vertebrategxceptin somesnaks, and this wasone of the reasons
why the bone was previously identi®edas the squamosal.The
supratenporal of Utatsusaurushowe\er, is of moderatesize,so
this bone seemsto hawe progressivelyincreasedin sizein the
Ichthyosauria.

Mostmajor amniotegroups,and even somenon-amniotetetra-
pods, hawe a sometime beenproposedto be the sistergroup of
ichthyosaurd Although a consensugs emergingthat ichthyosaurs
arediapsid§®©*-Zthereis still opposition”? largelybecausef
the lackof information aboutthe basalchthyosaur§®’. Two reent
cladisticstudiesconcludedthat the Ichthyosaurids the sistergroup
of the Sauropteygia(which includesplesiosaurgnd placodonts),
which togetherform the sistergroup of the archosausmorphg®*!
However only limited datafrom basalichthyosaurswereavailable
for these studies®*! and re-examination of one of the data
matrices’ rewvealedthat about a third of the charactersvould be
coded differently if Utatsusaurusvere included. Moreove, this
placementof sauropteygians disagreeswith the more widely
acepted hypothesis,in which sauropteygiansare more closely
relatedto lepidosaurghanto archosaur®’. To testthesecompeting
hypothesesyereanalysedwo datamatrices *°byincorporatingthe
data obtained from the new specimengf Utatsusaurusin both
cases(Fig. 3), ichthyosaursappearedwithin the Diapsida but
outside the Sauria,whereassauropteygianswere separatedrom
ichthyosaursandformedacladewith lepidosauromorphsThenew
specimen®f Utatsusauruson®rm onceagainthe importanceof
basaltaxato the assignment®f characterpolarities and to the
outcomeof phylogeneticanalyses. M
Methods
Retrodeforma tion. The effectsof tectonic deformation on taxonomy are
important in invertebratepalaeontobgy®>?. Information availale for the
retrodeformaton of a vertebratefossil is usually limited, but the original
shapecanbe restoedwith asfewastwo pairsof measuements The dorsal
viewof the skull,whichis not parallelto the beddingplane wasretroddormed
acording to the measuementsfrom the skull roof itself, asdescribed The
imageof the entireskdetonalongthe beddingplanewasretrodeformedpased
on measuementsfrom the vertebral centra made according to ref. 28 and
con®rned asdescribedn ref. 7. In both casesthe bilateralsymmetry of the
bodywaswell restoed.

Phylogenetic analy ses. The ®rst phylogendt hypothesis(Fig. 3a) was
derivedbyaddingthelchthyosauriato the datamatrix of RieppebndDeBraga
(seeSumplementarylnformation). Seveal charactercodngs were amended
acording to ref. 29.1n addition, the following charactersvere modi®ed:30,
there is no supratempral in sauopterygians (recodel); 33, there is no

posterior process on the jugal in basalichthyosaurs(new characterstate
added);83,the coronoid processs presenton the surangulain ichthyosaurs
(new characterstateadded). Two charactersnamely(162) shott limbs and

(163) shott manus/peswere omitted becausdimb, manus and pes each
comprise multiple elementsand the whole structure may be shoitenedin

mary different ways; and becausesuchshotteningsare alsoknown in other
aquatictetrapodswith different origins, suchascdacansand mosasaursso
they probably re ect aquaticadaptation rather than a common origin. The
secod phylogenéc hypothesiqFig. 3b) wasderivedby recodng ichthyosaurs
in the datamatrix of Caldwell’. Only ichthyosauria charactersvere recocd
in the modi®edcharactematrix (seeSumplementarylnformation). In both

casesthe ichthyosauriancharactersvere coded according to Utatsusaurusn

the absene of information for Utatsusaurusefeeneswere madeto suces-
sivey more derived ichthyasaurs,namely Chensawrs Cymbospondyk and
IchthyosaurusAll physlogeneticanalysesvere made by using the heuristic
seachoption of PAUP 3.1.1(100randomaddition sequenesfor both TBRand
SPRY®.
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Population biologists havelong beeninterestedin the variability
of natural populations'*%. Oneapproachto dealingwith ecological
complexity is to reduce the systemto one or a few speciesfor
which meaningful equationscan be solved Here we explore an
alternative approach® by studying the statistical properties of a
datasetcontaining over 600speciesnamelythe North American
breeding bird survey. The survey has recorded annual species
abundane@sover a31-yearperiod alongmore than 3,0000bsewva-
tion routes®. We now analyse the dynamics of population
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variability usingthis dataset,and®ndscalingfeaturesin common
with inanimate systems composed of strongly interacting
subunits'’. Speci®callywe ®nd that the distribution of changes
in population abundane over a one-year interval is remarkably
symmetrical, with long tails extendingover six orders of magni-
tude. Thevarianceof the population over atime seriesincreasesfs
a powerlaw with increasing time lag, indicating long-range
correlation in population size “uctuations'® We also ®nd that
the distribution of speciedifetimes (the time betweencoloniza-
tion andlocal extinction) within local patcheds apowerlaw with
an exponential cutoff imposed by the ®nite length of the time
selies.Our resultsprovide a quantitative basisfor modelling the
dynamicsof large speciesassemblages.

For eachof the apprakimately 2,500routessurveyed in a given
year the North AmericanBreedingBird Survey(NA BBS gives
N4t), the numberof birds of a givenspecies detectedon a given
route in yeart. The challengés to extractinformation relevantto
population variability from thesedata.

We areinterestedn the dynamicssowemustcompae valueof
Ngt) in sucessivegrearsWe form the quantitiesR..t[ N..t.3 1=
N..t1 which givethe rateof increaeor decreasef eachspeciesn
eachroute.Aspopulationgrowth is multiplicative,the distribution
of abundancé\(t) of aspeciethroughtimeisoftenapprakimately
log-normaf®!5, Theratio of two numberseachdrawn from alog-
normal distribution, is alsolog-normallydistributed, sowe might
expecthatthedistribution of R(t) would belog-normalaswell.We
®ndthat the distribution of R{t) is not log-normal,but is instead
poweklaw, with the tails separatedby six orders of magnitude
(Fig. 1a),suchthat
R ifR#1
RZ2? ifR$ 1
wherethe exponenta = 2. Thus,for the speciezonsideredhere,
thereis no characteristiscaleof "uctuation in populationsize but
insteadwe ®nda broad spectrumof growth rates.

We mayalsoconsiderthe more commonlyused®*’logarithm of
the ratio of sucessie abundances;,;[ logR.. Equation(1) then
become®.rt~ exp.2 ajryt.

What is remarkableabout the resultsshownin Fig lais that,
despitethe inclusion of a large number of speciesthe overall

P.Rt~ At

log,, R,
Figure 1 Scaling of population growth rates in the NA BBS data set. a, Distributio n
of population growth rates R;[ Ng.t.f 11N,.ttacross 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
counted within each survey route. The histogram values at the centre of the
distribution are probably in‘uen ced by Poisson sample error present in small
counts. In a separate analysis, we exclude small counts and ®nd that the tails of
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distribution can be describedby reldively simple mathematical
equations.The distribution is highly symmetrical, so exactlyas
mary speciesre increasingn abundancesare decreasing.

In thisanalysisthe quantitiesRqt) andrqt) measue uctuations
in population sizeover a one-yea interval. It is alsopossble to
analysehe datasetfor an arbitrary time lagDt, whereDt cantake
any valuefrom 1 to 30. We might expectthat the varianceof the
distribution functions correspondingto Fig lawill increasewith
the magnitudeof Dt (refs 18,19). We do indeed®ndan increase
(Fig. 1b), and moreo\er this increases a power law of the form
(Dt)*, where H is the Hurst exponent. For a random walk,
sucessivechangesare uncorrelated. The varian@ of a random
walk incressesat a particular rate H © 0:5. Complex dynamics
generateserialcorrelationsover time sothat the variane increases
more rapidly (H. 0:5) or more slowy (H. 0:5) than for a
random walk. For the NA BBSdata,we ®ndH "~ 0:14, a value
considerablysmallerthan 0.5,which impliesthe existencef long-
rangecorrelations.Correlation in population "uctuations could
also arise from correlationsin climate variablesthat in uence
reproductionand mortality?® (for examplethe sevee North Amer
icanwinter of 1975t1976isthought to hawe causedargedeclinesn
the numbersof someresidentbird speci€d*®).

Fluctuationsin population sizecanleadto local extinctiong*®
andturnoverin localspeciesompositiort®. For examplesuivor-
ship of local spider populationson Caribbeanislandsfollowed a
hollow curve that devated from exponentia’. Differen@s in
sunvivorship among speciesvere attributed to different species-
speci®difethistory strategiesLocalextinction dynamicscanalso
be studied quantitativelyby consideringthe distribution of “life-
times' of speciesvithin alocalregiort® We de®nehe lifetime of a
speciesst [ t.2 t., wheret. denoteshe yearin whichthe species
colonizeda patch(the ®rstyearthat the speciesvasrecmrdedon a
givenroute), andt. denoteghe yearthat the speciebecamdocally
extinct (the lastyearthat the speciesvasremrded on that route).
Thedistribution of speciedifetimesfor the NA BBSdatafollowsa
Yule distribution describedoy a powerlaw, modi®edby an expo-
nential cutoff (Fig. 2a)

P.t1~ At?2g? e 2t

whelet ., setdhetimescal@atwhichthepower-law scalingno longer

32

28

0.0 0.5 1.0 15

log,, Lag(D?)

the distribution are unaffected. b, Characterization of fractal scaling in pop ulation
dynamics. The variance of the “uctuat ion distribu tion E(Z2)increases as a power =
law function of time lag Dt, where Z, [ N;.t.+ 112 N,.t% Because the number of
points separated by a given lag Dt decreases rapidly with increasing lag, devia-
tions from power-law scaling 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
014.
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holds owing to the ®nite size of the data set. We ®nd that
a” 1616 0.02 and t,,~ l4yearsfor the NA BBSdata. The
paraméer A is an arbitrary normalizationconstant.

Theexponentiatermin equation(2) introducesa characteristic
timescal®ft,,~ 1l4yeardnto thedistribution of extinctiontimes.
We cantestwhetherthe exponentiatermis dueto ®nitesizeeffects
by plotting a seriesof lifetime distributions, eachcomputedfrom
non-overlapping subsetsof the time seriesassociatedvith each
survey route (Fig. 2b). Theresultingdistributions areincreasingly
truncatedbythelengthsof thetime serieswhenplottedon rescéed
axes (Fig. 2c), the distributions collapseonto a singe powekrlaw
curve.Thus,we®ndthatthe powerlaw distribution isunaffectedy
shottening the time seriespnly the exponentialterm is affected,
suggestinghat the powerlaw behaviourextendsbeyord the 31-
yearextentof this dataset.

The presene of scaling both in population variability (Fig. 1a)
andin local specieslifetimes(Fig. 2c), may haw implicationsfor
understandingpopulation dynamicsin general Scalingof system
variablegs oftenobsewed in physicalsystemshat exhibitcoopera-
tive behaviouf**® Scalincarisesn theseinanimatesystembecause
eachparticleinteractdirectlywith afewneighbouringparticlesand
as theseneichbouring patticles interact with their neichbours,
interactionscan propagatelong distancestestting in powerlaw
distributions. Similarly, speciesn an emsysteminteract directly
with some(but not all) other specieswhichin turn interactwith
other speciesothat interactionscan ‘propagaté

Interactionscanpropagae not only amongspecies anemsys-
tem, but through spaceaswell. In both islandbiogeograpi®* and
metapopulationtheory?, the probability of a patch(island) being
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Figur e 2 Scaling of local species'’ lifetimes in the NA BBS data set. a, Frequency
distribu tion of species lifetimes within local patches for all specie s. Parameters of
the data ®tare obtained by weighted least-squar es regression. The sum of the
distribu tion is normalize d to unity. The lifetime of a species within a patch is the
time between colonization and local extinction. Colonization occurs when a
specie s is recorded, but was absent the previous year; extinction occurs when a
specie s is absent, but was recorded the previous year. Time series not surveyed
in each year between colonization and extinction are not inclu ded, as well as time
series that begin or end in the ®rst or last year of the survey data. b, Finite size
analysis of the species' lifetime distribution. The distribution s are from non-
overlapping subsets of each time series, broken into increasingly shorter
sequences . The number of years shown are the maximum possible species’
lifetimes between the ®rst and last year of the individ ual time series. c, Test of
generality of species' lifetimes distribution . When axes are rescaled to remove
®nite scaling effects, the data collapse onto a single power -law curve. For each
®nite subse t of the data, we compute F.t1[ P.t1At3%e? '« and plot F(t) against
the rescaled time axis t/tcp.

occupiel is often modelledby the incidencefunction P.x; ~ 11~

G T e,wheex; ~ 1if thepatchisoccupiedg isthecolonization
probability, and g is the extinction probability’®3*2 On islands,
whetre distan@sbetweerpopulationsarelarge,we expectthat the
speciefifetimedistribution shoulddecayexponentiallybecausthe
probability P.x; © 1t is roughly constant. However metapopula-
tions are oftenmore stronglycoupledthanislandpopulations,and
can experiene a much stronger ‘rescueeffect®® whereby local
populations are saved from extinction by immigration from
neaby patches.This rescueeffect may explain the long-tailed
distribution of speciedifetimes. M
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Herbicide resistance caused
by spontaneous mutationofthe
cytoskeletal protein tubulin
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The dinitroaniline herbicides (such astri uralin and oryzalin)
hawe beendewelopedfor the selective control of weedsin arable
crops.However, prolonged useof thesechemicalshasresultedin
the selectionof resistant biotypesof goosegass,a major weed.
Theseherbicides bind to the plant tubulin protein but not to
mammaliantubulin . Hereweshowthat the major a-tubulin gene
of the resistantbioty pe hasthree basechangeswithin the coding
sequenceThesebasechangesswapcytosine and thymine, most
likely asthe result of the spontaneousieaminationof methylated
cytosine.One of thesebasechangesausesn amino-acidchange
in the protein: normal threonine at position 239 is changedto
isoleucine.This position is closeto the site of interaction between
tubulin dimersin the microtubule proto®lament.We show that
the mutated geneis the causeof the herbicide resistane by using
it to transform maize and confa resistane to dinitroaniline
herbicides. Our results provide a molecular explanation for the
resistanceof goosegassto dinitroanaline herbicides,a phenom-
enonthat hasarisen,and beenselectedor, asaresult of repeated
exposureto this classof herbicide.

The dinitroaniline hemicidesdisrupt meristemdevelopnent in
the roots and shootsas a result of the net depolymerization of
cellular microtubuleg® The repeded use of the dinitroaniline
herbicideson the cotton and soybean®eldsn North Americahas
resultedn theappearancef biotypesof goosegrasgleusinéndica
(Fig. 1), that hawe ewlved resistaceto the herbicided*®. Doset
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Table 1 Differ ential sensi tivity of the sensitive and resistant biotype s to
dinitr oanil ine herbicides and to the structur ally unrelated pronami de
herbicide
Herbicide IDso (Mg I'*)
Sensitive Resistant R/S*
Triur alin 0.04 170 425
Oryzalin 0.01 0.60 60.0
0.59 1

Pronamide 0.55

The IDg, value was calculated from seedling dose tresponse curves.
* Ratio of IDs, for resistant biotype to IDs, for susceptible biotype.

resporsestudiesin the laborator® showedthat a dinitroaniline-

resistantbiotype toleratedup to 60-fold higher conentrationsof

hemicide than did the dinitroaniline-sensitivebiotype, but that
both biotypeswereequallysensitiveto the structurally unrelated
antimicrotubuleherbicidepronamid€ (Tablel). It isressonabldo

propose, in light of the effect of dinitroanilines on plant
microtubules8 thatamutation hasarisenin amicrotubuleprotein.
In apreliminary investigationwe showedhat the major a-tubulin

isotype in the resistantbiotype had an altered electrophoetic
mobility on two-dimensionalgelscomparedto the isotype of the
sensitivébiotype.In furtherexperimentsvefocusedn amolecular
analysiof the a-tubulin genes.

We constructedtwo complementay DNA librariesin UniZAP
vectors (Stratagene)using poly(A)* RNA isolatedfrom seedlings
derivedfrom selfedsensitve and resistantiotypes.The sensitive-
biotype library wasprobedwith radiolabelledzmtual, a maizea-
tubulin cDNA clon€. We obtained13 cloneshat hybridizedto the
maizea-tubulin probe.DNA sequencingewealedthat 11 of the 13
cDNA cloneshad identical 39 non-coding regions,indicating that
theserepresentedthe most prevalenta-tubulin transcript. This
group includedthe full-length cDNA cloneEiStual Theremaining
two clonesweredistinct from the prevalentcDNA and from each

Figur e 1 Dinitroaniline-sensitive (S)and -resistant (R)bioty pes of Eleusine indica
(goosegr ass). a, S and R biotypes grown to maturity in the absence of herbic ide.
b, Sand R biotypes grown on a discrim inatory dose of tri ur alin (1mgI'%).
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