?0. The effective size along the hum an
lineageisan order of magnitude smaller than that
for the humanbchim p ancestor, around 10 000.
Thisresultprobably doesnotindicate a decreased
population sizein humans, but, instead, can be



explained by the effect ofincreased migration in a
subdivided population.

N,inasubdivided population

InBox 2,thetimestoacommon ancestor were
modelled under the assumption that the speciesw as
anidealized population ofsize N, which meant that
lineages coalesced at therate 1/2N . Box 3 shows how,
by quantifying the equivalentratein asimple model
of subdivided population (the ‘Island M odel’), it is
possible toobtain an expression for the effective size
ofasubdivided populationas N ,=ND (1 +[4Nm]1).
Theproduct ND isthetotal population size ofthe
species. It follow s that increasing subdivision
(i.e.decreasing the migration rate m)increasesthe
effective size above that for an undivided species. This
principleislong established?°®? but can seem
counterintuitive. For example, Wakely??used this
equation toarguethat the decrease in effective
population size along thehuman lineage might bea
result oftheincreased migration rate ofhumans.

Oneimportantimprovement on the simple model
inBox 3istoallow for the possibility thatindividual
demescan goextinct and be re-established. Slatkin?2*
showed that the effect on geneticdifferentiation
among demesdependson whether the colonists tend
tobedrawn from the same deme, or from a collection
ofdemes. Nonetheless, the general effect of extinction
and recolonization is, consistently, toreduce long-
term effective population size?5. Takahata?? usesthis
principletoargue that thereduction in human
effective population sizewasthe result ofincreased
extinction and recolonization rates.

Whitlock and Barton’s?2® model was even more
realisticand therefore, more complex than thatin
Box 3.Theyincluded the dynamics of population size
and migration and found that the effect ofincreasing
migration rate (i.e. decreasing subdivision)could be to
increase effective population size. Thisisthe
diametrically opposite conclusion ofthe simpler
analysis.How isthispossible?0ne effect of
increasing migration can be tocause the stochastic
fluctuationsin the size ofdifferent demes to
synchronize,which evensout their contribution to
migrantsin the subsequent generation. Thismeans
that migrantsaredrawn from awiderange ofdemes,
reducing the rate of coalescence. A second effect isto
increase the proportion of localities that are occupied
asaresult ofgreater movement. Thisalsocontributes
totheincreased effective size. These effects occur for
only some combinations ofparameter valuesand it
mightbe hard topredict which specieswill exhibit
them.

In most species, gene flow will tend tobe between
adjacent populations. Thismeansthat gene exchange
between distant populationswill usually requirea
seriesof movements, over several generations, to
span theintervening populations.Thetimestoa
common ancestor are therefore greater than in the
Island M odel of Box 3. The averagetimewill depend
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on the distance between populations?’. Barton and
Wilson28derived expressions for the distribution of
times. Theaveragetimesand variance are greater
than for the simple Island M odel, and in many species
the common ancestors (Genes Aor ain Box 1)will
havelived before thelastice agewhen the
distribution ofthe populationswas radically different
from that ofthe present day.

In addition tothese demographic effects, effective
population size can be affected by selection at linked
loci and, consequently, can vary among different
regionsinthegenome. Thiseffect hasbeen used to
explain regionsofunusually high or low genetic
variation within the genome of D rosophila®®3%. It
appears, then,thatadaunting depth ofknowledgeis
required topredict the effective population size ofa
species from itsbiology. The more convincing evidence
probably comes from interpreting the genetic
diversity within species.

Diversity within species and postglacial expansions

In actual species, the nature of subdivided
populationsiseven more complex than that ofthe
Whitlock and Barton model25. The geographical
distribution ofgeneticdiversity in many species
impliesthat their current distribution was strongly
affected by postglacial recolonization oftheir current
range3l. The greatest geneticdistanceswithin
species are often between regionsthat are thought to
have served asglacial refugia. Away from these
regions, there are often largerangesthat are
genetically more uniform and with less
differentiation within each population. This pattern
can beexplained by thedramaticloss of variation
that occurred during postglacial range expansion??
out ofthe refugia. Expansionintovirgin territory can
lead toa series of population BoTTLENECKS, each
establishing populationsthat spread tocover alarge
area. Surveysofwithin-speciesdiversity in these
regions,which might make up much ofthe species
range,would lead tothe erroneous conclusion of a
very recent com mon ancestry.

Themagnitude ofthe differentiation among
putativerefugiacan, however,be surprisingly large.
Taberlet et al.® collated inform ation from several
speciesthat arethoughttohave been restricted to
refugiain thesametworegions:the lberian
peninsular and the Balkans. The authors compared
mtDN Asequence divergence from populations ofthe
same speciesbetween thetworegionsand found that
thedivergence was often asgreat asthat found
between distinct species. Furthermore, thevalues
werequitedisparate, for example: 2% for bears Ursus
arctos, 6.5% for ashrew Crocidura suaveolens, and
7.6% for w ater voles Arvicolaspp. Taberlet ef al.
argue thatthesevaluesdonot seem tocorrespond to
particular climaticeventssplitting the speciesrange,
butmightsimply reflect divergence since they
became established in northern Europe,in some
cases, several million years ago.
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Thissort ofhistory could help explain the patterns
inbird divergence pointed out by Klickaand Zink?,in
which speciespreviously thoughttobe more recently
diverged showed levels of differentiation similar to
those thoughttobe older. Part ofthe explanation
might be that thelineages ofthe ancestral geneshave
diverged for many thousands ofyearswithin the
ancestral speciesin geographically isolated
localitiest®l, Even when thereissuch long-standing
divergence at some loci, other loci in the sam e species
might shareamuch morerecent ancestor. Thiswould
require occasional gene flow between the tworegions,
sothat the pattern ofancestry wassimilar tothat of
thesimple subdivided populationsdescribed in B ox 3.
Studiesofthe hybrid zoneshetween the descendants
of different refugia suggest that such gene flow is
possible3?34 Although gene flow hashbeen detected at
the zonesthemselves, evidence of genetic
introgression istypically found within only a few
kilometres or tens ofkilometres ofthe zone. The
distancesbetween refugial areasare thousands of
kilometres.Itremainspossible that there could be
somegene flow over long periods, or that some genes
arelinked toselected allelesand have therefore
spread rapidly throughout the speciesrange. Such
effectsmight be picked up by multilocus surveys.

Errors over longer evolutionary periods

Overlonger evolutionary periods, a different set of
problemslimitstheinterpretation oftreesinferred
from singleloci. In thisissue, Barraclough and N ee?
point out that evolution alsoinvolveshybridization
betw een species, especially in plants. This process
meansthatphylogenieswill form reticulate (netlike)
rather than simplebifurcating patterns. Thevarious
processes by which crosslinks on the net
(representing hybridization)can form and stabilize
arereviewed in Ref. 35. The resolution of such
phylogenieswill require both new analytical methods
and data from many loci. Thiswill be com plicated by
theinteraction between the genomesofthe
hybridizing species. Thereisintriguing evidence that
the creation ofallopolyploid hybrids could induce a
burst of rapid evolutionary changesin the first few
generations. Using restriction fragmentlength
polymorphisms (RFLPs), Song et al.’¢ detected
substantial genome changes after only the F2
generation in syntheticrapeseed Brassicanapus

6 M oore, W.S. (1995)Inferring phylogenies from 1
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(allotetraploid). Similarly, Liu et al.3" detected loss of
RFLPvariantswithin the first six generations of
syntheticcultivars ofallohexaploid wheat Triticum
aestivum.

Asecond major problem alsoarisesover longer
periods. The assum ption of constant rates of
substitution can nolonger be made confidently. M any
studies show evidence of relatively constant rates of
substitution, but the tests often lack pow er38 or else
compare closely related species. Careful comparisons
doshow variation in rate3?. Strategiesmight be
designed toovercome them ; for example, specieswith
very different generation timesmight have more
similar rates ofaminoacid substitution compared
with rates of synonymous substitutions4042,

Conclusion
Asthesubject maturesand sequence data increases,
theissue ofratevariation will probably be dealt with
by more careful calibration of molecular clocks, and
crossvalidation between speciesand loci. The
uncertainty about thetiming and the branching order
for recent events can be reduced for the recent
branches. Edwardsand Beerli®argue thattheway
forwardistoextend the analysis ofancestral
population sizetoinclude multispeciestrees.
Information from long, linked sequenceswill become
less attractive than that from multiple unlinked loci
with essentially independent phylogenies (which will
need tobeshorttoreduce the effects of
recombination). The most valuable outcome might
notbethemoreprecise dates,butaninsightintothe
demography ofthe ancestral populations.
Theestimates ofthe ancestral effective population
sizemight show dramaticchanges, asin the case of
humans, or relative stability, asin the case of
Drosophila. These ancestral size estim ates can reflect
thedegree of population subdivision rather than
reflecting the actual size ofthe population. The
resultsmight, therefore, help assessthe relevance of
models of speciation that require a particular
population size or structure. Thereisam ajor
challengeininterpreting the data from species
showing reticulate evolution. The analysisof multiple
genetreesmight helpusunderstand both the
transmission of genesthrough areticulate NeTwork
and theinteraction ofthe different genomeswhen
they come together.
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Sexual selection and speciation

Tami M. Panhuis, Roger Butlin, Marlene Zuk and Tom Tregenza

The power of sexual selection to drive changesin mate recognition traits gives
it the potential to be a potent force in speciation. Much of the evidence to
support this possibility comes from comparative studies that examine
differencesin the number of species between clades that apparently differ in
the intensity of sexual selection. We argue that more detailed studies are
needed, examining extinction rates and other sources of variation in species
richness. Typically,investigations of extant natural populations have been too
indirect to convincingly conclude speciation by sexual selection. Recent
empirical work, however,is beginning to take a more direct approach and rule
out confounding variables.
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SEXUAL SELECTION (See Glossary)results from
differential mating successamong individualswithin
apopulation. Com petition for fertilization occurs
through direct competition between membersofthe
same sex (e.g. malebmale competition and sperm

com petition)or through the attraction of one sex to
the other (e.g. fem ale choice). Although long
recognized asimportantinintrapopulation evolution,
sexual selection hasmorerecently beeninvoked asa
driving force behind speciaTion. Speciation, the
splitting of one spEcIES intotw o or more, occurs by
sexual selection when aparallel changein mate

preference and SECONDARY SEXUAL TRAITSWithin a
population leadstoPrEzyGOTIC IsOLATION betw een
populations,and when thisisthe primary cause of
REPRODUCTIVE ISOLATION.
Classicmodels of speciation!? recognized that
reproductiveisolation, and subsequent speciation,
could be generated by differencesin sexual traits
(including behaviours). Divergencein sexual traits
between allopatricpopulationswas considered to
resulteither from drift, pLEloTROPY Or adaptation to
environmental conditions, or following seconD ARY
coNTACT, becauseindividuals benefited by avoiding
heterospecificmatings (i.e. by REINFORCEMENT). It
became clear, however, that changesbetween
populationsin sexual traits could alsoresult from
sexual selection and that thismight representa
distinct process of speciation®*. Sexual selection has
the potential tolead torapid divergence betw een
populations,it can beindependent ofenvironmental
differences,and itispredisposed togenerate
reproductiveisolation because ofitsdirect effect on
traitsinvolved in materecognition. [tisimportantto
pointoutthattherapid change between populations
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