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vertebratesexcept in somesnakes,and this wasoneof the reasons
why the bone was previously identi®edas the squamosal.The
supratemporal of Utatsusaurus, however, is of moderatesize,so
this bone seemsto have progressivelyincreasedin size in the
Ichthyosauria.

Mostmajor amniotegroups,andevensomenon-amniotetetra-
pods,have at sometime beenproposedto be the sistergroup of
ichthyosaurs5. Although a consensusis emergingthat ichthyosaurs
arediapsids5,6,10,11,23, thereis still opposition17,24, largelybecauseof
the lackof information aboutthebasalichthyosaurs6,17. Two recent
cladisticstudiesconcludedthat theIchthyosauriais thesistergroup
of the Sauropterygia(which includesplesiosaursandplacodonts),
which togetherform thesistergroupof thearchosauromorphs10,11.
However, only limited datafrom basalichthyosaurswereavailable
for these studies10,11, and re-examination of one of the data
matrices10 revealedthat about a third of the characterswould be
coded differently if Utatsusauruswere included. Moreover, this
placementof sauropterygians disagreeswith the more widely
accepted hypothesis,in which sauropterygiansare more closely
relatedto lepidosaursthanto archosaurs8,9. To testthesecompeting
hypotheses,wereanalysedtwodatamatrices9,10byincorporatingthe
data obtained from the new specimensof Utatsusaurus. In both
cases(Fig. 3), ichthyosaursappearedwithin the Diapsida but
outsidethe Sauria,whereassauropterygianswereseparatedfrom
ichthyosaursandformedacladewith lepidosauromorphs.Thenew
specimensof Utatsusauruscon®rmonceagainthe importanceof
basaltaxa to the assignmentsof characterpolarities and to the
outcomeof phylogeneticanalyses25. M
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Methods

Retr odeforma tion. The effectsof tectonic deformation on taxonomy are
important in invertebratepalaeontology26,27. Information available for the
retrodeformation of a vertebratefossil is usually limited, but the original
shapecanberestoredwith asfewastwo pairsof measurements7. Thedorsal
viewof theskull,whichisnot parallelto thebeddingplane,wasretrodeformed
according to the measurementsfrom the skull roof itself, asdescribed7. The
imageof theentireskeletonalongthebeddingplanewasretrodeformed,based
on measurementsfrom the vertebral centra madeaccording to ref. 28 and
con®rmed asdescribedin ref. 7. In both cases,the bilateralsymmetry of the
bodywaswell restored.
Phylogenetic analy ses. The ®rst phylogenetic hypothesis(Fig. 3a) was
derivedbyaddingtheIchthyosauriato thedatamatrixof RieppelandDeBraga9

(seeSupplementaryInformation). Several charactercodings were amended
according to ref. 29. In addition, the following characterswere modi®ed:30,
there is no supratemporal in sauropterygians (recoded); 33, there is no
posterior process on the jugal in basalichthyosaurs(new characterstate
added);83,thecoronoid processis presenton thesurangularin ichthyosaurs
(new characterstateadded).Two characters,namely(162) short limbs and
(163) short manus/pes,were omitted becauselimb, manus and pes each
comprise multiple elements,and the whole structure may be shortened in
many different ways;and becausesuchshorteningsarealsoknown in other
aquatictetrapodswith different origins,suchascetaceansand mosasaurs,so
they probably re¯ect aquaticadaptation rather than a common origin. The
second phylogenetic hypothesis(Fig. 3b)wasderivedbyrecoding ichthyosaurs
in thedatamatrix of Caldwell10. Only ichthyosaurian characterswererecoded
in the modi®edcharactermatrix (seeSupplementaryInformation). In both
cases,the ichthyosauriancharacterswerecodedaccording to Utatsusaurus; in
the absence of information for Utatsusaurus, referenceswere madeto succes-
sively more derived ichthyosaurs,namelyChensaurus, Cymbospondylus and
Ichthyosaurus. All physlogeneticanalyseswere madeby using the heuristic
searchoption of PAUP3.1.1(100randomadditionsequencesfor bothTBRand
SPR)30.
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Population biologistshavelong beeninterestedin the variability
of natural populations1±6. Oneapproachto dealingwith ecological
complexity is to reduce the systemto one or a few species,for
which meaningful equationscan be solved. Here we explore an
alternative approach7,8 by studying the statistical properties of a
datasetcontaining over 600species,namelythe North American
breeding bird survey9. The survey has recorded annual species
abundancesover a31-yearperiod alongmore than 3,000observa-
tion routes10. We now analyse the dynamics of population
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variability usingthis dataset,and®ndscalingfeaturesin common
with inanimate systems composed of strongly interacting
subunits11. Speci®cally, we ®nd that the distribution of changes
in population abundance over a one-year interval is remarkably
symmetrical, with long tails extendingover six ordersof magni-
tude.Thevarianceof thepopulation overatime seriesincreasesas
a power-law with increasing time lag, indicating long-range
correlation in population size ¯uctuations12. We also ®nd that
the distribution of specieslifetimes (the time betweencoloniza-
tion andlocalextinction) within localpatchesis apower-law with
an exponential cutoff imposed by the ®nite length of the time
series.Our resultsprovide a quantitative basisfor modelling the
dynamicsof largespeciesassemblages.

For eachof the approximately2,500routessurveyed in a given
year, the North AmericanBreedingBird Survey(NA BBS) gives
Ns(t), the numberof birdsof a givenspeciessdetectedon a given
route in yeart. Thechallengeis to extractinformation relevantto
population variability from thesedata.

Weareinterestedin thedynamics,sowemustcomparevaluesof
Ns(t) in successiveyears.Weform thequantitiesRs…t†[ Ns…t ‡ 1†=
Ns…t†, whichgivetherateof increaseor decreaseof eachspecieson
eachroute.Aspopulationgrowth ismultiplicative,thedistribution
of abundanceNs(t) of aspeciesthroughtime isoftenapproximately
log-normal13±15. Theratio of two numbers,eachdrawn from a log-
normal distribution, is alsolog-normallydistributed,sowemight
expectthat thedistribution of Rs(t) wouldbelog-normalaswell.We
®ndthat the distribution of Rs(t) is not log-normal,but is instead
power-law, with the tails separatedby six orders of magnitude
(Fig. 1a),suchthat

P…Rs†~
Ra

s if Rs # 1

R2 a
s if Rs $ 1

�

…1†

wherethe exponenta ˆ 2. Thus,for the speciesconsideredhere,
thereisno characteristicscaleof ¯uctuation in populationsize,but
insteadwe®nda broadspectrumof growth rates.

Wemayalsoconsiderthemorecommonlyused16,17logarithmof
the ratio of successive abundances,rs [ logRs. Equation(1) then
becomesP…rs†~ exp…2 ajrsj†.

What is remarkableabout the resultsshownin Fig. 1a is that,
despitethe inclusion of a large number of species,the overall

distribution can be describedby relatively simple mathematical
equations.The distribution is highly symmetrical, so exactlyas
many speciesare increasingin abundanceasaredecreasing.

In thisanalysis,thequantitiesRs(t) andrs(t) measure¯uctuations
in population sizeover a one-year interval. It is alsopossible to
analysethe datasetfor anarbitrary time lagDt, whereDt cantake
any valuefrom 1 to 30. We might expectthat the varianceof the
distribution functionscorrespondingto Fig. 1awill increasewith
the magnitudeof Dt (refs18, 19). We do indeed®ndan increase
(Fig. 1b), and moreover this increaseis a power law of the form
(Dt)2H, where H is the Hurst exponent. For a random walk,
successivechangesare uncorrelated.The variance of a random
walk increasesat a particular rate H ˆ 0:5. Complex dynamics
generateserialcorrelationsover time sothat thevariance increases
more rapidly (H . 0:5) or more slowly (H . 0:5) than for a
random walk. For the NA BBSdata, we ®nd H ˆ 0:14, a value
considerablysmallerthan 0.5,which impliesthe existenceof long-
rangecorrelations.Correlation in population ¯uctuations could
also arise from correlations in climate variablesthat in¯uence
reproductionandmortality20 (for example,thesevereNorth Amer-
icanwinter of 1975±1976isthought to havecausedlargedeclinesin
the numbersof someresidentbird species21±23).

Fluctuationsin population sizecanleadto local extinctions24,25

andturnover in localspeciescomposition26. For example,survivor-
ship of local spiderpopulationson Caribbeanislandsfollowed a
hollow curve that deviated from exponential27. Differences in
survivorship among specieswereattributed to different species-
speci®clife±history strategies.Localextinction dynamicscanalso
be studiedquantitativelyby consideringthe distribution of `life-
times'of specieswithin a localregion28. Wede®nethe lifetime of a
speciesast [ te 2 tc, wheretc denotestheyearin whichthespecies
colonizeda patch(the ®rstyearthat the specieswasrecordedon a
givenroute),andte denotestheyearthat thespeciesbecamelocally
extinct (the lastyearthat the specieswasrecordedon that route).
Thedistribution of species'lifetimesfor theNA BBSdatafollowsa
Yule distribution describedby a powerlaw, modi®edby an expo-
nentialcutoff (Fig. 2a)

P…t †ˆ At 2 ae2 t =t ch …2†

wheret chsetsthetimescaleatwhichthepower-lawscalingno longer
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Figure 1 Scaling of population growth rates in the NA BBS data set. a, Distributio n

of population growth rates Rs [ Ns…t ‡ 1†=Ns…t†across all specie s in the data. The

growth rate Rs is calcul ated by dividing speci es abundan ces in successive years.

Abundances are taken as the total number of individuals of a partic ular specie s

count ed within each survey route. The histogr am values at the cent re of the

distr ibution are probab ly in¯uen ced by Poisson sample error present in small

count s. In a separate analysis, we exclude small counts and ®nd that the tails of

the distribution are unaffected. b, Characterization of fractal scal ing in pop ulation

dynam ics. The variance of the ¯uctuat ion distribu tion E(Z2
s) increases as a power ±

law func tion of time lag Dt, wher e Zs [ Ns…t ‡ 1†2 Ns…t†. Because the number of

points separated by a given lag Dt decreases rapidly with increasing lag, devia-

tions from power -law scal ing are expected for lags approaching the 31-year

length of the time series. The slope of 0.28 correspond s to a Hurst exponent of

0.14.
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holds owing to the ®nite size of the data set. We ®nd that
a ˆ 1:616 0:02 and t ch ˆ 14yearsfor the NA BBS data. The
parameter A is anarbitrary normalizationconstant.

Theexponentialterm in equation(2) introducesacharacteristic
timescaleof t ch ˆ 14yearsinto thedistribution of extinctiontimes.
Wecantestwhethertheexponentialterm isdueto ®nitesizeeffects
by plotting a seriesof lifetime distributions,eachcomputedfrom
non-overlappingsubsetsof the time seriesassociatedwith each
survey route (Fig. 2b). Theresultingdistributionsareincreasingly
truncatedbythelengthsof thetimeseries.Whenplottedonrescaled
axes(Fig. 2c), the distributions collapseonto a single power-law
curve.Thus,we®ndthatthepower-lawdistribution isunaffectedby
shortening the time series;only the exponentialterm is affected,
suggestingthat the power-law behaviourextendsbeyond the 31-
yearextentof this dataset.

Thepresence of scaling, both in populationvariability (Fig. 1a)
and in localspecies'lifetimes(Fig. 2c), mayhave implicationsfor
understandingpopulation dynamicsin general.Scalingof system
variablesisoftenobserved in physicalsystemsthat exhibitcoopera-
tivebehaviour29,30. Scalingarisesin theseinanimatesystemsbecause
eachparticleinteractsdirectlywith afewneighbouringparticlesand
as theseneighbouring particles interact with their neighbours,
interactionscan p̀ropagate' long distances,resulting in power-law
distributions. Similarly, speciesin an ecosysteminteract directly
with some(but not all) other species,which in turn interactwith
otherspeciessothat interactionscan p̀ropagate'.

Interactionscanpropagate not only amongspeciesin anecosys-
tem, but through spaceaswell. In both islandbiogeography31 and
metapopulationtheory24, the probability of a patch(island) being

occupied is often modelledby the incidencefunction P…xi ˆ 1†ˆ
ci=ci ‡ ei, wherexi ˆ 1 if thepatchisoccupied,ci is thecolonization
probability, and ei is the extinction probability26,32. On islands,
where distancesbetweenpopulationsarelarge,weexpectthat the
specieslifetimedistribution shoulddecayexponentially, becausethe
probability P…xi ˆ 1† is roughly constant.However, metapopula-
tionsareoftenmorestronglycoupledthan islandpopulations,and
can experience a much stronger r̀escueeffect'33 whereby local
populations are saved from extinction by immigration from
nearby patches.This rescueeffect may explain the long-tailed
distribution of specieslifetimes. M
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The dinitroaniline herbicides (such as tr i¯uralin and oryzalin)
have beendevelopedfor the selective control of weedsin arable
crops.However, prolongeduseof thesechemicalshasresultedin
the selectionof resistant biotypesof goosegrass,a major weed.
Theseherbicides bind to the plant tubulin protein but not to
mammaliantubulin 1. Hereweshowthat themajor a-tubulin gene
of the resistantbiotypehasthree basechangeswithin the coding
sequence.Thesebasechangesswapcytosine and thymine, most
likely asthe result of the spontaneousdeaminationof methylated
cytosine.Oneof thesebasechangescausesan amino-acidchange
in the protein: normal threonine at position 239 is changedto
isoleucine.This position is closeto the siteof interaction between
tubulin dimers in the microtubule proto®lament.We show that
the mutatedgeneis the causeof the herbicide resistanceby using
it to transform maize and confer resistance to dinitroaniline
herbicides.Our results provide a molecular explanation for the
resistanceof goosegrassto dinitroanaline herbicides,a phenom-
enonthat hasarisen,andbeenselectedfor, asa result of repeated
exposureto this classof herbicide.

The dinitroaniline herbicidesdisrupt meristemdevelopment in
the roots and shootsas a result of the net depolymerization of
cellular microtubules2,3. The repeated use of the dinitroaniline
herbicideson the cotton andsoybean®eldsin North Americahas
resultedin theappearanceof biotypesof goosegrass,Eleusineindica
(Fig. 1), that have evolved resistance to the herbicides4±6. Dose±

responsestudiesin the laboratory6 showedthat a dinitroaniline-
resistantbiotype toleratedup to 60-fold higher concentrationsof
herbicide than did the dinitroaniline-sensitivebiotype, but that
both biotypeswereequallysensitiveto the structurallyunrelated
antimicrotubuleherbicidepronamide7 (Table1). It is reasonableto
propose, in light of the effect of dinitroanilines on plant
microtubules1,8, thatamutationhasarisenin amicrotubuleprotein.
In apreliminary investigationweshowedthat themajor a-tubulin
isotype in the resistantbiotype had an altered electrophoretic
mobility on two-dimensionalgelscomparedto the isotype of the
sensitivebiotype.In furtherexperimentswefocusedon amolecular
analysisof the a-tubulin genes.

We constructedtwo complementary DNA libraries in UniZAP
vectors (Stratagene),usingpoly(A)+ RNA isolatedfrom seedlings
derivedfrom selfedsensitiveand resistantbiotypes.Thesensitive-
biotype library wasprobedwith radiolabelledZmtua1, a maizea-
tubulin cDNA clone9. Weobtained13clonesthat hybridizedto the
maizea-tubulin probe.DNA sequencingrevealedthat 11of the13
cDNA cloneshad identical39non-coding regions,indicating that
theserepresentedthe most prevalenta-tubulin transcript. This
group includedthefull-lengthcDNA cloneEiStua1. Theremaining
two clonesweredistinct from the prevalentcDNA and from each

Table 1 Differ ential sensi tivity of the sen sitiv e and resistant biotype s to
dinitr oanil ine herbicides and to the structur ally unrelated pronami de
herbicide

Herbicide ID50 (mg l- 1)

Sensitive Resistant R/S*
.............................................................................................................................................................................
Tri¯ur alin 0.04 1.70 42.5
Oryzalin 0.01 0.60 60.0
Pronamide 0.55 0.59 1.1
.............................................................................................................................................................................
The ID50 value was calculated from seedling dose ±response curves.
* Ratio of ID50 for resistant biotype to ID50 for susceptible biotype.

Figur e 1 Dinitroanili ne-sensitive (S) and -resistan t (R)bioty pes of Eleusine indica

(goosegr ass). a, S and R biotypes grown to maturit y in the absence of herbic ide.

b, S and R biotypes grown on a discrim inatory dose of tri¯ur alin (1mg l- 1).


