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Abstract

To invest igate t f  thc postglacia l  d ispers ion of  mountain hares (LrTrrs t int idt r .s)  int ( )  the prescnt
geographical lv  separatecl  rangcs in Europe has produced marked genc pool  d i l fcrcrr l ia t ion.  lOt)  indiv i -
duals f rom Scandinavia,  Russia.  the Alps.  Scot land,  and I re land were scrccncd lor  a l lozvmic var iabi l -
ity at 40 struclural gcnc looi by horizontal starch gel electrophoresis. Polvnrorphisms wcrc Llclccte(l rt
13loci .  Most  a l le les werc idcnt ical  wi th those of  brown hares (Leprr . i  europaetrs)  s ludrcd cal l icr  in
Europe. Average expected hctcrozygosi ty (2.0 5.0 %) and rates of  polymorphisni  ( |J .8 29.1 ' ) i , )  in  rc
gions or  subspecies were comparablc 1o those of  local  sanrples of  European brown harcs studiccl  car
l ier .  Despi te a h igh amount (31.3 "1,)  of  "pr ivate al le les ' ' .  genet ic  d istanccs (Ner 's 1978 D: 0.(XX) 0.00f i
among subspecies.  and 0.000 0.017 among regions) were s imi lar  to thosc louncl  arnong local  sanrplcs
of  centra l  European brown hares.  This indicates low genet ic d i f ferent iat ion among gcne pools o l  sul r
species or  regions.  Also.  re lat ivel l ,  low mcan F5l .values (0.157 for  regions.0.1.1 for  subspecics)  uncl
low numbers of  s igni f icant ly  d i f fcr ing al le le f requencies indicated l i t t lc  gcnct ic  d i l le lcnt iat ion.
Wt<tcut 's  (1978) h ierarchical  F-stat is t ics revealed that  less than I  % of  the rc lat i re qunct i (  \ iu i r t i ( rn
was part i t ioned among subspccics but  13.6o1,  among regions wi th in subspecres.  Ai l  resul ts conl i r rnr  t0
the hypothesis of  a c lu i te panmict ic  gene pool  of  late-glacia l  and postglacia l  mounl i l in  l rarcs in I :u
rope.  They also support  thc v icw that  no severe dr i f t  has occurred in poslg lacia l  populat ions dur in l
the colonization of the prescnt rangcs.

Kcy words:  Lepus t imidur,  a l lozymes, colonizat ion.  genct ic  d i f fcrcnt iat ion.  d is junct  c l is l r ' i -

but ion

Introduction

Mountain hares (Lepas t imidns) have a disjunct distr ibution in Europe. with natural
ranges in the subarct ic/arct ic rcgions of Russia and Fennoscandia. the Balt ic rccion and
Poland, thc Alps, Scotland, and Ireland. Mountain hares from these regions arc consicl-
ered separate subspecies (L.t.  t imidus. 1,. t .  koz.hevnikovi,  L.t .  s,vlv,ut icus. L.t .  r 'urnttt i .s.
L. t. scoticrts. L. t. hibernicus), mainly due to morphometric differcnccs and pclagc colora-
t ion (see ANcuRe.rdnN and FLUX 1995). According to late Pleistocene and earlv Holoccnc
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ccotopes, geography, and fossi l  records (e.g., L,+r.rc 1994; Sru,A.nr. 19g2; Doppss 1997: scc
also CoRslr 1986), however, this hare species was most probably conl inuously cl islr ibulccl
ovcr large parts of Europe between the northern and the Alpine ice sheets l-rv thc cncl gl
the last glaciat ion period (at . l0.000-12.000Ynr). 

Apparently, they were hunied bv Mag,-
dal6nien Cro-Magnon people of central E,urope (e. g..  Doruos 1997).

This study addresses the degree of cross gcne pool dif ferentiat ion among thc currenl ly
spatial ly well  separated subspecies of European mountain hares. Provided thc lare plcis-
tocene populat ion of mountain hares did exhibit  a panmict ic gene pool across large parls
of central and north-central Europe, rather than an already substruclercd nn". n,-r,l n.r ..-
vcre or long last ing demographic bott lenecks ("founder ef lects" etc.) have occurrcd dur-
ing the postglacial colonization of the present rangcs, we should expect a low gene p6ol
dif fcrentiat ion among the currently acknowleged subspecies in Europe. Altcrnativciy. a
possible structuring of the late glacial gene pool into regional populat ions anti /or strong
genetic dri f t  during the post-glacial colonization period might have led to signifcalt  gc-
netic differcnces among the subspecies in Europe.

Material and methods

A total  of  209 mountain harcs was col lected at  d ivcrse local i t ies in the Alps (Switzer lancJ.  Flncc.
Austr ia) .  Scandinavia,  the Ural  mountains (Russia) ,  Scot land (L. i .K.) ,  the l r ish Republ ic .  and Norrh-
ern l re land (U. K )  bctween 199.{  and 1996. Detai les of  sampl ing local i t ies and samplc s izes arc c iven
in l igure 1.  These hares can bc al located to four nominal  subspecies:  L.r .  imi t lus (Scandinavia.  gral ) .
L. I. v'ttrronis (Alps), L. I. scoticu.t (Scotland). and L.r. hibenicu.s (Irelancl). Thc samplc from Scotlapcl
(Mull) may zrlso include the subspecics L.t. hibernicus. or L.t. scotittr.s x L.t. hibernit.rr,r hybricls be,
cause of  the introduct ion of  th is subspecies to Mul l  in  the last  century (Conenl  ant l  SouluurN 1977:
see also Fr-ux 1970 for  mountain harcs f rom mainland Scot land).  Among thc present lv  studict l  nroul
tain lrares tiom Swedcn (1,. t. timidus) introgression of L. t. s1,lvoticu., cannot bc cntirelv cxcluclct]. 

.fhe

Swedish hares were shol  in Januarv/February but  untbr tunatelv the hunters d id not  make anv spcci : r l
remarks as to blue/grcy coat colour which is lypical for 1,. t. sr-lvati.cus (Bnnr;eNc;nruN 1969).

Scxing of hares was carried out by inspection of thcir intern:rl reproductivc organs. Age (aclirlt vs.
juveni le/subadul t )  was cst imatcd by body s ize.  bodv weight .  and by checking for  the occurrencc o1.1hc
lateral  cpiphvscal  protrusion of  the uhra;  the lat ter  method separates juveni les/subadul ls  (bor1 i r r  1hc
last rcproduclive season) fiom older ones (War_Hovo 1965).

The following 2-5 isozvmes/-svstems encodcd by 40 hypothctical slructural gene loci werc assaycd
fbr allozymic variation by horizontal starch gcl electrophoresis (isozvme/-sysrcn.r. ahlrrcvratill. F.('.
numbcr. ancl corresponding structural scne loci in parentheses): alpha-glycerophosphatc clell,dr11gen-
ase (GDC. 1.1.1. I t ,  Gdc).  sorbi to l  dehvdrogenase (SDH. 1.1.1.14.  Sdh).  lactatc dehvclrosenasc (LbH.
1 .1 .1 .21  .  Ldh  -1 .  - 2 ) .  ma la te  dehyd rogenase  (MOR,  1 .1 .1 .37 ,  Mo r  - 1 .  - 2 ) .  ma l i c  cnzymc  (M( )D .
1 .1 .1 . ' { 0 .  Moc i  - 1 ,  - 2 ) .  i soc i t r a te  dehyd rogenase  ( lDH .  1 .1 .1 .42 ,  I dh  -1 .  - 2 ) . 6 -phospho -g lucona l c  t l ch r ' -
drogenase. (PGD. 1.1.1.41.  Pgd),  g lutamate dehydrogenase (GLUD, 1.4.1.3.  Glud).  catalasc (CAT.
1.1 1.1.6.  cat) .  superoxidc dismurase (soD. 1.15.1.1.  Sod -1,  -2) ,  pur ine nucleoside phosphorylasc (Np.
2 .4 .2 .1 ,  Np ) .  aspa r t a te  am ino - t r ans fe rase  (AAT ,2 .6 .1 .1 ,  Aa t  - 1 .  - 2 ) ,  hexok inase  (HK .2 .7 .1 .1 .  Hk  -1 .  - 2 .
-3) .  creat ine k inase (cK.2.1 .3.2.ck -1.  -2) ,  adenylate k in:rse (AK.2. j .1.3.  Ak -1.  2) .  phospht)-s luco-
mu tase  (PGM.2 .7 . . 5 .1 ,  Pgm -2 ,  - 3 ) .  es re rases  (ES ,3 .1 .1 .1 ,  Es  -1 :  ES -D ,4 .2 .1 .1 .  Es -D ) .  aC i t l  p l r ospha rase
(ACP. 3.1.3.2.  Acp -1) .  f ructose-1,6-dip l . rosphir tase (FDP, 3.1.3.11.  Ft tp- l ) .  / -galacosida.se ( /  ( iAL.
3.2.1.23.  / -Cal) .  pept idases (PEP,3.4.11.  Pep -1.  -2) .  fumarate hvdratasc (FH. 1.2.1.2.  Fh).  i rcenirasc
(ACO. '1.2.1.3,  Aco -1.  -2) .  mannose phosphate isomerasc (MPI.5.3.1.8,  Mpi) .  g lucose phospharc is6-
me  rase  (GP I .  - 5 .3 .1 .9 .  Gp i  - 1 .  - 2 ) .

Tissuc preparat ion,  c lectrophoresis and protc in-speci f ic  sta in ing fbt lowed Gnru-rrscH ct  a l .  (  1992).
Al lc l ic  var iants wcre resolved by di rect  s ide-by-s ide compar ison of  migrat ing al lozynres.  inc lucl ine l ivc
br<rwn harcs (Lepus europaels) on the same gels. For designation of allelcs we usccl the nomenclaturc
ol  Gntr l t rscu et  a l .  (1992).  Cenotypes at  polymorphic loc i  were <. letermined in cach spccinren acc6rcl -
ing to thc pr incip les of  enzyme electrophoresis (c.g. .  Rrcr , rnt lsoN et  a l .  1986: Rorrrn lc)9:1) .  In scveral
indiv iduals.  however.  genotypes could not  be deterrn ined for  thc ent i re set  of  loc i  c lue 1o insul l ic ient
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Fig.  1.  Sampl ing locat ions o1 mountain hares ( fu l l  c i rc les)  and associ i r tcd subsl . rcc ics l l r rncs.  Slr r lp lc
stzes in parentheses.  Switzer land:  canlou Gr isons,  centra l  and nor lhern parts ( .19):  [ :ngucl in ( ] l ) :  Vl l
Mesolc ina.  Val  Calanca.  Val  Bregagl ia.  Val  Poschiavo (15) l  canton Cl larus (16):  Austr ia:  I lohc. l i ruc l r r
(4) l  France:  St .  Vdran (3) l  Abr i is  (3) :  ChAteauroux (1) ;  Aigui l les (1)r  Swedcn: J i inr t land (22):  Vixyik rc
gton (6) ;  Vaster-  and Norbot ten (7) :  Uppland (7) l  Norwa) ' :  Ringebu (  l9) l  South Norwar,(5) :  Ic lcnr l r .k
(5) :  Russia:  Polcvskoy,  tJra l  (1zl ) :  Scot land (U. K.) :  Mul l  ( -5) ;  Northcrn I re land ( [J.  K.) :  Aurr . inr  ( l ) :  ' lv

ronc (  I  ) :  Rep. I re land:  Ma1'o (  I  ) l  Sl igo (  I  ) .  Opcn c i rc les:  Local  populat ions of  brown harcs (1-c1; i r . r  crr r r r
pueus) f rom Austr ia (cf . .  HrnTr et  a l .  1993) used for  compar ison of  gerret ic  d i l ' fercnt iatr t tn.

qual i tv  of  resolu l ion proclucing zrmbiguous interprctat ions.  Al l  populat ion genct ic  s lat is t ics r .cgurc l ing
rcgional  sanlp les of  I ' .  t i t r t idus and the compar ison of  L.  t imi t lu: :  rcgiorra l  sanrples urrd the 1. .  t , t r r t t -
pactrs ltrcal samples werc based on .10 loci. For thc comparison of L. rinidus subspccics ull ulliyscs
were bascd on 3 '1 loc i  (omit t ing thc Mor-2;  Ck-1.  -2:  pgi :  Catr  Cidc loci )  becausc ol  lotu l  lack ol  t lu lu
[ r ) r  l he \ c  l oc i  j p . . r ' r ' n  suh :pec ies .

Al lc le f requcncies wcre calculated by using thc BIOSYS-l  pc package 1.7 (Suorr ,oru and Sr,r  rN-
orn 1989).  Al le le f reclucncies of  hares f rom Switzer land were testcd for  indcpenclcncc ol  usc c l i rss
(young of  the year vs.  o lder animals)  or  scx by Fisher 's  exact  tests (using SPSS).  Associat i6n el  gcnp
tvpes bi l tween loci  was also testcd by Fisher 's  exact  tests for  each pair  of  polvmorphic loc i  rv i rh r i r ler .c
gated scnotvpes to check for  l inkage discqui l ibr iun.  Signi f icance was basecl  on seclucnr ia l  l l1rn lc i i6ni
procedures (wi th a norninal  a lpha -  0.05) to accounl  for  mul t ip le tcst ing (RtcE l t ) l l9) .  Al lc le l lcquen-
cies at  s ingle loc i  were tested tbr  s igni f icant  var iat ion betwccn pairs o l  regions and puirs o1 subspt ,c ics
by Fishcr 's  exact  tests of  aggregalcd al le lcs in cases of  nrorc than two al le les pcr krcus uncl  scqucnt i i r l
Bonferroni procedure.

Thc BIOSYS-1 pc package, rc lease 1.7 (Sworrono and Srr . , r roen l9tS9) rvas also usct l  1o c i l lcula lc
the ratc of  polvmorphism (P,  99 ol '  cr i tcr ion).  thc mean nuntber 6f  a l le les pcr  l6cus (A).  upt l  t1e urr
heterozvgosities (H.-expccted, H.,-observcd) for cach regior.ral. subspecies. ancl krcal sanrplc. It rvus
fur ther emploved 1o calculzr te Wntcsr 's  (1978) non-hicrarchic:r l  and hicrarc l r ical  F-s lat is t ics.  J 'he l l t tcr
was calculatecl  1o test  tbr  part i t ioning o1 genet ic var iabi l i ty  among suhspecics re l r t ive to l .xrr . t i t iorr in l
among regions wi lh in subspecies.  Net 's  (1978) genct ic  d istances.  corrccted for  snral l  saurplc s izcs.  Rr;
cnns' (1972) d istanccs and modi l ied Rocens'd istanccs (Wr<rr ;ur  1978) between al l  puirs o l  rcs i6pul
and subspccies samples of  mountain hares and local  santples of  brown hares wcrc calculatccl .  Regart l -
ing brown hares.  e ight  local  samplcs studicd ear l ier  in the same laboratorv (H,rnrr .  c t  a l .  1993) $,crc
uscd wtth adjusted numbers of  loc i  (n -  40).  Relat ionships o1 pairwisc genet ic d istanccs wcre revculecl
by an unrooted Wagner dcndrogram (Fannrs 1972).
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Results

Rrlvmorphism was revealed at 13loci.  The overal l  rate of polymorphisnl (gg"l,  cr i tcr. ion.
'10 loci considered) for European mountain hares amountecl to 32.5 7o. polymorphic loci.  al-
leles. and associated al lele frequencies are given in table 1 for fbur regions of Europe (cl isrc-
garding subspecif ic al location), and in table 2 for subspecies. Al lele frequencies 9f ntoun-
tain hares from Switzerland did not vary signif icantly among age classes or sexes. Valucs ol '

Table l .  Al lcle frecluencies (%) a1 polymorphic loci of mountain hares from four repions ol.Lurolte
based on .10 loci. H,, - aver&gc observed heterozygosity. Hc - aver:lge expected heterozysositr,.
P - rate of polvmorphism (99% cri terion), A - mean number of al leles per locus. Signif icani i levizi-
tlons of genotvpe frcquencics from cxpcctud Hardy-Weinberg frcquencics are inclicatecl for respectivc
loci and regrons (" p < 0.05; r 'p 4 [ . i l ] .  signif icance tests using exaot probabil i t ies).

Scandinavia
(n = 74)

L. t. titnidu.s

0.000
1.000
0.000
1.000
0.000
1.000
0.0(x)
0 .83  l "
0 .1  69
1.000
0.000
0.973
0.027
0. 1 43b
0.8.t3
0.000
0.01,+
0.81  0
0. 1'18
0.012
0.036
0.906
0.058
0.000
1.000
0.948
0.052
0.000
0.979
0.021
1.000
0.000
o.026
0.031

t ]  . 5
1 . 3

Subspccies
Locus

-
5Ll n

ll Gal

Ldh -2

ldh -2

Pgd

FIK-2

Es -  I

Es -D

Pcp-2

Acp- I

Mpi

Acon

Mc-2

Alps
( n = 1 1 2 )

L. t. vurronis

Ural
( n  -  l 1 )

L. t. tintidus

0.(xx)
1.000
0.400h
0.600
0.000
r .000
0.000
0.32 I
0.619
0.96.+
0.036
1.000
0.(x)0
0 . I43
0.IJ57
0.(xlO
0.(xx)
0.929
0.071
0.000
0.000
1.000
0.000
0.000
l.(x)t)
0.929
(\.07 |
0.000
t.(n0
0.000
0.929',
0.071
0.025
0.041

1 7 . 5
1 . 2

NW Europc
( n = e )

1-. 1. scolicrr.r ancl
L.  t .  l t ihcn t ic t r .sA l l e l e

;
il

b
c
il

d
il

d

il

tl

al

b

il

tr
c

il

b

b
c
2l

b
2l

h

b
al

l-r

0 .041b
0.959
0.0r 6
0.964
0.020
1.000
0.000
t).92-5
0.071
1.000
0.000
1.000
0.0(x)
0 . 1 0 0
0.9(xl
0.0(x)
0.0fi)
0.887
0 . 1  l 3
0.(n0
0.054
0.922
0.024
0.036b
0.964
0.96.+
0.01  4
0.022
0.9[]6
0 . 0 1 4
1.0()0
0.000
0.021
0.024

22.5
1 . 3

0 . i l  1
0.1J89
0.(xx)
0. I (x)
0.(xx)
0.t{J9
0 .  l l l
l . ( x ) ( )
0.(xx)
1. (XX)
0.(xx)
1. (XX)
0.(xx)
t ) .07 I
0.7u6
0.1  13
0.(x)()
0.6u8
0 . 3 I 2
0.(x)()
0.(xx)
l . (xx)
0.(xx)
0.(xx)
l . (xx)
0.93l.i
0.062
0.(xx)
1. (XX)
0.(xx)
l . txx)
0.(xx)
0.03;t
0.032

1 2 . 5
1 . 1

H

H.
P



312 F. SucusNrnuNr et  a l

Table2.  Al le le f requcncies (%) at  polymorphic loc i  of  four subspecics of  rnounlain harcs l ronr Fiu-
ropc based on 34 loci. H. = avcrage observed heterozygositv. He = average cxpcctecl hetcrozt,qositt.
P = ratc of  polymorphism (99"/ .  cr i ter ion),  A -  mean number of  a l lc lcs per locus.  Signi l icant  c ler i l -
tions of genotvpe frcquencies from expected Hardy-Weinberg frequcncies are indicaled u'ith the "a"

al le le for  respect ive loci  and subspecies ("  p<0.05;  b p<0.01.  s igni f icance tests using exact  prol )abi l -
i t ies) .

sdh

f-Gal

Ldh-2

Idh-2

Pgd

Hk-2

Es-1

Mpi

Acon

Me-2

0.000
1.000
0.103 r '

0.897
0.000
1.00t)
0.00t)
0311b
0.256
0.994
0.[n6
0.917
0.023
0. I 43'
0.84,{
0.000
0.013
0.829
0 . 1 3 5
0.035
0.030
0.922
0.0,18
0.000
1.000
0.941
0.056
0.000
0.983
0.411
0.989b
0 . 0 1 1
0.030
0.0,+4

29.1
1..1

0.041 b

0.959
0.016
0.964
0.020
1.000
0.000
0.929
0.071
1.000
0.000
1.000
0.000
0.100
0.900
0.000
0.000
0.887
0 . 1 1 3
0.000
0.054
0.922
0.024
0.036h
o.961
0.964
0.014
0.022
0.9u6
0.014
1.000
0.000
0.025
0.o29

26.5
1 . 1

0 . I00
0.9(x)
0.(xx)
I  . (XX)
0.(xx)
l . (xx)
0.(xx)
1. (XX)
0.(x)i)
l . (xx)
0.(xx)
1.000
0.0(x)
0.(xx)
0.800
0.200
0.000
0.900
0 .100
0.000
0.0(x)
1.000
0.0(x)
0.000
1.000
1.000
0.000
0.000
1.000
0.000
1.000
0.000
0.02'+
0.020
tt.8
i . 1

0 . t 2 5
0.E7-s
0.(xx)
L(XX)
0.()()()
0.750
0.2.s0
l . (xx)
0.(x)()
l . (x)()
0.(x)()
1 . ( X X )
0.(x)()
0250
0.7.s0
0.(x )( )
0. (xx )
0..r.r3
o.661
0.(x )( )
0. (x  x  )
t . ( xx )
0.0()()
0. tx  x  )
t . ( x ) ( )
0.83.1
0 . 1  6 7
0.(x )( )
l . ( ) (x)
0.()( x )
l . ( xx )
( ) . (xx )
0.()66
().0.s()

11.7
l . l

a

b

b
c
a
d
a
d
a
b
il

b

b
c

:l

t)
c
:l

b
c
a
b
al

b
c
il

b
a
b

H,,
H.
P
A

genetic variabi l i ty for the regions (based on 40 loci) arc l isted in table 1. and for 1l.rc subspc-
cies (based on 34 loci) in table 2. The observed genotypic distr ibutions difTered signi l icantlv
from Hardy-Weinberg expectations at six loci in three regional sarnples (Tirb. I ) and ar six
loci in two subspecies samples (Tab. 2). Basical ly, al l  these signif icant gcnolvpc dcvi i t t ions
werc due to heterozygote deficiencies. Pairwise Nu's (1978) genetic distanccs in u.rountair.r
hares, corrected for small sample sizes, ranged betwecn 0.000-0.008 among subspecics. and
between 0.000 0.017 among regions (Tab.3). Modif ied Rogers' distances (Wnr<;nr t t)71{)
ranged between 0.037-0.117 among subspecies, and between 0.024-0.135 among rcgions
(Tab. 3). Pairwise genetic distances between single regional samples of mounlain hi ircs and

Subspecies L. t. timidus L. t. varronis L. t. s(oli(.,s L. t. ltihtnrit.us
Locus Al le le (n = 88) (n = l l2)  (n = 5)  (n -  . l )
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singlc local samples of centr:r l  European brown hares ranged between 0.06fi  0.093 (Ntt 's
1978 D). and between 0.2-53-0.295 (Rogcrs' modif ied distances; Wnrcu'r 1978).

ln mountain hares, locus-specif ic Fsr and F15; values did not show any part icul irr  con-
cordance across loci;  for the regional samples mean F5a=0.1-57, rrreal l  F1s=0.17. and
me:in F11 =0.3. For the subspecies samples thc respective values were 0.14, -0.02. and
0.12. Thc rclat ive genetic dif ferentiat ion (F51 values) for pairs of subspecics arc l islcd in
table 4 along with associated signif icances of heterogeneity of al lele frequencies. Only

Tahle 3. NEI's (1978) gcnetic distances lbr small  sample sizes (above diagonal) and rnodif icd Rogcrs'
distanccs (bclow diagonal) among pairs of mountain hares from European regions (based on .10 loci).
and subspccics (based on 34 loci).  Regions: SCAN = Scandinavia, ALPS. t lRAL. NWE = Norlhwcsl
Europc (Scotland, Ireland).

Table 4. F51 valucs lor pairs of subspecies (above diagonal) and significance values for heteroscncitl
of allclc frcclucncies (below diagonal); significance is based on exact Fisher's test and sequcntial Bon
lerroni  procedure (s ig. :  p < 0.051 n.  s. :  p > 0.0.5) .  Signi f icance is  g iven wi th s igni f icant ly  vary ing al le lc
f rcqucncics at  lcasl  at  one locus.

'tabfe 
5. Fs.r values for pairs of sampling regions of L. t. vurrortis ard 1.. t. timidus. respectivcll' (abovc

diagonal). and significance values for heterogeneitl' of allele frequencies (below diagonal). basecl on
cxact Fishcr's tcst and sequential Bonf'erroni procedures (sig.: p < 0.051 n. s.: p > 0.05). Significance is
givcn if at leasl one locus shows signilicantly varying allele frequencies in a pairwise conrpurison.

L t. r'urronis (l ) (2) (3) (4) (-s )

Switzcrland 0. 146 0.048 0.173 0.0I .+
( r )

Austr ia n. s. - 0.055 0.231 0. 107
(2)

Frirncc n. s. n. s. - 0.111 0.02.+
(3)

L. t. timidus
Ural sig. n. s. sig. - 0. 1.35
(1)

Scand inar  ia  n .  s .  n .  s .  n .  s .  s ig .
(s)

SCIAN ALPS LIRAL NWE L. t. tintidus L. I. varronis L. t. st'otittts L. t. hibcnritu.s
(1)  (2)  (3)  (1)  (s)  (6)  (7)  (n)

( I  )  0.(xx) 0.010 0.001
(2) 0.024 0.013 0.001
( 3 )  0 . 1 0 6  0 . 1  1 5  0 . 0 1 7
(l) {}.r}-+e {).{)47 0. I  .r5
( 5 )
( b )

( 7 )
(r i  )

, 0.001 0.003 0.()()n
0.039 - O.(xx) 0.()()n
0.062 0.037 0.(x)7
0 . 1 1 5  0 . 1 1 3  0 . 1  1 7

L. r .  t in t idus ( l ) L. t. varronis (2)

0.02

n. s.
slg.

L t. s(oti(:tts (3)

0.0-s6
0.028

n. s.

L. t. hibernicu.s (1)

0 .1  23
0.1  39
0. I6: l

( 1 )
( 2 )
( 3 )
( 4 )

slg.
n.  s.
s lg.
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6.8 % of al l  possible pairwise comparisons of rcgion-specif ic al lele f  requcncics a( polv-
morphic loci (59 tests) yiclded signif icant dif ferences. According to thcory. signi l ' icancc ol '
pairwise Fqr-valucs is given with al lele frequencics varying signif icantlv at lcast at one lo-
cus studied (Wntcur 1978). F. lvalues for pairs of sampling regions within the subspccics
L. t .  t int i t lus and L. t .  vatonis, respectively. as well  as associated signif icance valucs l i rr '
heterogeneity of al lele frequencies are given in table 5. Signif icant di l ' fcrcnccs ol al lclc
lrequcncies at polyntorphic loci were found only in 5.4%' of al l  possiblc prir$is' j  conrprrr i-
sons between rcgions (92 tests). Detai ls of WRIGIIT's (197,S) hicrarchical lr-stat ist ics giving
thc proport ions of gcnetic variat ion part i t ioned among the lour subspccics studiccl.  r 'c la-
t ive to the rcgional efTect on genetic part i t ioning. is presentcd in tablc 6. An urtrootcd
Wagner dendrograrn based on Rogers' distances. depict ing genetic rclat ionships anrons
mountain hares from the four regions studied in Europe and eight local santplcs ol brorvrr
hares from central Europc (Ha,r<rr- et al.  1993) is presented in f igure 2.

Table 6. Wright 's hierarchical F-stat ist ics in European mounlain hares. bascd on J.1 al lozvntc loci.  Vrr-
iancc components and F-statistics cornbincd across loci

Comparison var iance contponcnl  F. .

X Y

sanrpl inu regions'  subspecies 0.2096 0.  1 29
sampl ing regions'  tota l  var iance 0.2230 0.1 36

subspecies- to l : r l  var iance 0.0134 0.(X) lJ

I  Austr ia.  France.  I re lzrnd.  Scandinavia,  Scot land.  Switzer land.  [Jra l

Lepus t imidus

URAL

L e p u s  e u r o p a e u s

Fig.2.  Unrootcd Wagner denclrogram (midpoinl  root ing of  longesl  path)  depic l ing qcnct ic  rc lu l ion-
sfrips among ntountain hares (Leprrs timidtLs) fiom various regiorrs ol Eurr4re and bnvn hurcs (1.. ctrrtr
Traerrs)  f rom cight  local  samplcs ofcentra l  Europc.  The dendrogram is based on R()<;r , rs ' (1972) d is
tances.  calculated f rom al le lc f rcquencies at  z l0 loci . ' l i ) ta l  t ree lenglh = 0.192.  d is l i rncc bclrvcen " t . l |a l "

and "Scancl inavia"  -  0.032.  cophcnet ic correlat ion cocf f ic ient  -  0.9U6
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Discussion

-fhe 
lcvel of gene pool variabi l i ty of European mountain hares, as indicatcd by al lozvnre

heterozygosity. rate of polymorphism. ancl mean number of al leles per locus in l l . rc cl ive rsc
regions ancl subspecies is similar to that of brown hares lrom various contincntal E,uro-
pcan rcg ions  (Hrnr t .  e t  a l .  1989.  1990,1992.1993,  1995;  SucruNrnunx e t  a l .  1998.  l9 t ) t ) ) .
The presently louncl heterozygosity values are typical for undisturbecl populat ions of tcr-
rcstr ial  mammalian species of diverse orders (NEVo 1978; TrnunnrANN et al.  1996). lhc
somewhat reduced rates of polymorphism and mean numbers of al leles per locus in Scol-
ish ancl Ir ish mountain harcs are l ikely due to the low sample sizcs. Thc H.: P ratcs wilhin
rcgions and subspccies ran€led between 0.107-0.256. Thcsc values fal l  within the rangc ol
"uncl isturbecl" populat ions (Tlr.onl laNN et al.  1996). indicating populat ictns without gencl-
ic dcplct ion e.g.. due to severe bott lenecks or long-term low eflect ive populal i()n sizc.
Average numbers of al leles pcr locus (A) do not give any hint for dcpaupclatcd gcnc
pools in Scandinavia. the Ural or the Alps. Thc low A-values for mountain harcs lronr
Scotland and Ireland are most probably due to the iow sample sizcs for thcsc rcgions.

Thc ovcral l  ratc of polymorphism of the mountain hares (32.5'%) appears to be sonrc-
what greater than in brown hares. Combining the data of Henll  e1 al.  (1989. 1990. 1992.
1993. 1994, 199,5) and SucttrNtnuNr et al.  (1998, 1999) for brown hares from various rc-
gions of Europe yields an overal l  rate of polymorphism of 2-5.9%. Adjusting thc scl o1'
loci analysecl in brown hares to thc presently studied set (40 loci) rcsults in a valuc ol '
27.5 "/" for brown hares. The st i l l  somewhat higher valuc of mountain hares is due to thrcc
polymorphic loci (Me-2. Acp-1, Acon). But these three loci are onlv r.narginal lv 1.rolv-
morphic with variant al lcles occurring in one or two regions, respectively. Furtherntor-c.
the Acp-1" al lele occasional ly found in somc mountain hares from Switzerland mav rcsul l
from rare cases of hvbridization (cf.  e.g.. Belop,NsrnrN 1863; Fucucl.toNl, 1966: Sc'unr)-
onn ct al.  1987: Tnut-tN et al.  1997a). In gencral,  n.rost of the loci founcl polymorphic in
brown hares (Henll  et al.  1990, 1992, 1993: SucusN'r 'nuNx et al.  1998; 1999) arc also poly-
morphic in the presently studied mountain hares. Moreover. most t l l  the loci rvi th scvcral
al leles in brown hares ( Es-l .  l )-Gal. Pep-2. Mpi) reveal sevcral of these al lelcs in the
mountain hi ircs too.

These verv sin.r i lar al lele pattcrns hamper dif ferential diagnosis bv al lozvnrcs belwccn
mountain and brown hares. When comparing :r l lozyn-rc patterns of brown and nrountain
hares Gntl lnscH et al.  (1992) screencd only few mountain hares from onc rcgion in Aus-
tr ia. With that small  and regional ly l imited sample sizc they obviouslv have misscd sonrc
polymorphisms in mountain hares. Their rcsults suggested a dif ferential cl iasnosis bclwccn
these two species by thrcc loci.  However, the al lel ic cl i f fcrcnccs at the /-Gus ar.rd the Pgnr-l
loci between the two species (Gntl lrrsctt ct al.  1992) could not be prcvcn prcscntlv bc-
cause o[ dubious zymograms. The present results suggest that. among the array ol loci
scrccncd, only the Acp-1 locus has al leles alternatcly f ixed in the two species. with occa-
sional ci ises of introgressive hybridization in mountain hares from thc Alps. Howcvcr' .  at
present no al lozymc data of brown hares from regions of potential introgressive h1'bridiza-
t ion are avai lable to substantiate this hypothesis. In Scandinavian mountain hares tro hint
ol introgressive hvbridization was found presently, although Tlrur.rN et al.  ( l9c)7 a) rcportcd
prcsence of mountain hare mtDNA in brown hares from the Upland rcgion.

Desp i te  thc  rc la t i vc ly  h igh  amount  o f  "p r iva te  a l l c lcs"  a t  severa l  loc i  (31 .3 'X ,  o l 'a l l
studicd loci) in various regions or subspccics of mountain hares. overal l  gcnctic distanccs
among gene pools of the cl ivcrsc rcgions or subspecies i i re gcncral ly low in ntagni lude.
Because of their general ly low frequencies. "private al leles" do not greatlv inf lucncc gc-
nctic dif ferentiat ion. NEt's (1978) genetic D-values among subspecics are similar to those
found among local samples of brown hares within centrel l  Europe (e.g., H,rnl l  ct al.  l9f i9.
1990. 1992. 1993). However, brown harcs also exhibit  low genetic dif fcrcntiaton cvcn
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across largc geographic distances in Europe; this indicatcs a ralher panmict ic uclwork
and a lack of disccrnible populat ions (Hanrr- et al.  1990: Sucrsvtt<uNx ct al.  1999). Onlv
mountain hares from the Ural region and Ireland show it  sl ightly increasecl genctic divcr-
gence to mountain hares l iom the othcr study regions or subspccics. In LJral mountai lr
harcs this sl ight separation is only based on signif icantly increased frequcncics of thc f
Gal" and thc ldh-2'r al leles. I t  might e. g.,  result from the largc gcographic dislance be-
tween the Ural and the other regions or indicate introgression of gene pool clcrnenls ol
L. t .  kozhevnikoyi.  According to OcNEnr (1929) this subspccies occurs in the south Ll lal
(ne:ar Miass) some 150km south of the presently studied col lect ion sitc. Howcvcr. skul l
dimensions and the external features of the presently studicd individuals tend to conforn.t
with those of L. t. timidu.r of various parts of European Russia. rathcr than wilh those ol'
L. t .  kozhevnikoui (albcit  there is l i t t le morphometric dif ferentiat ion between thc two sub-
species in Russia; see Ocrrrr 1929).

The sl ightly raised level of genetic separation of Ir ish mountain harcs is part icularly
due to changes in al lele frequencies at the Es-d locus and the presence of a "privatc al-
lele" (Ldh-2') with a frequency of 25o/". However, signif icant changcs in al lcle l ' r 'cqLrcn-
cies bctween L.t.  hibernicu.! and the other subspecies was only found at the Pcp-2 locus.
ln view of thc small  sample size from NW Europe, and the fact that Scotl ish nrounlain
harcs were only screened from the isle of Mull ,  where Ir ish mountain hares had bccn l ib-
erated in the last century, no conclusions regarding the gcnetic dif ferentiat ion l ]ctwccn
these two subspecies can be drawn.

The generally low level of genetic differentiation between subspecies or rcgions oi
mountain hares is also indicated by the small  proport ion of relat ive genelic variabi l i ty
part i t ioned among subspecies or regions and part icularly by the low proport i t)r ls ol signi l-
icantly varying al lele f iequencies bctween pairs of subspecies (6.8 %) or regions (5.4'X,).

Moreover, while 13.6 % of the relat ive genetic variat ion are part i t ioned among rcgions
within subspecies, less than I % is part i t ioned between the subspecies studied. This mcans
that gene pool divergence is greater among sampling regions within L. t. tintidus and
L. t. varronis, respectively, than between all studied subspecies. Hence. no dislinct gcnc
pools of the studied subspecies can be identi f ied. Also, a single mountain hare col lectcd
in thc Primorje region of Far East Sibir ia analysed in our laboratory did not rcvcal any
new al lele.

Al l  results agrec with sequence data demonstrat ing an admixturc of rntDNA haplo-
types in mountain hares from Scandinavia and other parts of Europe (Tttut. tN ct al.
1997b) without scparation in clear phylogeographic units. The prescnt al lozyme resul ls
also conform to the hypothesis of a rather panmictic gene pool of late- and postglacial po-
puliitions in central Europe without any specific phyletic blocks. Thcv are :rlso in iigree-
ment with the view that there were no severe demographic bott lenecks. foundcr cl lccts.
long-term low effect ive populat ion sizes, mult iple regional ext inct ions etc. in posl-glacial
populat ions during the colonization of the presenl ranges. Obviously, scparation ol post-
glacial European mountain hares into several geographic ranges has not resultcd in dis-
t inct gene pools; and there is very l i t t le measureable evolut ionary divcrgence between thc
pools ol coding genes in the phenotypically specified subspecies.

Acknowledgements

Wc arc grateful to the huntcrs from Crisons and Glarus (Switzerland). to the Swcdish lrunters. to
Mr. K. Kxorr (forestry commission Oban, Scotland) and Dr. R. Maunlz-to (Vicosoprano. Switzcrlancl)
for shooting the harcs and/or providing organ samples. Mr A. Kotnnn produccd the ligurcs.
Dr. M. P,lvlcNxo (Russ. Acad. Sciences, Vladivostok) provided organ samples of a moun(ain hitre
from Far East Sibiria. Dr. M. JaNovsrv (Berne) transferrcd most of the Swiss samplcs and Dr. L Uot-
Na (Moscow) the Far East Sibirian sample to our laboratory.



Spatial partitioning of allozvme variability it't Lepus tintidus 3t7

Zusammenfassung

Riiumliche Verteilung der Allozymvariabilitiit bei europiiischen Schneehasen (Lepus timidus):
Genpool- Divergenz in einem disjunkten Verbreitungsgehiet?

Dic Alltrzvnrvariabilitzit von 2()9 Schneehasen (l,epus tintidtts) von Skandinavien. RulSland. den Al-
pen.  Schott land uncl  I r land wurde mit te ls hor izontaler  Sl i i rkegelelektrophorese von'10 Strukturgenloci
fcstgestc l l t .  um zu pr t i fcn.  ob die poslg lazia le Besiedclung der heul igcn dis junkten Schneelrasen-Vcr,
brc i lung in Eurt tpa zu eincr  markanten gcnet ische Di f fercnzierung gef l lhr t  hat .  Die mcisten Al le lc an
den 13 polymorphen Loci waren identisch mit den schon friil.rer bei europiiischen Feldhasen (1.. t'unt-
2rrcrrs)  gcfundenen. Durchschni t t l iche erwartete Heterozygot ie-Werte pro Region bzw. Subspecrcs
(2.0-5.0 ' l ' )  sowie die Polvmorphieraten (8.8 29,4 ' lo)  entsprachen c lencn bei  Feldhascn aus f r i ihcrcn
LJntersuchunqen. Tt 'otz der hohen Rate (31,3 ol , )  an Al le len.  d ie ausschl icBl ich in e inzelncn Regiruen
oder Subspccics vorkamen. lagen die genet ischen Distanzcn (Nr-r 's  D:  0.000 0.(X)8 zwischcn Subspc-
z ies.0.0tX) 0.017 zr .v ischen Rcuionen) grundsi i tz l ich i rn Bercich jener Wertc.  wie s ie zwischcn lokalen
Feidhasen-Rrpulat ionen in Mit te leurop:r  f r i ihcr  festgestel l t  wurden. Ebenso zeigten dic rc lat iv  ger in-
gen mit t lcrcn Fsr.Werte (0.157 zwischen Rcgionen; 0,14 zwischen Subspccies)  sowie dic gcr inue Zahl
an s igni f ikanten paarweisen [Jnterschieclen von Al le l l iequenzen eine gcr inge qenet ischc Di f ferenzicr-
r - t t rg zwischcn den Regionen bzw. Subspecies an.  Wahrend 13.6% der re lat iven genet ischcn Var iabi l i -
tdt  zwischen Regionen inncrhalb von Subspecies ver le i l t  waren.  lag dcr entsprechendc Wert  f i i r  d ic
Verte i lung zwischen den Subspccies unter  e incm Prozent.  Al le Ergebnissc cntsprechen dcr Hvpothese
ciner pirnmiktischen spat- bzw. postglazialen Rrpulation in Mitteleuropa und der Annzrhmc. daLt bci
dcr  Kolonisat ion der heut igen dis junkten Verbrc i tungsgebiete in Europa keinc starke genet ischc Dr i f t
cr fo lgt  is t .
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