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POPULATION STRUCTURE AND LEVELS OF GENE FLOW IN THE
IvIEDITERR{NEAN L,{ND SNAIL ..1I81,\,1R IA CORRUG.tTA

(PULMONATA: CLAUSILIIDAE)

){Er!--.ro SCHlrTHUrzEN A,\D I!,LARCEL LovBA€RTs

Svstetndttc Zaalag Gtaup. I sriiure oJ Etolutoncry and Ecologtcal Sciences, Untvtstt.v of Leiden.
?.O. tsar 9i 16. .YL-2300 &1 Leiden, The )iethetlands

. lbstract . -The rmounl  of  gene l low among local  populal ions par l ly  deremines rhe re lar ive im-
pon: lnu< of  4encrrc dnfr  . rnd ni ruml select ion in lhe di l ferenr iat ion oi  such populal ions.  Land
snar ls.  Decause oi  rheir  l imi led po$'ers lor  d ispersal ,  may ix  panrcut3r ly  l ikeiy !o show such
diflerenration. In rhis srudy, we direclly eslimare gene low in .llbinaria corngata, a seden..3ry,
.ock-tlweiiing gasrropod irom Crele. by mark-fecaplure sludies. In the same aree, l3 samptes were
' r1,er  Jnc s iu!red elecl iophorer iL l l lv  ior  s ix pol-vmorphic enzlme Loci .  The t reLd s ludies rndicare
ihrr  ihe popuLar ion s i .uctufe corresponds c losel-v io lhe s leppLng-srone model :  demes are present
on li.:resione boulde.s rh]r are :l fe., meters apan, and disp€rsaL lakes piace maLnl,v belween edjacent
dcmes.Averagedemesize(,Disesr imateda!:9breedingindiv idualsandlheproponionofmigranls
per genererron a!  0.195 ( ] \m = i . ,_) .  We i ind no fe3son lo assume long-distance dispersal .  apan
r iom dispersal  i r long occrs ional  s l rerches of  sui lable habi ta! .  Gener ic suMivis ion ofrhe populauon.
as d€nved I rom F,r  valu€s.  coarespo.ds lo rhe di rec!  esl lmale only 3t  rhe lowesl  spat la l  level
(d isr f ,nce belwcen samDle s i res < I0 m),  where values fo.  rvm ol5. , l  and 17.6 were obuined.  In
conrrest ,  a!  rhe larger spat ia l  scales.  asr  values give gene- l low est imales rhat  ar€ incompalrb le wi th
!he expec:ed 3mount o i  gene I low 3!  lhese scales.  we explarn rhese discrepancies by argurng thar
gene r iow is in i 'ac!  exl remelv l i ln i ted.  makrng co.rec!  esumales of  rvm from F. ,  impossib l€ at  the
larger spar ia l  scales.  In v iew oi thcse low Ievels ofgene i low. ia is  conciuded tha!  borh geneuc dni i
rnd naru|ai  select ion mrv pl : ry rmponanr .o les in ahe genel ic  d i f ferer t la l ion of  thrs soecres,  even
al  lbe lowesi  sDaoal  scales.

Ket eatds.- . - l lb indr lc.  a l lozymes. d ispe.sal .  gene f low, geret ic  d isBnce, land sna .  populal ion

Rcccivcc June 8. 1993. Accgpred Augusr t2. 1993.

\ . F . i P <  . r r F 1 r  r ^ n < i C  ^ f  r  c i n o l.  _ . . . . , . e  p 3 n m t c t r c
popu lauon -  Beceuse  o f  l im i t ed  eb i l i t i es  l o r  d i s -
pc rs l i  r nd  n lb i r i r  r r i qmenr3 r i on .  mos r  spec ies
consisi of subpopula! ions, among which genetic
c t . l i . - - -  i . .  " - ^ , , ^ - i  a - ^ - , , . -  ^ r - . " ^. , .  . .  .  - , , oo ' n  gene l l c
d . i -  l . ' (  r -  i - ^ i  - ^  oa -c . . .  e r f . . 1q : i 113g r66
* r ' h i n  l . ppc re ) .  S . r r i c : c r r l v  s r rong  ' 1 r l u r : r r  se -
iec!ron, however. may produce simllar paltems
in lhe face oi ge:re f low. When srudving rhe geo-
graphic vanabil i l_v of ir  species- an accurale es-
t imate of rhe ievel of gene f low is necessary lor
delermining lhe relat ive imDonance oicinf!  and
selecl ion as dif ferentiaring iorces.

Their proverbial low abi l i t ies aor dispefial
r hJ le  l and  sne i l s  p rone  t o  t he  e f<a l s  o f  popu -
lalron subdivision. The lv{editerrane3o pulmo-
Dare genus , l lbinaria ts weLl known for bolh i ts
speciosity and lhe polwpy oi irs species (Gil-
teaberger 1992; Mylooas 1992: Scai ir iuizeu et
d .  I 90 i ) -  The  p resen r  s ruov  a tms  r r  esumar iDg
ute levels of gene ilow in a representative --llbl-
44tr4 species rnd making paedicrions about the
lpal ial scale a! which subslanrial ci i f ferenriarion
caused by genetic d.ift ma,v occur.

Gene l low may be estimated direcrlv or indi-
rect ly (Slatkin 1985b). Direct epproaches usually
involve the marking and recaDrunng oi individ-
uals, whereas indirect esl lmales can be obralned
f rom I  mecsu re  o f  I ne  gene ! i c : rm i l en t v  o i ooo -
ulat lons. Maoy groLlps of land snarls are sul!able
subJec!s for borh types ofapproachi lhev are seC-
en!ar:-,  conspicuous. and occur in high popula-

tron densrt ies. making both direcl and rndirect
measurement ofgene f low possible. Seveaal s!ud-
ies on gene f low in terrest. ial  snai ls have b€er
carr ied oL1t. usrng either direcr fe.g., Baur l93E:
Coq ie  l o8a :  C . rmeron  . r nd  W i i l i rmson  l oT l ;
Woodruti  1978; Murray and Clarke I98.1) or in-
direc melhods (e.9., Selander and Kaulman 19 7 5;
Selander end Hudsoo 1976: Aner 1990: Boaro
1988). I !  is srr iking, howeyer, lhat very few au-
tho rs  \ f o .  i ns r rnce  Johnson  e r  r l .  l a38 )  r epon
oa the srmultaneous use of borh direc'! and in-
direcr melhods in a single s!udy.

ln this study, we present the resuits ofdireci
and rndi lec! esdmales of gene iow, measured
simultaneously in the same area. This al lows us
to direcriy compare resul ls lrom both ty,pes of
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sen,ations of many, simultaneousLy copulat inS .:

ps l r s  qcn r i t hu l zan .  unoub l .  d3 ! l ,  sugge { t  t ha t  t .

oJ ! c ro>s tng  l s  Lhe  ru l e .

S ' t t d t . t . t a .  -  Bo th  i e l d  e \penmen l r  and  sam '  -

pi ing rvere camed out on and near Mounl Y[h_

!as. some l l  km soulh of lr ikl ion (the capi lal oi --
Crele). The rerrain is barrei,  devoid ofany largc -, .-

vegetation. Only small .  rough shrubs ("gangue')

cover ihe soi l .  Scertered in 6glween are larger or 
*

smaller blocks of l imestone (f ig- l)  These boul- i 'J

de r . t .  wh rch  j 1s  46ve red  l n  m ic rovege la l i on  sucn

Js Lichen5. l lgsc and mosses arc lhe prelerred

habfiar oi-] lbtnarta (Kemperman et al l99:)

Fieid Exoenrnents.-Two grids. si tes I and II .  - '

each conslsl ing oi 100 I x I  m squares' were

esEblished on Seplember 9. 1991 and October
' - r  l oo l .  ae )pec r r ve l v  f he  lwo  S l l es  we re  3D_

proxlmalely l  j  km apaa! ,{t  each st le'  lhe dls_ -":

tnbutions of rock. ganglre. and nrbble were 'e_

corded. Each I x I  m square was 3ssigled acodc

berween 00 and 99..{dult  snarls were marKeO

wirh India ink by w.ir ing lhe code of the squarc

Ln which they were found on lhe dorsal side of

lhe penult imale whorL. This method of maridn8'

was irrsl  tesled on emply shel ls exposed lo oul '

door condir ions in The Neiherlaods for seve'd

monrhs. The India ink was found to adhere to

rhe shei ls qui le well .  malnlv because they lack a

perioslracum- 3nd the ink is panly absorbed by

lhe calci ie matrix of rhe shel ls- Som€ of lhe !e5l

markings, however. did become more vague over

!ime. Therefore. in the held exp€'iments a cer'

nin amount of mark loss could not be excluded

Juvenile snai ls, mostiy roo smail  for marking r ic

way adults were marked' recerved a single dot

on one of lhe whorls. Marking was carned ollt

ouring dD de1s. when (he snads were lnacdvq

haying stuck thelr apertues to the rocks by me3nt

ofepiphragms (lesls ar other sites wilhin the sa@c

area contirmed thar viflually all snails found il

tbrs position were alive). During markjng' they

*"r"'noir"-o.r.a or orhe.wise disturbed to avoid

any disturbance-induced dispersai Gee Cameroo

atrd wiiLiamsotr 1977' for such

The numbers of both aduit aod juvenile

Frc. 1. .{n over!'re', ofrhe sludy areal Mounl Yiltrus

in Crete. Aggrcgations o[ Albinarta corrugataar' prcs'

ent on lhe lsola!€d limesaone bouloers'

approach and !o inleaprel the resulG ftom lhe

ini irecr method wirh the aid ofdata on lhe aclual

popularion dynamics of lhe animals in the held'

MATErunJJ ArD MFfHoDs

The Species. - A. rcpreseorauve '1l'i'ana was

cIlosen, Albinarta co gata corrugatcl fror'l tbe

island olCrete (Greece). This subspecies has rel-

ariveiy large, smoolh, while shells, whrch are easy

to rnark (see below). It occurs in iarge numbers

xnd, unLike cenaln other Cretan specres' i t  aes_

tivates conspicuously on rock surfaces, which ta-

ci l i taLes capture 3nd recaplure during summer'

The active seasod, in which feediog and 'epro-

duclion take pLace, slarts al lhe ooset ofrhe win-

te! ruins, around mrd_Ocrober' and ends when

the dry summer sErts' irr May (Girrenberger and

coworkers unpubl. dala). Anaromical sNdies

(Schihhuizen, unpubl. dara) suggest thal sub'

aclult snails have full-grown shells (wirh refleoed

pe.istome) already in sp'ing, whereas theit re-

producttve sysrems mature during summer' The

mating system of rhis or other '1lbina' ia specres

is not exacriy kilo*n' but rhe lrequent field ob-

in each I x I m squate were recorded' To a5s'5t

collecung eiiciency, site I was visited 9@

weeks afier marking, during rainy weathet' wbd

rhe snaiis were aclively crawling aroudd'

searching rhe area wirh lhe same efrcie[cy

during tlie 6rsr 'risrt, only 4 unma-rked adults-z

6 unmarked luveniles were discovered (and I

sequendy marked), whereas 129 and-l5l '

rol"tJ"it, i"a u.." marked duritrg fie first visl'
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copularing
lggesl rhat

:s and sam-
ioun r  Yuh -
e capl lal oi
>f any Largr

re larger oi
lhese boul-
tat ioo such
e preferred

les  I  and  l l .
ua res , , *e i e
nd Octobrr
35 were ip-

) le were re-
gneo a cooe
ere matKco

of marktng

i rhe squarl
sid.e of

Tbis would indicate that sampling inlelrsi ty had

been nearly 1000/0. The numbers ofmarked adult

snai ls. thereiore. are lrealed as the aclual num-

bers of adulr snai ls present ( lhis means that any

mark loss du.ing lhe expe.imen! would not ln-

Ruence our es! imale ofeffecdve popuial ion size)-

BecJLrse oi lherr often very )mall  srze. Ihe Iu-

veni les, however, may st i l l  have been undersam-

pied. The two sites were visl ted agaln I ya Later,

on Oclober 3 and {. 1992. Each grd and the

eight l0 x l0 m squares around l !  were searched

rnlensively. , \gain. lhe numbers of adult and ju-

veni le snai ls were recorded lbr each I x I  m

salLare. Al l  posiuons of relr ieved marked snai ls

!!cre laken down. From lhe data, densi lv and

p3lrems of dispersal and dispersion could be as-

sessed. Foa delermininB the Latter parame!er. !he

index ofdispersioo (Southwood 1978) was used:

/6 : s,(n - I )/-r, rn wb]ch -t is the mean densily
per m:, -r: is rhe variance and a equals 100, the

numbea ofsquare metels sampled. 1D ls approx_

imareiy disrribured as x: wirh ,1 - I degrees of

l'reedom, and depanure ftom mndom dispetsion

can hence be tested.
As juve le soa-ils were marked only *1!h srn-

gle dots, their dispersal could no! be estrmaled

Js Jccumlely as lhe Jdulrs. Therefore. r sepatate

expenmenr was set up. on oclober 4, 1992, el l
j8 juvemle snails prcs€ot on a sing.le boulder

0arBesr diamerer 2 m) close ro stle I, were marked
wlrh a single dot oflndia ink, \Milhout dislurbrng

lhe animals. Al the end of the rarny season, oo

Apnl 2, 1993. the boulder and irs surroundings
were searched inrensively and lhe posit ions of
marked soarls were recorded.

Sampling. -Twenty-three samgles were !aken
lof al lozyme eiecrrophoresis. To invesugate lhe
rntiuence oi sparral scale on levels oI gcne iow.
20 samples were laken along lwo rransec' ls,.{
and B, wirh interyals between sample srles 1!r-
creasing from 4 to 230 m. The amount ofsui!able
habrEt aiong trirosect A was clearly less lhan
aiorlg uansect B, where long srerches of bare
ro;k were present. Additiolrally, lhree samples
were taken ar I to 5 km from each other and
from the orher ?0 sample sites (fig. :)- All sam-
ples were grouped into four levels ofspatral scaie:
sampies 1-.1 and I l -14 consutule two groups at
jevel l, wrth i[(e.vals along the transect ofup to
l 0  m :  samp les  l ,  . 1 ,  i .  6 ,  7 ,  and  11 ,  14 ,  l i ,  16 ,
and l7 constilute two groups at level 2, x'ith
intervals alodg rhe lransect of f0 to 60 m; sam-
P lcs  l ,  7 ,  3 ,  9 ,  i 0 ,  and  l i ,  17 ,  18 ,  t 9 ,  and  20
make up 1wo groups at levei 3, with inaervals

to out-

Frc. f. Map of a part of Crete, A,ith sample sLres
indicaaed. Sample sites I-20 are silualed along tran-
secls A and B. which are shown Ln p.oile in rhc boliom
pan oflhe ligure. Contours are iven at j0_m Lntervals.

along the lransecl of 100 to 230 m and sampLes

I, 10. l l ,  l l ,  alrd 13. f inal ly, fo.m rhe group rha!

represen!s sparlal level -1. with between-sarnpie
disrances of950 to -1900 m_ The snai ls were col-

lecred lrom single boulders. each samphng atea

nor exceeding 2 m:. Sample size ranged from l '1

to 52 specimens. The animais weae lnnsponed

alive and frozen aa -70'C uporr arnva] in the

laboratory.
E lecuop horesis. -Each snail, including ihe

shell .  was g.round by hand in I  to i  drops of

homogenizrng buller- Homogenates were then

cenrnfuged at 96 17 g for j  min, and lhe super-

naran!s were lmmediately appiiedlo sample wlcks

lor loading the gels. Standard procedures for hor-

izon(al srarch gel electrophoresis were employed
(see Seiander et al.  1971)- Gels were prepared

lrom i 20,/o (weigil per volume) Connaugil hy-

diolyzed starch- 15 mg of NAD, and 15 mg of

NADP were added to lhe gei bufle! mrxture after

boiling and ro rhe carhodic buffer companment

before electrophoresis. After 15 inirial running

minules at a lower voltage, the Sample wlcks

were removed, and the voltage was raised to the

desired value- All gels were mailrnined at ap-
proximately 4'C dunng electrophoresis. O[ rhe

basis of previous allozyme dala fo. lhis popu-

latron (Schilthuizen, unpubl. da1a), s1x enzyme

sysrems were seiected and used to detecl Srx poly-

morphic ioci (rhe nomencla!ure used lollows lhe

e o[ lhe lest
! 3 g u e  o v c r

ts. e cer_

for seveni
Sdhele lo

lhey lacK a

bsorixd bY

excludcd.
ng  rnc

sing,le dot

cxmed oul

inacrivc'
by rnetrs
tle Samc
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ll1<.v
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T,\BLE l. Data on populallon size' densiry and aggtegarion for both srles in bolh r_ears'

S L r e  i  S i i . :

: ' "

Tora i  oa3du l t s  merked  (1991 )
\ larked 3dui!s .ecaptured lL99l)
Toral ofadulrs found (1992)
To la l  o f  j uven i l es  l bund  (1991 )
\ larked juvenrles recaprured ( l99l)
Total of juveniLes lbund (1991)

{ndex of dispersion (ID)

Adu l t s  i n  199  L
Juven r l es  i n  I 991
Adui6 in L 99:
Juven i l es  i n  I 991

l ] ]
l 8

1 5 5
i i 7
L L

l t 8

338 "
5  88 "
639 '
r90'

1 3 2
l l

1 4 1
Ll ,1
l l

r30

1020 '
i t : .

l5 i0 '
1660 '

,  5rsn,6 JnI rgereertron ,:  ev. i  0i '

recommendations by the Fish Cene"ics Nomen-

clarure Commiltee t 989): soluble ,\spanate xml-

notranslemse isdAT, E.C :.o l  Ir .  Esterrse tEST'

E.C- 1.1.1.-),  soluble Isocitrale dehydrogenase

\ ) - \ D P  r s l D H P ,  E . C  '  : . l  r : ) .  L e L c l n e l m i '

nopeprrdase (LAP, E.C. i  J. I  1 . l  ) ,  solubie Malale

dehyd .ogenase  ( sMDH.  E -C .  l  1  I  j 7 ) '  and

PhosphogJuconate dehYd.ogenase (PGDH' E'C'

1.1.1.-1.1). Staining .ecipes were taken irom Se-

lander et al.  (  197 I )  tor SAAT and from Shaw and

Prasad ( l9l0) Ibr the olher enz-vmes Builer sys-

rems used were lns-ci! .ale. pH S 0 (Shaw and

Prasad 1970) lor SAAT. L,\P. 3nd PGDH (n-]n-

nrng t ime I h at l5v/cm) and lns-ci lrale'  pH 7 0

(Shaw and P.asad 1970) tbr EST. slDHP and

sMDH (running r ime I h et l5v/cm) Al leles

were assigned numbers. ref lecong lhe eleclro_

phoreuc mobil i ly of rhe corresponding ai lozyme

relalrve to rhe one with lhe lowesr mobil i ly '

Genetic Data .1,141.!'slJ. -The genorypic iie-

quencies were analYzed with the BIOSYS-i

package ofswoford arid Selander (1981) Even'

sample was tesled for conformance !o the Hardy-

weinberg equll ibnurn at each poiymorphic lo-

cus, using lhe exact probabil i ry tesr provided bv

BIOSYS- 1. As recommended by Rice ( I989) and

Lessios (1992), lhe sequenrial Bont 'erroni lesr

(Holm 1979) was used on al l  110 tesls lo deler-

mine if any cases showed significanr departure

lrom Hardy-weinberg expectations. wilh d: jo'/o'

Rogers'(1972) genelic disEnces (DR) were cal-

culated for all parrs of samples and used for the

consli'r.lcrion oia UPGN{A dendrogra-lc ' The val-

ues fo. DR were elso plotled against geogtaphic

disunces as suggested bv Sokal ( 1979)'

Values for -Fsr, lhe sunda.dized variance of

al lei ic frequencies (wnghr 1943, 1969), were cal-

culaled per iocus ior each group ol sampies *'llII_

in rhe four spatial levels described above Where

Fsr values paoved 10 be in the same order of

magj[ lude tor each locus (see Results). lhey !\ 'erc

everaged across the polymorphic locl !o produce

a single F. value foa e3ch group { i ls 'ecom_

mended by Slarkin l98l).  Cene f low *as estr-

mated ftom !he Fsr vaiues using lhe rela! ionshlp

Fsr = Ir(. lNm - l) ,  in which -V is Lhe efecrrvc

s i ze  o i  an  i so la ted .  panmic r i c  popuLa t i on

("deme"), and //7 is lhe proponion of the demc

rha! are migrants (Wnght 1943) This equalron

was developed lbr the ini ini te-isiand model of

popularion struclure. bu! simulal ions by Crow

and .{oki 1198'1) showed i l  is r lso appl icable to

!he slepping-stone model. The pnvate-al lclc

me!hod ofSlatkin ( l9 85a) lor esl imating rVz was

no! used because oflhe presence ofpnvale 3l lelel

in onl-v one sampie-

REsuLTs

Densitv dnd Dispersion -�fhe numben of

snai is found in bolh years al sl tes I and l l  arr

preseoled in table L. The high indices ofdisp€r-

sion indicate sigliiicanl aggregarion on the lim'-

srone boulders within each site for borh age cl'se

es.
Dripersal. -Ar sile I. l8 our ofthe 133 markcd

adults *ere .e!.ieved alier I yr. At srte Il' dut

figure was 53 out of 182. The mean 'ate of adult

,"aop,rla", therefore. amounls to 29ryo The lalt

ofthe remaining 7lo/o is uncLeer. These may hl€

gone undetected because ofloss ofma'ks' or

may have beeu laken by predators' if the

possibilily were r!re, lhen all unmarked
rveniles 6j

r n  l oa l  mus t  nsve  g fown  up  f r om j t

were obsewed lhe previous year. However'

8 aduhs al sire I  aod ?7 at si le l I  caried $e

dor lhat was appiied to the juveni les in dre

:

l ,

8
5

d

s

o
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vious year (see below). Ptobably'  a cornblnal lon

oi sdult mark-loss, predation' and insumcien!

$mp l i ng  o f j uven i t es  i n  1991  exp la i ns  t he  h ig i

D ropon ion  o iunmarked  adu l t s  i n  l 992  l r shou ld

b€ noled that both mark loss and predarion may

b€ expected to have inl luenced rhe marked in-

d i ! r JuJ l s  r andoml \ .  The re fo re  rhe  recap lu red

:9q/o may be regarded as an unbiased sample for

esl lma!ing disPersai.

In hgure J, palterns of minimal dispersal wirh-

io each si le are shown. At both sites' about 90o/o

ol rhe adult individuals had dispersed less lhan

I m. The longesl disance uaveled \r'as bet$een

I aod 5 m. Vost indivrduals remained wirhin

lhe rocky parch where they had been matked in

al l .  ooly six of rhem probably crossed inhospr-

!abLe habilat as they migrated from one paich to

]nolher (marked with astensks in l ig 3) '

Juvenile Dispersal. - Eleven (site I) and '12 (stte

I l)  individuals were recaptured lhat had been

marked asjuveniles Oflhese. 8 and 27 had gro' fI

mature. respectively. As juveai les had been

marked only with a si[g]e do! '  theirexact paltem

ofdispersal could not be esrabl ished However'

nona o;11rs lglr ieved individuais were found ou!-

sid. theit  ongtnai l0 x l0 m squares' indicaring

rhrr Juvenile dispersal is similar io adult drs-

persat. This was further examined in the sepa'ate

e\penment descnbed ln !he previous secrlon' in

whrch al l  juveni les on a single boulder were

marked. Of lhe 58 juveni les lhat were marked

in 1992, 10 were recaptured the next year'  Nine

of these were rclrieved from the same bouidet

$e-v had been lbund on. whereas one individual

had crossed to a neighboring boulder' This par-

lem oi dispersal slrongJy resernbles lhe patlem

oi adult dispersal.  Therc seems to be no 'eason'

lieretbre, to assume differeDt rales of dispersal

:  . lor jr .rveni les.

Frc. 3. Paltems oa mlnlmal dispersal oi aduit snaris

Ln s i le I  (a)  and i t  (b)  dunng rhe season l99l /1992

The distnbulions of limeslone fock and inhospiLlble

habitat ("g3rigue" and rubble) ate Lndicated *rtlr srrp-

pled and;hit; ateas. respeclively. Dols indicate snails

that were recaptur€d in the same I x L m square ln

which lhey were marked. ,fuTows ifldicate individuals

lhat had migtated from lheir originai I x I m square

to anolher, Asierisks (") show whlch migradng indr

\.iduals probably crossed inhospitable habrtat-

ofinhospitable habiut. At sile II. frve such patch-

es are found. Dividing the toral number ofadult

snai ls at each site ( in 1991) by rhe number of

parches ihere, yields miaimum values lbr 'V of

22 at site I and i6 at site iI- Hence' lhe rneaE

value for iy' is 29. The value lor n may be ob-

tained as foilows. The avemge number of mi-

grants encountered per deme in 1991 is 6/ l  I  -

- - -  J

4

. J

,. tl

::

':

i ' {

i

PoDulaion Stracturg. -The high degee ofag-

Sregation and the paltems of dispersal srrongiy

- 5ugSest rhat the popularron is concentraled tn

demes ,  co r respond ing  w i l h  s i ng le  bou lde rs '

among which migration is exlremely limited'

Such a panern ofpopulation sruclule wouldagxee
t^lh rhe rwo-dimensional stepping-stone model

of Kimura 11953). in which lhe demes are ar-

ranged in a lectallgular latlice, \Mirh gede flow

occurring only between adjacent demes. If this

todel is apptied io lhe present data' lhe gene

low pammeter, Nn, may be calculaled as fol-

hws:

At site I. slx inhabited rocky palches are ibund
lhat aae sepamted fiom each other by srrelches
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0.5i:  the rate of fecapture was the number of

recaprured snai ls/the number of marked snai ls
=  O . :u .  The  es t ime ted  f r sc t l on  o f  m ig r : r n t s  pc r

deme pe. year would then be [(0.5 i i '0.]9)/19I =

0.065 i f there were one generation per year. How-

evea. severil fieid expenmenis ll'ilh marked snaris

and the p.esence on adult shel ls of juveni le aes-

r ival ion-apenures (Schrlthuizen, unpubi. dala)

indicare rhat most,-llbinaria individuals will need

ar least 2 yr !o reach matunty. Adult Life was

lound ro last ior more rhan 3 yr under laboralory

condir ions. bur i leld data (Schi l thuizen uopubl.

d:lla) indicate !hat uncier nalu.al conditions' adult

monaliry is so high rha! the majo.i ty ofbreeding

indiviciuals are repiaced by a new generatron eacll

vear. In aac!. lhe present s!ud-v also supports this

idea, as most adLl l ts founci in 1992 seem to have

been recruited from rhejuveniles ofthe previous

yerr (see above). Hence, l t  seems le$lrmale to

3sslrme a generation l ime of 3 yt for Albinaria,

which makes (assuming equal annual dispercal

ao r . j uve r i l es  and  adu l t s ) , n  =3  x  0 .065  :  0 .195

The gene f low parametea, rvtr.  therefore' equals

5 . 7 .
Genetic . lnalvsis. -Table I presents lhe lre-

quencies ofthe various al leles in al l  samples- The

paltems oi freqLlencres of al leles along fansecls

A rnd B have a fair ly random appearance, \ l -r th

rhe exceplion af Lap, of which the 1oo-al lele

increases in lrequency in a nonherly direct ion.

at rhe expense ot Lap' |  25 (f tg. 4). The stal ist ical

tesrs proved devial ion from Hardy-weinberg

equil ibr ium ro be insignif ican! in al l  cases' ln-

dicaring that every sampLe may be considered

representative of a single deme.

Rogers'genelic dislance (DR) betweed samples

raoged t iom 0.028 lo 0.605. Figure 5 shows the

.esult of a UPGMA clusrer aoalysis. Tbe htgh

copherelic corelatioo (0 98) ildicates that lhe

clustering paltem accuaateLy reflecls lhe pattem

oi genetic va.iat ion in lhe mat. ix ofgelrel ic dis-

rances (Sneath and Sokal 1973)- The dendrogram

shows two major groups: ooe conraining al l  20

samples along i taDsecls A and B, lhe olher con-

raining the lhree samples seveml kilometers lo

rhe *est (see f ig. :) .  within the cluster conraining

samples 1-20, however, concordance wlth geo-

gfiphlc posrt lons of lhe Samples si les ls com_

pletely absent: nowhere in lhe del1drogram do

lwo adjaceot sample sires cluster logether. For

example, sample sites I I ,  12, 13, and 14, each

sepa.a.ed fiom the nex! by a dislance of about

7 m, lail io show any genetic .esemblance !ha!

makes them cluster loge!her. Conversely, sam_

pLes I and 10 are genericai ly so similar that tSay' i
are cluslered !oge!her. a similari ty !ha! does oot:
seern io ag.ree with lhe fac'! thal !hey are sepaqq6

by a disraoce of more than I i00 m, Howevg..,  r
plor of el l  pairs oi genetic and geog-raphic di!-
iances for sarnples l-20 (f i9. 5) does show a 51r-

seoted in lable l .  With the exception of rhe F't

vaiue fo. lhe .t1a, locus al lhe 95H900 m leYct

nif icanr correlat ion berween lhe two vanables (r-
:  0.16, P = 0.01), at lhoug,h lhe scarler of uE'
coordinates is considerable. However. lhis coi-
relat ion disappears when a.rp ls exciuded Lor!

: he  c r l cu l3 r i ons  o l  D "  t r  =  d .0o .  P  O . l i t .  Ae "
parently, rhe codelat ion belween generic di! .
t ince rnd geog.rxphrc disl : loce is c: luseo by lba
aLleles of rhis locus. whicir (as menuoned p.F.,

r i ous l r ' /  , no *  r  c l i ne  r l ong  t h (  t r ans . c l : .

F5r ) ta l ls l lcs xnd gene dow c\ t im.r les Jfe PrE- l

a close correspondence in ,Fsr values is seen fcr

al l  loci in each group. This jusri fres lhe calcuL-

uon ofa single. average Fs-r 6gure lor exch Btoutl
a! lhe three lower spatial levels (Slatkin 1987l

For the 95G+900 m levei. the me3n Fsr w'r!'

Gene-flow estimales as calculaled from thc Fi'

values arc reLal iveLy high among sample sitc! I

calculared wirhout lhe value for the.t ldl  locur. l

The F-srarist ics show !ha! among ai l  lhree lovrcr

spatial levels. genetic dit ierenl iat ion is roudlt

equal. although Fsr values for samples a1o4

transect B (where long sraerches of suiuble haL

ilal were presen0 are abour twice 3s high a5

those along transec! A- As rhe UPGMA
gram already showed. genetic di i ierentiarion a

th (  h rghes t  spa l13 l  l eve i  i s  o i s ! l oc l l v  I nc re i sd  b

felat ion to lhe three lower levels.

the lhree lower spal ial levels. Only among

Eve sampLe si les consti tul ing the 9jH90O a

spalial level is the gene f low paramerer less

t. and may be considered sui iciently reduc'o

ixarion ofalleles caused by drift lo occur(w
I969; Slatkin and Banoo 1989).

DIscussroN

Our obselations on dispersal and

of Albinana cortugata closely cofiespood

similar studies ia olher rock-dwelling

nates: Baur ( 198 8) reports an average aDnuar

persal by aduit C,to ndina clienta oiO 83 to

m (dependenr on lhe microhabiEl); in $r5

!

cies. too. habitat fidelit-vrvas strong, and do

were lbund crossing inhospilable habirrt

r\ leen rocky pclches- Ciokis t  1990. pets'

reponed lhal in othet Albina a sp*ies fie

l i fer ime dispersal amounted lo o y 2 m-

h
JI

I
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Lap
a.s---aF

a  , a -

.i.

" - - l i

!
^ l

r

r i T

Flo. .1. Pattem of frequenoes of fout alleies of lt'

;;s ir";;i; A ana B (open squares'ZaP-,10-0:,rn-

r n t u e s .  L d p _ / / \ :  d l l e d  ' q u a ' e s  t ' o p ' . t t ) '  L 4 u ' I w v '

*i". .  *"t  i . t . . , .a t^ on voneindiudusl rsercluded'

Many empir ical srudies in whrch direcr ind

indirecr est imares of .Vm were compared sho' '

resl l l ls thal are incompa!)ble: ot ien shon-term'

airect studies olOitperual give ao esl imale of 'v

!ha! is much lower lhan the estimale obtalneo

Jfan inai.ecr approach (Slatkin 1985b' 1987)'

o:1. -  - . - . . . , . - - ,  l : i - ,  . .  . . ,  . - ,  .1 :1-  - . '  .  .  "  ! : -

)
r srJ.ce f,r a(.! ra.s<rs A ano d

-  \ ' | .  z 2

: - ; r l . : ]

' - -  : '  -  - '

Frc. 5. UPGMA dendrogram of Rogers genelic dis_

.i . .  " .ona o.pf* (copheneuc conehuon -- 0 98\ '

Fro.  6.  Plot  o iRogers ( l9 i l )  genei ic  d isrance 3gr is

n.o*ton'a o ' t t "na.  lb l  lmole ' i l te5 I  ro _ l  T\ '  f f i -

i . " io l  r . ' * " ,n . " " , ' '  -  0 . lo  P  -0  0Jr  bu t  d is :pp '3 ' !
when lru is excluded liom rhe data'

A similar discrepancy is ibund in rhe prescEt

srudy: lhe value ,vm : 5-i  fo'  adj i lcent deme

*ould l .ad to the predicuon oi consider"ble tF

netic dif ferenl iat ion direcrly above Ihe deme leY-

el.  The indirect est imale for ' \  rn at !h€ loe"t

\ p r l j r l  l eve l  I  -  l 0  m .  see  l 3o le  j )  r l ong  l r Jns ' c l

\  L5  I ndeed  o i  l hc  s3me  o rde r  o i  mag : rL tudc  r

the direc! iy oblained es!imaie' whcreas lhe od

along l.ansect B is somcwhat higher' Howevlt'

ih" .i- .ruI,,". for the spaiial levels oi lG.6o m

irnd 100-2i0 m are simiiar lo lhose for rhe lo*i3

, " r t I 3 ,  f " t a , .  ^  he re l s  l hcy  *ou rd  bc  c ( ccc l cd  t o

n.ata"a". Ot,t  3! J \p3tlal scele in tne order of

f i lo-","t t  is substantrai genetic dj l ierenl iatt"

observed.-".c.;p";n, ly, 
",  , i te Iarger spatial scxles' out <F

,."i '"i i i-u,.'oi y,n is loo low. or our indit

.t,i-"i" f. loo high' or bolh Firsl we discu''

some fac!ols rhat may make large-scaie geoe 6"r

;;; i;;;;;;' rhan our direcr studies sus*

L Exttndion and Recotant:auon -�v-|trph'!.4

al. (  l98l as cited in Slatkin 1985b)'  in expl

discrepancies rn direclly and i11direcdy esu

.raltres for gene Row in the bullerfly tlp'

"itro" "t="J,n", *casional exrincdon of

lance for long-dist3nce gene I]ow'

2. Passive Dispersal. - Gi'Clenbetger

ernohasizes lhe possibi l i ly oipasslve orsl" i

il;;;;".J;; i"'u-'n *'nt.' "';"'t!'!

roo 600 100 :.()o

.5 i : . .e  i l . c .q .a is " rs  a  and a

wash the snarls offthe tocks and down
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GENE FLOW IN A. CORRUGATA 5 8 5

TABLE J. F statislics and gene flow for all sampling l€v€ls.

1'ST v4u.s

Spar 'a l  le !e ,  SamD.e l  L tP  tAaI

<  l 0  m

:0'60 m

100-230 m

950--1900 m

l--1 0.03,1
r  l -  l , {  0 .0 t4
l,  . l -7 0.075
I  t .  t 4 -17  0 .027
l , 7 - 1 0  0 . 0 6 1
15 ,  l 7 -20  0 .029
| )rL) 1 al J.r)

0.015 0 .025
0 . 0 1 7  0 . 0 1 7
0.052 0 .051
0.0.16 0.01t
0 .0 i8  0 .015
0.032 0 .0r6
0 .05  2  0 .500

0.060 0.024 0.044
. .  0 .016 0 .014

0.04E 0.040 0-053
. .  0 .017 0 .024
'. 0.022 0.040
. '  0 .012 0 .023

0.831 0 .144 0 .5  3  5 .

0 . t 0 t
0.006
0.032
0.020
0.039
0.029
0.43  9

t 1 . 6

10. :
6 .0

r0 .6
0 .2

. valuc alcuiared excludidg rhe FsT value Ior !h€ t-1d lo€us (see tcrr for ilnh.r c:planalrot)
- Lo<!s rs not polyhorphrc.

bare slopes. This type of dispersai may be im-

port a t in,- l lbinand, but ir  wi l l  lend ro generlcal ly

homogenrze populal ions on Steep slopes. where-

Js the two lransecls. A and B, are situaled aloog

a mountaln . idge. Theretbre. this lorm ofpassive

dispersal is not l ikelv lo be crucial here. Other

lorms of passive dispersal may be postuLated,

such as transpona!ion by birds or mammals, bu!

no data exist ro suggest tha! !his lype ofdispersal

actual ly !akes pLace.

). Long Stretches of Suttable Habnat.-we

have shown lhat dispersal takes place malniy on

rhe surl ice of l imesrone boulders. At our sludy

si les. such boulders are.elat ively small  and iso-

lared. However, in other pans of the area (es-
pecial ly along lransec! B), rocky patches are more
continuous and suetch lbr longer distaoces, thus
creating "comdors" along which dispersai can'
much more easi ly take place (see Baur 1983 for
a similar possibi l i ty in C. cl ienta). Moreover,
such exrended patches of suitable habital may
barbor larger demes, thus lncreaslng the number
of migaants to sunounding demes. In lact. rhe
indirect est imates of ,Vm along lransect B, which
ate about lwo to lhree l imes as high as those
a long  l r ansec t . \ .  suppo r r  r h l s  l dex .

depend mainiy on selecl ion and d.i f t .  The ob-

sewed nonrandom partem ofthe ldp al leles ma!'

be an example ofa cl ine main!ained by selecl ion.
Forthe reasons discussedabove, we expect our

direct est imale of ,Vm (Vm = 5.7 for adjacenr

demes) to be a sl igl t  underestimate, probably

because of lhe existence oa "corr idors" of 5ui!-
able habitat.  This might explain the discrepancy
with the indirecdy obained esrimates fo. .Vm at

rhe lower spa(ial level along uansecl B. However,

because of lhese low leveLs of gene f low, the in-

direc! esrimatron of ,V,'rz ar any ofthe hig"her spa-

riai levels is not l ikely to produce rel iabLe resuhs

anymore, and lhis may weil  explaio the observed

incompatrbi l i t ies.
In summary, then, it can be staled rhal gene

ilow among demes of this (and probably oihe.)

,-1lDiralia species is exrremely limited, makrng ir

unl ikely to act as a homogenizlng force at spatial

scales laaget lhan a few tens of meters. Beyond

rhis level.  thercfore, both genelic dnft and nal-

ural select ion may play imponant aoies ln lhe
geI1elic differentialion of demes. However, the

invasion of new areas b'! .llbinaria may oo( be

se.iousiy impeded bv lheir restncled abi l i !y for

migrarion: in the case of a moae or less regular
"srepping-srone habitat." exisl ing demes would

fiequenrly found new colonies one step ahead,

rhus maintaining a slow but sure iovasion of lhe

area. However the colof l izat ion ofmore isolated
parches of suitable habiEr may be a rnuch rarer

event. Such demes would be isolated for many
generations and dif ferentiat ing mechanrsms
could, in cenain cases, leld to allopatnc specr-

a!ron-
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-'  Second, an imponanl laclor should be men-
:.; troned thar couid iead to exaggemted values for

i Nrn as estimated from -Fsr values: if migration
- among adjacenr demes is indeed in lhe order of

tn = 0. -195, then gene f low among demes several
r lleps apart- wlll appaoach zero. For such low

values of Nrn, equilibnum values for Fsr are not
rlached for a long time. Moreover, *rth strongly
dccreasing gene f low, sl ight amounts ofselection
rnll have an increasing effect on allele frequen-
Q(5. Therefore, on the large. sparial scales, the
l'alues lor F., would nor be suitable fo. estr-
[raring rvm, as lhey are no long€r dependent on
l lne f low (Slatkin 1985b). The large-scale pat-
lcms of ai lele lrequencres are thus e\pected tom aion5
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