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Abstract

Terrestrial malacofauna (snails and slugs) of Georgia includes more than 250 species, of which
>25% areGeorgian and around 65% areCaucasian endemics. Conservationof Georgian
malacofauna has a national and international significance, since Georgia lies within the
Caucasusbiodiversity hotspot. To achieve this objective, a basic knowledge onthe composition
and distribution of Georgian moluscsis needed. The relevant informationis scarce, incomplete
and outdated, becausevery littleinformation was published since the early eightieth of the last
century.

The present thesis isaimed to initiate a complex study of the diversity, biogeography, ecology
and conservation of Georgian malacofauna and therefore, it contains some research direction
(each with published or submitted papers in peer reviewed journals).

The first part of the dissertation is a bibliography which includes the analysis of papers published
since 1990 up to date exploring every aspect of Georgian malacofauna. There are provided
analyses of key trends in malacological researches in Georgia.

Based on own and bibliographic data | generate the distributional maps of each mollusc species
inhabiting in Georgia. Based on distribution maps | revealed the richness pattern which can be

used either in future research or conservation purposes.

During my PhD work, I (with my colleagues) described a new species (Helix goderdziana). To
provide a comprehensive systematicpicture and reconstruct evolutionary processes of two
endemic Helix species (Helix buchii and H. goderdziana), morphometric and molecular genetics
studies were conducted and showed that H. goderdziana and H. buchiiare both valid but sister
species. We also provide some scenarios of their evolutionary histories.

Another suit of aims was to investigate a distribution of glacial refugees and the possible
postglacial dispersion mechanism of species using GIS modeling; also the composition and
comparison of Georgian malacofauna with others and its role as a source in structuring

postglacial faunas further north. The study supported the multiple refugee system in the



Caucasus (and Georgia). It was shown that species dispersal patterns is essential either modern
distribution of species or for the reconstructing of Paleo distribution. Georgian malacofauna (and
Trans Caucasian malacofauna in general) has a minor role in the structuring northern postglacial
malacocenoses.

| also studied some ecological peculiarities H. lucorum as a model species. | investigate the
distributional pattern of this species and its shell morphological variability. I found that H.
lucorum is largely an anthropogenic species with a limited distribution to human modified
landscapes and some morphological adaptations associated with the human disturbance.

The last subject of my PhD study was conservation of malacofauna of Georgia. By analyzing
the Georgian and Caucasian endemic molluscs diversity and distribution, I clearly showed that
the current protection status of Georgian malacofauna is insignificant and needs serious further
study.

The thesis is entirely based on the papers published by the autor. Other parts of this work are a
short introduction and discussion of the subjects covered by the thesis with deeper analysis of
malacological literature dedicated to the study of Georgian malacofauna.
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Logodmzgarm  (393395005)3egobBH™E9bmmo  MH9xnMa0mdos GMIJWOE  SMIBMO0? @
S19gE-50BMIOM Herobls 3960530Md50 ,005b5305" M9odGHme
00MmIM 535 RBgMHM369dsL  3¢00do@ol dgMomnmo FgHygmdol gmbbg (Van Andel &
Tzedakis, 1996; Hewitt, 1999; Petit et al., 2003). 0565900639 39335600L 3bM3g DS o
93965M9gms LsFYsMM doeDg FOEIMO O PoxJMJOME0s 96EIINOHO s M0G0
Lobgmdgdoom (Kikvidze & Ohsawa, 1999; Denk, Frotzler & Davitashvili, 2001; Milne &
Abbott, 2002). ghmo dFbOH0Z3 domIM35¢RIMHM36900L MBI MHMdS s LodoMY
boem gmeg b3 5sd0sbol Bgdmddggdom Homdmddbowo LsgzMmbggdo g™
L5933 393395L00LY3MMGAOMBOL QMBSO MZ5eLIBMOLom 3603369 M350
M930mbs - “gbger PoOGH0* 500sMGdL(EIoLIMZ0L Lmer 34 Slgomo Mgombos
3900gMmBOE0)OHMIJ®Ms 9339 @S F9bsMPBmMbads  9bsdgMmm3zg  Lsbmyswmgdol
3MomO0FgGH0s (Mittermeier et al., 2004; Zazanashvili et al., 2004).009bgws350
396531 MGOIMMBOLY QS 3WMmdsGmo  3603d3bgeomdols badomomggerml
B0MmIM935¢0xBIMOM3690s  56M0L5305MOBO®Ys  Fglfogerowo odolsmgol Mmd dgaz9derml

dolo 98393GHIO0 33> O FOAMIPO A5TMY9bgds. 0lg3g GMAMME Jbmgoml Lbgs
9439969930, Lodo®m39wMb doMIM 5350 RBYIMM369d0L FgIMYIOM 35RO 49TMIZIIO

Xd0800> bgdbgdwrasbo gdmggergdo, dgdwgy 93abstggde @d y3gesdy Bogewgdse
MbgMbgdrm  3bmggwgdo. 3ol dobgbo ghomo TbMog Mbgebgdm  3bmzgwms

Bogargdo  JoMmoBAsGHmemds bmwem  dgmmg dBGOo3  Lobgmdoms OO
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39bLO3MMMGPIMWs© 8Os  9bEgdMEMdOL  AbOO03s3 o FoMdmoaqbgb
96003690356 3m33mbgbBHL dmbydMoz0 93mLoLEYIYd0L BMbJgombomgdsdo (Heywood,
1995).
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1MOIYOL.
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XBIB0S 39M9IML (3300090900l dodoeo (Lydeard et al., 2004). 599bs, oo 33eg3s
36083690 mg560s  ghmo  dbOog  IM535¢xRgMHM36900L 330l s FgbsPBmBgdOL
0350bsBOHOLom, bowmm dgmeg AbG03 3mblgMzs30wo 3MH0MmMm0GYEgdol dgbsmBgzs
596 313930 3BMBOWO 50056 HMMOE A90Mgdmdo J0dEobsdyg (330 gdgd0L
06000356930 ©5 36053500 x3gMHM369d0L LrOMasGHo MmMasbobdgdo (Moritz et al., 2001).
3905 5©0bodbEolLY, 9MgMMPBOL 6583969000 MHMI  dmML3gd0  FoMdMmowqb9b
989JOVO  9mEyE LoLEAHYIOL  BBEBIBAHYOO  9IMWNFOYOO S J3MWMROOO
36MHMdgdgdol 33930l Logdgdo (Davison, 2002; Glaubrecht, 2009; Hayes et al., 2009;
Holland & Cowie, 2009). Lsd{«mbstrm,bsgdo®Mmzgenmdo, dmermlszgdool dgLogersbgdsw By
3™G 99360960 3MFomds. oo 20-30 Herolb gobdogermdsdo Lods®mggwrmdo 56
SMLdMdEs  LY3ToMOLo  dewogho  Lsdgzboghm - FHgdbozmMo  BdsBs o
069G mo  OglmedLo, 53 MmoHOoI3Es @S wO0dYJPEs  LBEGHMI6EIOL
dmemli3900l  dglHogerolsggh. sbgm  3oMHMdddo  Fgmdegdgero  0gm  ImErs3900L
d9Lobgd sbosro 0bgm®mAs3ool JgatMm3gds s MsbsdgM™m3zg 33eg30mo dow(jg39d0l
3696M35 Al 3900L 33¢930L5 s 3MbLYMZ5300L LEgdMmTo.
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36535 xR9MM36900L 063963 5M0Bs309;

(3)3me0ls3980L IM935¢0x3gMM36900L s 9bIIMOM™MdOL LEHMMIEMGMEO SOfges;

(4) oLEHMOOM-BOMPIMAMIBOMEO S JIMWMYOWOO  FOMEILYdOL  Borobo,
HMIJS3 3ob330MHMdgL FMms3930L Msbs3YMHM3Z9 BobOL BMOT0MYdS;
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5) 30l 3900L GO390 Lobgmd9doL LoLEBYFoBH035-BdJumbmdoo,
BOWMPIOFMIBOOLES G300l 33393

(6) Im13900L BoBOL @ Yobld3MMNMIO0m §6EYIFMHO IMEM3900L 3MBLYMZoE0s.
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65096039 LOEOLYOESEOM 3MMYJEOL F9bTsgzEMdsdo s3MIAFMG30 3sLwbgdol Jowgds
5655 dgbodengdgeo, oasd 3393900l 0boE0Mgds s 3060390 F9EIJooL Fowgds

bovdz9wos 999ymdo 9Gs39dol dobomfigzs. dmEgdme Ls30mbydHY,2007 ferowsb

509900, 0wosl Mbo3zgOLOGIGHOL 93MEMA00L s BMMEMaool 0blEOEEHIO0L
055y 300ObIMGMAL 5JEH0MHO FMTomds s [obsdqdsmg LoolgMEsgom bsdmmdo
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3990¢003530900L  (OHMIsmwo  30860900m)  FoMOMNJOOm.  FJOIMIO0D  BIOOIMPOS
3939999000 L530MHYOO MHMIYEMSE 311003530900 b5FoMIM0Z 96 56 BsMO3L.

330930 Fsbogms s 3gmmgdols dodmbogrgs
LoEOLYMEHSE0M 1BYFMToMYGO0 BoEOMES OMAMOE O30 1539w LsFMTomgdol MMl

dm3m3909o  Asbogrols, 81939 WOEIMIGHMOIEo  Fmbo3gdgodol s LY HYMIm

309930900l (0gosl  MBoggMLoEIGHOL  BmmErmaool  0blGoGWGHOL  3MmegdEos)
3990yg9gb9000m. o@IMsGHMMMEo 3mbs3gdgdol mEmRBoBYds 33eg30L 360d369em3560

Bsfoos Mog geolbdmdl 3003530900050, IMbMA@MR0900sb s 390-03ME0W6
13993HMOM030 oLl 53MIMYRL. SO 0BBMEOTS30s 4odmYbgdmeo 0dbs II, 111, V-VIII
3m0035309030.
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‘50’)6@8‘3@0[5 QDBOWSOUBO 338 5o 9990009y 39M0mEdo. 35339L00L 9bYdgddo o 0dMEolbdgds

d3886@35(‘9@0 9 6)(*)8860 md- b LogdoMmgEmbomgol 9bgd@o Labgmdgdo.

W9d03 3933580M0 JmErmli3go0L BB BgMdm 3MEg]30gdolL sbsEP0Bol Tggao b
56OLYIMWO WOE OGO TMbs399900L M9-3M9BYBG30%0 (sbstrmo 1; Lw®. 2).
LAY MbIOMO b M39bsL3BgO 9O FMoEs3L SOEIMM Losbegl s dg@BHoE, Bsbdo 5Mds
063936060900 1bermglio 1565990M™39 06x3MmMTs30s @S 9BsoBol Msbsdgo®mmay
9900 700.

@0 GJOSGHMOMEo dmbs399900 dm39d0l 3309308 Tgbobgd bomero 5639693l Grnd
bogo®oggermdo gbsdgbHmo 93mEMEOYM-93mE 30O 33wWI3900L  3MoJH03d,
dm13900L  OHMYMEOE LEIMIM  MOY6ODBTGOOL  49dMmYgbgdom 6  ymazows. g
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Bsfowmd®og  9godegds  Bsomgzgomlb  30BgbBo  dmeL3gdol 3309300
50639691900 553056930l LodGoGmOU.s.

0530 2. Usgs®ozgameals deagmegliz980b gse9bs (1, 11, V ,VI)

3900 BgbloblMmosbms GHodol 998y 3BM39Wwms Y39wsdy IMs35MoiEbm3zs60
X3R0S, O®MmIgeros 120,000-800g 5©0FgM0e Lobgmdsl 5960 0s690Ls gogowgdoo dg@ol
- X960 300093 SBoefigMo Lobgmdol sMLYdIMBsS Bogo®msmmgdo (van Bruggen, 1995; Stork,
1999). Bmyos Lsdg3boghm s oo Mol FoErs3MEMA0MMHO 339093900l
063 9bL0x3035300L BMbEYY, ymzgwficowm®ms 035@gOL s0fgHowo bobgmdgdol Moibzo.
505Lmbogg  MabsdgM™M3g  IM93MWNYOHO S  IMORMIgEGMOoMwo  FgoMmEgdoL
3990yg9gbgdom 06EHIBLoMMI© F0dEObIMYMBL SOOI JeILOGR03ISEJO0L ©930D0Y,
LobgMdsms  LObMBoTOBs30s b @IYMGBS, Mog  Fommomgdls @I ImeEL3gdoL
9365350 9839M0™36900L s LOLEBHYISEH030L globgd B39bo 3BS doeBY sMLEYIEO..
L5goMM39e ML JmErmli3900L FMO35¢BIOMZBIBOL S F93M(3I9dOL Fglobgd sOLYdIEO
9mb5399900 98bGHWMWos Lb3sLbIs 3dw035309030. Y39wsHy LOHYYEYMBOWO ©S
393039 gd0l IbM03 IGIMMo b5dMMmdo 1973 gl 290m3Egdeo ,LodsMmmggwml
3bM3gms 1HFYsOHM“-5, LosE dm39dw9os dmbs39dgdo 220-3g Labgmdols dmerls 3ol
I9bobgd (9939, 1973). 50b0dBMwo bsdMmdo doewbg dmAdz9wgdm0s, MoEsh dol
390009y LObgMdsmMS BMYBMIOL O FomMO FoMmEYEgdol globgd dmbs3gdgdo d93Gs©
3o0DoMIEs.  535LmMobsgg  90bodbe  IOMTsTo  Qodmygbgdmo  BHodumbmdos s
LobBgdo@o3cmo 1gqdgdobexd3w0sbs@ dgoE39ws M3 ghmo dbGMog 93393939 599bgdls
dm399mwo  0bgmMI>300L 390 MOMONL,  bmwm  Jdgmé  dbMHog  moomddob
3990996909l boool asLy 5651393050l 9d0LIMZ0L o6 59(ygdo
o530 Maqgo0LomM30lL.  MIM3glemds WM3sMo  9bgdméo  Bmebzolb
LobBgdo@ozgs 30 9mAz9EgdI0s S M930D00l LsFoMMgdL. 58 d0dsGmIgdom Bydo
LoEOLYMEHSE0M 330g30L BIMYEGdT0 0B o30LsbY SMLYdIMWOO FHYMSEHWOH MO
dmbs39d900L, sg3g Bgdo Loggarg Lodwydsmgdol MmL JgaMmzgdwyero dmbszgdgdol (e
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1) 3o9mygbgdom  dmdgbobs
36535 x390M36900L sbserobo.

Family GN SpN E%
Aciculidae 1 2 0
Agriolimacidae 3 13
Boettgerillidae 1 2 50
Bradybaenidae 1 1 0
Carychiidae 1 4 0
Chondrinidae 1 3 0
Clausiliidae 17 38 95
Cochlicopidae 1 5 0
Cochlostomatidae 1 1 100
Cyclophoridae 1 1 100
Daudebardiidae 4 5 80
Discidae 1 1 0
Enidae 17 28 64
Euconulidae 1 1 0
Ferussaciidae 1 2 0
Gastrocoptidae 1 1 0
Gastrodontidae 1 1 0
Helicidae 3 g8 75
Hygromiidae 15 41 78
Limacidae 5 9 89
Milacidae 1 100
Oleacinidae 1 1 100
Orculidae 5 20 80
Parmacellidae 1 1 100
Punctidae 1 1 0
Pupillidae 2 6 33
Pyramidulidae 1 1 0
Succineidae 3 4 0
Trigonochlamydidae 5 5 100
Truncatellinidae 2 5 0
Valloniidae 2 3 0
Vertiginidae 2 7 14
Vitrinidae 3 3 33
Zonitidae 8 34 74
114 254

3bOowo 2. 3bMHoEwdo FoMdmygbowos

LodoMmgzgermdo

393030

ds3900L MK sbgdo. GN - 50bodbsgl

33509000

om©gbmdsl,  SpN -

LobgMdIdOL MomEgbmdL bmem E% -
9690m60  Lsbgmdgdol  3Gm396@&me

356396909l

Logomzgermdo dms3990L

393M3EILIONO

dMdomgmdom  Lods®mzggwrml

©9396©ywo
AIO0FGHMOMH05Dg 34 mxsbdo gogemosbgdmmwo 114
33500L 254 Lobgmdol  bdgwgomol  dmerglizo
(@™3m306900 5 mdmM9gd0) 3bmzmMdL (sbMowo
2; 3b5M™MO 2). Bomysb, 56 Lobgmds Lods®mzgemb,
LodoMmz9geml, bmm 161 Lobgmds (bodsGmzgwomls
960093900L  Bsm3zwom) 35335b00L 9bgdos. xsddo,
dme3gd0L  Lobgmdgdol 63% (161) 39335b00L
9600931605 Mog doeBg Fowswro 3sB3969dgos Lbgs
X3IBJOMD  F9sMgdom. Lobgmdsms 63 % (161)
Domdmpqboos 5 yz9webg IMs35moEbmgzsbo
cmxsboo - Hygromiidae, Zonitidae, Clausiliidae,
Enidae ©5 Orculidae (gbGowwo 2). 50603600

X obgdo 31939 2458m0Mbg3056

96@9d00
LOHgMOGOOL Fs®oo 3MM396EMwo 99339 MdOm.
MBOM DMBEGHI©O 30 O3 MBROM FEOEIM0S MRIBO

Lobgmdgdo doom  wyOm  39BHoo

96@9d00
LObgMOJOOL Gogbgo (R?=0.95, P>0,05, (L»me. 5)) Moy

dommomgdl  Bmyoghmo  mxsbol  0bEHgbLlom
M3 OOPOO0S305DY.

35-q9b 13 MR bogeHmo LobgMdOMSs
Pomdmepqbogro, OIUTe ATl RPINS) 96»0o

(Cochlostomatidae) AmbmGHO3MOO mxsbos (9OHo
339000 5 9OHO LobgMmdom 5oL FoMImgbwro).

b 3565L369cn0 (Toffoletia lederi (Boettger, 1881)) 53530M Mo 39335L00L 9bgdw®o
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@S ©90od@GMOo Lobgmdss @y 3MBLYMZ930wo  MZoLsBOHOLOm  Foblis3MmEgdryem
49965000905l bLyFOOMIOU.

356L369o 100 ferob
. 3963530mdsdo  sofigMoo  Lobg-

407

30 00900l M5mMYbMdOL  Qobsffoergds
. oB39690L  GmI oMo Bogrszm-

® WMA0MH0 330093900l BMbbY sbogro
10- Lobgmdgdol 3mgbols 3H9bgbizos 96
g 39d9mdl  (bwe. 6). 5d9bs,
0 bogoMomEMms,  OMI Ml 3900l

T T T T T T

0 10 20 30 40 50

Lobgmdgdol  Gomgbmds  3600-
LmGomo 5. BsBggbgdos momddol HMR030 ©sdm30EgdvIEgds 363@(”)360@ 6()000()6)@060 dmdo-

mxobgddo  Labgmdoms LEOVIE  HomEbmdals  (sdbEOLS) o 3‘3@80- am@‘gbgabob @8 6)03@8[)(‘)66

96093960 Lbgmdgdols (BHEOBsEs) GocgBbmdsls Bmeol.

MHMYMO3 Bogergdoco dmdM530
MmM296003900  boloomEad0sb  gofim  g3memyom®o  Immbmgbowgdgdom
5053OMWH© LEGOBO 5©3GH0MIO0L  Mbstoom (Cameron et al.,, 2003), Mog bdoMs
LobgMBsMS 06EHIBLOMMO WMZHEIMO B3EOSE300L F0BYDB0s. Fmeng3EE 4969E 03O0
33093900 5839690l MHmAI dzodg (M59gbodg s0mgmer 39) BH9M0sGHMEO0sDY, MHMIGE03
903603500353 900L  IM535¢RIMM3690000 25dMm0MBY35, TGLodwMms FMOHRMEMAO0MMSQ
deog® dbogbo s 3969G03Ms© 0BME0MYdIMEo Lobgmdgdol 3:md3¢gdugdoom (Top:
30030 Lobgmdgdo) ogmlb Fomdmoyqbowo (Top: Cowie, 1995; Douris et al., 1998;
Chiba, 1999; Faher et al., 2013). 53 80356 9gdom LodsGrmggermdo (s Jmnrosbs
39339560530)  06@gbLoMmO  33¢093900 9O  BOEBIMGOIMES s 96O §35d3L  mbsigdgdo
0dobm3zol MM  300LXIMMIGOL Y] 9MS  Fmeligzgdol  39bg@03MM0
36535xRgM™M3b00s  MROMIswo, 3000609  B39bL  dogh  HoMdmygbowro
65350 139MMm36905 (Mo 94MHbMmds Fbmem© dmMOFBMEMmYyomE s50{gMgdls), mwdas
B39bL dogé 2008 s 2013 Hergddo o9mdagybgdrcmo dMmagd0 bomero 58396908 Grnd
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530L 5EBIMMBS o0, 39MIm, 2008 Fgarls B396L doge smfgHowo 0dbs dmelizol
Sboemo Lobgmds - gmgmdol 3gwoduo (Helix goderdziana Mumladze, Tarkhnishvili et
Pokryszko, 2008) ®mdgo3 y39wsbg ©oo  Bmdolb  bdgwgomol  dmeizos
35¢956JEHozol dsld@sdom (V). 2009 Hgerb godm39999er dmbmyMsgosdo, bolbmgzo o
dogozm gfobosmdgagdosb H. goderdziana - s G@amOE ©9MY3000909 Labgmds©
396bongsl (Sysoev & Shileyko, 2009). 58 dobBboo bggbo Lsdmom xamxz0L dog
3obbm®3ogms  3033egdumEo  LobBYIoGozMemo  33¢0935  FMORMEMAO0NMHO O
9937906 396930379600 Igom©gdol godmygbgdom. dggyow bsB3969d0 0dbs GMI
3™©9YMdoL s dbol Wm3m30bs 5056 g3MmEIME0MO LEbgMdYdO (MYE03OHMIMMSE -
96O»bgmol  Jodsdm-  dmbmgogEHme  3wsgdl  Jdbosb) w®Is  a9b9BH03MGO
3obLbge390900m.  dbols @ m3m30bol  s®gsero  bsformdMmog  Fotogl  ymg®dol
©m3Mm3obols 5M95¢b mdiEs 0Lbobo 33390MS 2oblibgeg9dme 3530E5E 900 (3bM3zMMd9b.
9019H905350 IE0gMHO 30D ALYs3LGOOLs (Aglsderms 3H03EGHWE LobgmdsdE

om0 35b6bongs) dmbol s ymgMdol 60
wm3mzobs 3960  93MmMy0Mo -
LobgMdgdo 5006 (I, V).
b5 3-do IMESboos (35¢0399)0 %40
dmeb30L (234 Lobgmds) 293MEIELPdOL }E 30
Mm3990 20 30-0b  LOBHYLEGHom. 53 ggzo
3900L "d9360900L "d99a0 BoBg9bq000 3
LYOS-7-Bg  OMIgog  bsmws ?
290mbo@ogl  ImEizgdol  IMSgo- 9 ‘ ;
1900 1920 1940 190 1980 2000 2020
R9MH™M36980L  gobofogdsls  Lodo®ron- fiocwo
30@mdo.  bggdol ML~ ;o 6. sefghowmo bsbgadgdol JrBmsgoGo Ao

R960m36900L  doMHoMso  396GMGdOL  fiwgdob dobgrgoo.
(41 s JgBHo ULobgmds 20 335060  30mdgE®mdo) dobsforgds ofiows
90b3935 BIODOMBMMNM3560 3Yggdol 393039 gdol LEBOZMYPIL. MBOM BMLEI© 30
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390d90s 499Mm0oyml sx3bsbBgmol BHgoobo slogo, BsdgyMgem-0dgMHgmols 30630560
DMbs dOXMIOL Mro0MbMIb MM, dsmmdol 03O BHYosbo dslogo (306G,
9oFobgemols o 9F96M0LYYEOlL bgmdgdo), MM0sgmOl Jgol s0dmbsgargm bsfowro s
3obgomols  39335b0mboll  Gyolb  bmbs  (LmH. 7)  (Fmgmlzgool  IM935¢RgMH™M369d0L
39650 gdols  sbserobolsmzol  godmyggbgd o  Fgomgdol  ©gEITYdoLsMZ0L  ob.
30035305 VI).

SICHY
BgdoGoogdols bsboghgdo

Lisbgmdgdol Gomwgbmds

[ ]s-10
-2
B 2 -4
B 4 -60
s -

L@om0o 7. 6935%9 65B3969005 bdgargmol Imervgls39d0l LabgmdMmogz0 3635¢RgMHM3bgdOL obsforgds 20X20 30-0s60
33900653900l Jobg30m. (308600 33500MEHJOT0 FomMOmMdL LabgmMdIdOL MHOEIL Mog sbg3y 50bodbmos ggMgdols
3M5s300m. 33569 3:mbEHMMgd0m b5B396gd00 oMo BHIMHOEHMMOGIOL LaB3MIDO.

000Jdob sbsEMmyome LGsml 0dwgls bMEwmE bodsMM3gwmMlmgol b dbmemo
393395600b5m30L  96Ydgdol IMI35cBIMHM3B7dOL gobsfowgds 08 oblbgzsggdom, G™I
Lodomm3ggeml 96gdMMo Bl 39d0Lsmzol  30bgmol  39335b0Mmbo 96 2sdMm0MBg3s
9609399m0  Lobgmdgdol  IMs35wxkgMM3bgdom (50 s  9bYIMEO  dmermlizgd0ol
36535 R9MM36005Lmb 5393006090 bbgs  Lszombgdols  dglobgd @I gdo
339905 VI 39900035(30590). 30vbgs35 0dols, G 0bE03E0Mo Imels3gdol
936535 R9MM36000L  2o3MEggdol MY MY03MEm0s,  LOZIMOIEMS  MMI
LobgMdgdol  gogM3gegdols Jgbobgd 0bxmMIs30s OO MmEYbMdom  (3EMIoEgdols
9993390 0g4mb. 0lggg M™AMEM3 Fbmemo 9bgdmemo dmelizgdol dgdmbggzsdo (VI)
LogPmMm 6535059036930l 4obsfogdols 3mMHgWsEoMEmo sbsEroBo 5B39690L, G0
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MO0l FMO35¢xRgMHM30gds  POMYMBOMs©  3MOHIomIdl 395 GHMIwMGo
©oLObgdMwo 36J@900sb 630w Msb. 39MHdM® o3 MBOM 0HBMHPYdS ITMMYdS
395G MOHO Joeodgd0sb dom MBOM 93905 IMOZoeRgMHM3b9ds (K?=-0.4, F<0.001).
SLBYMO MOOHYMBOMO 3MMGES30YO0 3930060 393Y39wgdL 0d5Bg MM ILIbEgdO
3996439g00Lob dMIMEMmGOME  HIO0GHMMGODY b53wgdo IM35wRgMH™M36qds Fgboderms

0yl 50@9535d3H0. Bodmdogwrm, 0b@Hblommo Boggwg 33w93900L gy dgloderms
bOH-7-Bg 658396980 Imgwro 3608369 m3zbsw FgoEgomu.

0530 3. 8089M8M5R05 5 Foermggmamsxgos (11, 11, V)

3b™39ms s 339bsMgMs MsbsdYIMMZg 493039 gds, MO MBsTJOOM3Y 2oMgdml
3000900 s Lobgmdoms  FmMobo  sdM30YOMENYdJOOLS,  AIB30MMBYOM0S
obGHMOOMo  3OMmELYd0m s dmzwgbgdom (Lomolino et al, 2006). ©gsdofjols
B930M85 s  93mboLEBHYY0Ts Y360 Loby 3965836900 MmMo  sSogMEo
dowombo  {iemols  gobdsgermdsdo  doomgl. Mdzs gl 39MoMmEO  JeodsBol o
3JNCMA0MH0 3OM398900L AEOIMHO (33K0GOJI0M bolOsMPYIMS. S 306HMBYdTO
93390605 033YIMES 3HMZILMs O I39bsMIMS o3M(39egdol Lrymsmog (Graham &
Grimm, 1990; Jansson, 2003).

©OIY356@gwo oo  35335B0Mmbols  doosbo  LoLEGYds  JomEgbol  LLLHYoLTo
0BMoM9gdM 39960l Fomdm©agbs O 3565093 OLOL BL35d0 O ISBEIMGd0
6-7 doerombo {erob §ob dmbgs dobo babgdgugom 3533060935 83069 sDoOL s 3@
dma300690000  BOOwMmgm  bBIgwgool  bsfowgdmsb.  8mdg3bm  39Homgddo
65009b%x M09 dmbs ©OEO  35335B0Mbol  0BMEIsE30s  3L3ooLs s TFog0  BO30L
390596009390 5Obgdom. 58 OHML, 93069 35335B0Mmbo, XgH OO 35335B0MbOLYSO
0DME0MYIMY0 s B5¢3569Mb 353006 gdMo (12 Iwb oo s WROM SEMY)
0ym, b dmy30069000 (11 dewb Ferosb) 396GH®sMo sHool dsbogl dgwg9H s
(Steininger & Rogl, 1984; Rogl, 1998, 1999). 59335050 ©OEO 35335L0MbL s g0ty
39335L0mbL  256bb353900 g MYOMMHO OLGHMO0S 9J300 @S Jsmo 0bEgblomGo
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5393806905  3wgob@migbdo (2.5 dwb - 11000 §gwo) Tmbs. 29MeEMyoMEGO
3310939008 Msbdg3s 96033690 ™m3bs 033wYdMEs 3€0TdGOE. M) SOMIIEO
domagboll  g3mds  BHOM303Mwo  3wods@Gom  bollosmEYdms,  8mMmy3z0569000  0yo
056omob  259353M©s. bmm  ssbermgdom 6 dowombo ol ¢36 93390060
300035¢ M0 353Mogds (A9Lobol 3H0BoLO) s0fym, Mg Loxgdzwosbsw Fg33ows
3b™M39ms o 939656 gms 2oz (39egdol Lsmo (Azanza et al., 2000; Thompson, 2005).
50009650 99330005 39350 303500 MM 39335L05 MBsTYOMM3g  3€00ToEVYIO-
WbsgBGHMGO Loboll Jowgdsls dgbobols 3GmoBolol s6 dolo Jgdymdo 39HOMPOIL
oflygol. 99dpamdo 360d3b9gem3zs60  3¢00dsGH Mo  dm3wgbgdo 339 9394obzs6mHd0L
39600odL 393806005, LHmOMg of 03390905 39335B00L 3603369 mzs60 Grmero,
590 OO 39335B0Mb0O 9339 dMOGOHOL ML MToTMOPS 3030 30Ol MBOM
LsALOYNOM 3530399050 B33 OO 39335b0MbBOL Jgol LsdbOHgmom MgxA0Tgdol
5OL9OMBST0 2odMObIEHIOMS.

396513690  3wgobBME3gbMMo  o894obgzatgdol gdmdsdo (110 — 11 sosbo Fgaro)
3933%5L00L  Ogx3myomdo 3600369 m3z96 MMl 5350mds  Lobgmdgdol o
930LoLE9d900L  gbshMbgdsdo  BMIgdoE  39MOMEMIO  IMBIMBJOIOL O™
oflyg0bgb dogMs3090L (Van andel & Tzedakis, 1996; dop: Barrington & Paris, 2007;
Hewitt, 1999; Tarkhnishvili & Gokhelashvili, 1999). Lobgmdsms sMgoegdols 93390060
3903060905 5 999Md 25x35MmMgds 36033690Mm356 2530965l sbgbs Lbzsalbgs
©930Mb0oL  (JoMHOMII© MJRY019Fgd0L BOOW MmO dEYdsMY BHIMOEGHMM0Jd0L)
Roboll BMOI0MYOsDY s Lobgmdoms ©039Mybaool 3Mmi3glbgddy (Hewitt, 1999;
Tarkhnishvili & Gokhelashvili, 1999).

©OEO  MmomEgbmdom 33093900  dodp3boos  As8Yobgzsgdols  Fgdpmdo
30mboBs300L 4bgdbY, 063 bLOZMdIBY s 9RO FOWGOIMWO BOMYJMYMIBOVIEO
dm9gdol 33eg35bg (Sommer & Zachos, 2009; Habel et al., 2010). 5353006M )05
9905609000 65309005 3bMmdowo MgRMy0mdgdol ogboo dodobstrg 3MHMm3EgLgddy
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05350  M9x3009d900L  LBEGHMMIGHMOSDY. 0 TBOOZ gOHMYOHMO  Y39wsbg bs3wgd
d9LHogoo 35335b00s.

LObgMOIMS O MIBIBIDBMYIMYOIMS M965TgEOMZg 4930 (39gd0L sBoswobom, slg39
3969303100 330939000 dgLodargdgeos HoOlmwo dmzwgbgdol Lszdsm LobmlGom
50905 @5 oLEAHMMOMEO  BOMYJMYMIROOL O BOWMAIMAMIBOOL  T93000b390DY
3s9bgdol dmdgdbs. Bgdo LooLgMEHSEOM 33930l boforo dogdwabs (1) 39335b00L o
dobob B MAPYIMY Mga0mbadolL 5bsEOBL BMYMOE 3mEHbEom®o MgrwMyoxmdgdols
Dma09MHM0 3bM3zgol s I3gbsMol Mbsdg®mm3zg 493MEgwgdsdo (III); (2) 39335B00L
35¢053mxBMbol LEHOMJGHMOOL sBsEOBL s TJsMgdsl bbgs MYu0mbgdol (930M™3s)
Fo530mRB5MBlMD Moms 2033903300 ®¥) Mo3gbs 360d3bgemzsb0 Mmoo 93939
39335L00L ©953303L, ROM BOHOEX ™MD MJa0mbgdols Joes3mMma3sw9bols gm®IoMmgdsdo
(ID); (3) GMmamO3 dmEge bLsbgmdgdo, agsho Helix - ob gbgdmGo Labgmdgdol
396930300 331935 FoMO BMEMYJMYM IR0 0LEHMMO0L 5©YBoL doBboom (V).
35¢0bmmma0m®o dmbsgdgdoll dobggom 393350580 58940bzs6M9d0l Mmobogwo
6953M0do 8530 BO30L30MHgMTo (3MWbgmOl IBdEMdO @S BsdbEMYMSMIMBOZLgD
8530D030L30609m0) 0ym JgdmMbgbgero (van Andel & Tzedakis, 1996) owd3s sOLYdMBL
53 gMbsGHomwo  dmbsHMPds3. 3960dmE© OO 393395B0Mmbol  Jgol  LsdbMHgmoo
05996039 M®9x3my0mdo sOLYGdMdES (Velichko & Kurenkova, 1990; Tarkhnishvili et al.,
2000; Tarkhnishvili et al.,, 2001). gGoo 6 Tgmeg dgbgmmgdol 30MHI30MO
9()303900L5m30L 15385MOLO FMbs37gd0 5 FM03M3gds s 5FIBSE MW 0S BMLEO
bSOl 5EYIbs.  39335B0530,  go8Yyobzscmgdol  WOmMObEgo  MYRR0TgOOL
3936039 gd0l Fgbsbgd MaO™ OO HoMmdmgbolsmzol BzgbL dogH godmyqbgdero
0d6s GIS 090m©gdHg ©IYHbMdom  MgwoddHMo  Lobgmdgdol  ™sbsdgmmay
393639 gdol  dmgwgdo, O®MmIwgdog  9JuBH®3MWoMmGOMYmo  0dbs [l by
(Ho®Olryarol 3000d5E1MHo L39b5MGOOL 458mYygbgdom) Lobgmds b3g30R0MMO OL3YMLOOL
3033mb9bGoL  Bo®mn300. 00gdo 9wgaq00 963969096 MM 35335L0530 SMLYOMIOS
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9837920099900L LoLEGgds, M3 BLAMdsTo dmol Velichko & Kurenkova - U (1990)

39b900M 909096 (©9EHowgdo dm39dw9eos 11T 39900 3530530).

LoEOLIMEHEOM 33009308 BoMRWqdTo  2sb35bMMB30gwgm  dbol s dMmEgMdol
wm3m3obgdol (H. buchii, H. Goderdziana) gowmqbg®Hozm®mo dqlhogws. abg@ozm®ads
3309350 583965 H™MI MmG039 Lobgmds dmbmgowgBHWO0s 9BHMAsbgmOl J0dsMm s dsmo
0DBMs300  1O39MM©OM© doromb gl 0m3w0ol. MwdEs, #odyobzscmgdol ML
3MOIOIOL  wm3m3obs 89dmMbs bz gm F30Mg 39335B0MmbBY Grog solbgds ol
©MIY356gw 293039 gdsdo (V. 390035305). U 99ga0  obbdmdsdo  dmeobl
39335L0M0 Boensdsbesl (Mertensiella caucasica) o360 (39c0gdsLbmsb. I3069 39335b0MbOl
QOLO3IM 5 (396EGIO BIHoErdo LoesdbEMIL BbgsILbIs 93MEY3099MH0 bobos
(9603569000Lgsb M58gb0dg dogrombo ferom ITMMYdIMWO) J93MEIWIOMEO QS
Q©5L93 g bsHol BOHOM 50dMLsgergom LoH3sM0 gdmbggzs mEIMdoL wm3m3zobol
393039900l LoBE3sOL (Tarkhnishvili et al., 2000; Tarkhnishvili et al., 2008). s9q9bs
3boos ™M EILsggm 3069 39335L0Mbo 96339 39MHOMPYdT0 0BMWOMHYdIYO
989090l Loboo  sOLYMOMdES  3mebgmol s bbgs  BO©oErm-50dmlagergom
3933b00L M990 900LsYSb. 5893OMMMEsE FMNY39d0L LEbYMdIMS OO bsfoeo
L5390 S BMYPSOE 39335L0500 Q5363900 BMSRTIBGHS© MMI3o
bsb05mYO056  FGAMLIBOIMOMIO 3OO  3MEbYOOL,  5FIMOL s BOHOW™
©dLO3gm MM Jgol  Fo30BM30lL  3oMgmom M3 3MWbgMOL OO, GH0sbo
6953309990l 5OBYOMBSBY J0momgdL (I 3193¢035305). 99@Ybs, BsMbOLEBHWOMO s
396930300 33093900 XJO-XIJOMBOM 56 0d93056 Y6 5MRMT9BESE30L 359335b00b
3999406350900l EMHMObgwo, MMIgEwodg gHosbo  oLGHMOoMwo  B3gbsMoL
LOLOGMRYJIME MOE ITGHJIOMO 33093900 BoF0MGdsDY oMOMYOL.

3o6Lb35390Mw0 LYIMHSMO 335438 393356001 MYRMROMFOEIB 9890b3569d0l Fgdymdo
30mboBszo0l 2Hgdol 33wg30L d9dmbggzsdo. dmemi3gdol Bsmbol 9sMgdomo
56500 393395600l BOM©OEMgmOm 8EYdsMg Mga0mbgdols Bombslbmsb sh39b90L G
3933%L00 96 Jmbs  36033bgemzsbo Mmoo  2599ob3zs69gdols  gdgmdo
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930mboBs300L 3OMEaLYddo BOHOwMgmol dodsOmegdom (II 3993w035305). b
dmgw9bs 990dgds 50blbsl 0dom GHMI OO 3533560MboL Jgo sYdEg39e dOGOYML
Pom8magbs dmemlizgdolmzol MMmdgEmsg Bmyss© LbGo oldgmbool Mbs®o
5930 (Aubry et al., 2006). gl bEgbs®0O 56 MHOL MbogzxMLIEIMEMO Lbgs Lobgmdoms Lbgs
X3IBJOOLM30L. 3960dm, BsB39bgd0s GMI BO©OoEMmgm 93M9Bool FHyol Lbmzmgdol
(05H0©0MI039EJO0L) 45990b3509d0L gm0 BEMmMOl Bsdmygswodgdsdo 353356050
360083690 ™3560 HMo 00053505 (Ghobad-Nejhad et al., 2012).

0530 4. 35Dob ¢v 3320600 353069¢79085 ©s gaeaemmgos (1V, VII)

3OIINXO  Labgmdol  BmErgbgob  gIMBONO - 93ROV 3ZWI3d
d6086390mg560s  3mAgdiowo  0gslbsbMolbom  (Welch &  Pollard, 1977),
236396 M0 gzmeiomeo (dsy: Pfenninger et al.,, 2007), LobEgds@ozmeo (Do
Winston, 1999; Rissler & Apodaca, 2007) s 3mblgM3s30wwo (dsy: Brown et al., 2008)
Lo3ombgdol  2ooloFMgs@. 3o  9dmEsbgdol  L3gddHMo olgzg  Omydma
3m39630mmo 1533930  Md0YJBHYJOoL (88 Tgdmbgzg3zsdo  Bmermlizgdol  Lobgmdgdo)
®oEb30  ©oos.  Lodedmggarmdo  dbgogbo  GHodol  33e39080  3M0dBH0IMW© 96
396bm®30ggd s (290Ms 1941 fiewol Loolg®@szom bsdMmaolbs, Losg 5oL 3oBob
wm3m30b0lL - Helix lucorum Linnaeus, 1758 (9303580 (36mM00¢005 Geagm 3 "ormedwyero”
96 "B F9ge0” erm3m3obs) 3bmg®mgdol boMol Tgbfogzwrols dggarmds (X s3gwody, 1941)).
LoEOLYMEGHSE0M  33¢0g30L  RMYGOTo  JIBBMOB309JWS MO0 330930000  3MMIEHOo
HIwgdoi JoBsb olobsgs Lsdmgwm Lobgmdol dmel3ol gzmemEome -
93006 33009356 (IV, VII). slgo badmgarm Lobgmdow d9350B0g 35Bol wrm3zm3obs
(H. lucorum) GmIGE0E BoOMMOS J93M(39g00 LodoMmgzgermdo. dobo dbgdMH030
5695000 B3I MsDL30L 3996900, LodbGOYIM s 5WIMLIZ GO Fo30BMZ0L 30MHgMOs.
39653690 50 ol gobdsgermdsdo 35Bol  m3m30658 ©s0fym 9930 (39W9ds
503MBv3w0 S BOEMEgm 930Mm30L §39469030 s 0635B0MMO Lobgmdos omzwgds
(Falkner et al., 2002; Mienis & Rittner, 2010; Peltanova et al., 2012). bsgos@mn39wm8o o
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39335B00d0 53 Lobgmdols  253M3Egwgds  gmzgwmzol  dbgdMog  dmzgbs
3obobogdms, mwMdazs 93060l LogbmzMgdgwmsb 8FoGm 3530060  d5YOL
3960339  933L  dobo  0635BoMGMdOL  globgd.  Fohsg  3oBolL  m3m30bs
doM0MII® 50530360l FogM LobgEz o WbELIRMgdTdo (3bMZOMIL s 56 43b3Yds
bawmbagdge 86936003 358035@9080. LodOm3zgwmdo (s BMPsI© 393390580)
35HB0ob  ™3m3060L  9OLYIMIOL  Fglobgd  sOLYOMOL  IMLBsBMYds GMMI 00 23056
39obB™396d0 96 3merm3gbdo 5sdosbol doge 0dbs 0bEMmmEMEomgdyeo (Lubell,
2004). Lodoromnggemdo 35Hol wm3m3zobol go3M3gegdol s6gowro dgmisg Lowy3mbob
30639 bsbg3908o  3mwbgmol sdwMdom ©s dobo d0dEIdsMg ILIbEGdEO
39964BHgoom, sbg3g MdOWOoLoL s OGMLMezoL  FgIMPMgbom  TGIMORIMYWGOMOS
(x9390dyg, 1940; JluxapeB & Pammensmeiiep, 1952). dmg30569000m LojoOmzggarml Lbgs
6930690303 ©Ix80JLOMES 35BOL M3IM3ZObol sOLYdMDs. 653¢9d LH39MOMYEMS MMI
d9mag Lo3mbol 30639 Bobgzs®do dolo FgHBLMEMEO 9GO0 F93M(39XYO0L
565L5305Mm0bo Jufogerol 99ga0 0gm, oA 35BoL Wwm3m30bs LobsbmMHM3mwo
LobgMdOS O Y39eoHBY 0MES FgUedhbgz0s 39 FmGOU.

35%0L m3m3060L F9HBOMEMo 453039 gds LoJoOmzgermdo Jgbodgrms Godwgbodg
3030m9Bom 50bLBIL. gOHgMH0 g 303MmMYBs LEHYMOIMTMMOLO VIMOYNHDMDSY -
3M63996096305 Aol sSHEMmbsmglisg (03039 3395MOL) LEHYMBSLMD - dbOL MMM
(Helix buchii), 6H®Igwoi 393356008 96@9gdos s d0MHOMOIPIP  FoOHOMBMOEMZ560
AY9900L d0bss0s. VII 399803530530 GIS - ol Ly s gdoo 5398 ds dmEYgdds
5B3965 O™ 35B0L wm3m30b0Ls s dMBOL EMm3M306900L Bodgdol 3mEHYbEovIMo S09ggd0
29o0xM0s  (>40%) omigs ©EYIE)  Tomo  MBogbmzmgdol  Fgdombggzs 96
©5830JL0MGIMWS. FbmwmE 2 §9MGHowdo gl mOO LsbgMds GOHMFBIOL o056
wSbEM3gds Fop®ed Jom Mol 93390000 FoMdmlsbgomo dsMmoghos (VII). 35Bol
@M3m3060L  g39ws  ©EYIE)  dm3mzgdYwo  gogbol  fgdGowo  dg¢-bs3wrgds
500530560l doge Lobgizaowos. bdo® 890mbgg3sdo sBgmo 5EA0WYd0 gLlsBP3MGds
0bol M3m3060LsmM30L odmMLogasc 049693603 350035EJOL FoaMsd dob doge o3
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5Q30gdol  sm30L9ds 9O bgds Md3 dowmmomgdl  dobo  293ME9Iwgdol  Lbgo
95¢0d0GH0M 90900 RodEHMMJOOL sOBYOMBIDY (HMYMOO(355 FoYPIWOMO TBO3JOWYdO b
356503 900).

35Pol  m3m30bs, 0Mbgszs©  dwogho  306s3000  [bgbols,  FoMds@gdmwa
3653w 9ds 439es Lobob BMOM3MAg66 sbEToxg@do. dobo MbsMO gsIMRIL s
00605390000 25961530l 5530560l LosbEM3oLOL Fglsderms 3938060 JdME0 0ymb
BEOOL s J9FM3wgdoL 9dsbobdol 5@3E93700Mb (IV 398¢0035309).

09530 5. 8s¢ms 200057960 326L903560s (VI)

05659900039 (303000D(305 09969030 2oMgIML IYMSI(300L FMZ35M0 A5TIMIA()3930
dobgbos (Vitousek et al., 1997a,b; Pimm & Raven, 2000). dombgosgs@ Lsbmasmgdol
dBs6MH©0 IMbMIgdols @S IBIbIMXGOOLS 0doLsmzol GMI F9bseBMbgdmwo 0gbsl
01693030 @oMgdm, Fs0bi 396 bgMbgds 1s3dsMobo 0b39LEOE00L FoBbMME0Ygds
0169%0L 9x39dEHMM0 3MBLYMZ9300LsmM30L (James et al., 1999; James et al., 2001). LG9
500l @odm  bmME09w©gds  33w93900  3MmbLgGMZs30o  3M0MMOE GHJOOL
3930gmBolomzol Moz gmErolbdmdl ghmol dbMog 9GS  IMZ35WBIOMZ00
505300MOMmMms©  Imfiyzeroo  Mgaombgdol  0wgbEHO0BOE0MIdL  (93MM90mMmbgdO
3md5e® (Myers, 1988; Myers et al., 2000) s @530 GHIOOGHMOH0JO0 COMIoE
(Gaston et al., 2008) 0sU8o0d0), bmm Jdgmeg TbMOZ LYOMASGHO Lobgmdgdol b6
LobgMBsmS  XAMBGOOL  FgMB9G35L  MMIgerms  3mBLYMZs30s  MHBOHMB3gymal  bbgs
Lobgmd9d0lL 96 93mLoLEYIgool 30mbLyM3s30sL (Caro & O'Doherty, 1999).

“Conservation Intarnational” — ol dog®M Lodo®m39em (s IE0sbs 39339b0s) 1999-2000
Posb  mx3030swMEs©  2obobogds  HMaMOE3  BOoM™535¢xgMHM36900L  3bgwro
Do®GHowo (Zazanashvili et al., 1999; Myers et al., 2000). ®s30bmo3500 3bge FadEGHows©
5005605 56 00935 29MBEH0sL MM dbgdol 3MBLYMZs30s BHMmMOo 80dsM0Igdom
396bMO 309 ©9ds, 0399350S SJO BEBSGHMLO JAboL ©Y39maL A9MGIML 3mbLYMZs30MWwo
360M9dGH9gool  39bbmM 309 gdolsm3z0L. oblogMmemgdom 860d36gemgsbo 3MmgdEHgdos
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IEM0  BHIOHOGHMO0900L  Jugol  894dbol s 29b305M9d0L3g6  FodsBIEo
360M9JBHJo0 M50 2obo 23 Ferol 296353 mdsdo, g43zgms AsbbmME0gwgdEo,
39039790 bobgmdol 3mblgM3zs3oolsggh dodstrmmo 3MMmgddo Momddol M3grgyms
(56 5MLYIMOL 3MBOGHOMOO Fggaol s3bob3gwo MMbEIE 9HMO Bogowomo) b 396
bgebgds  FgxnoLgds.  ©@EgoLsmzol  LodsOmzgwmdo 56O s®LYIMOL  SOEFIOMDO
3MbLyM3530wo ©Mboldogdol (3s00 IMOOL sOFE GO GHIOO0GHMM09gdoL Jugeob)
918399EHMO®dOL  F9xsLgdol 8gdobobdo Mog 9339390 9Ygbgdl dgdamdo  bsdoxgdol
d0bBsbd0doMremdsl (Chape et al, 2005; Hayes, 2006). 9360 99303, ©©gd)
3OO0 OGO BHIOOGHMM0JOOL OO IMI3glMdS F9Jdb0e0s 5EMBLS3TMOBO®
QL0900 FMGHZ5300L LoggwndzgebHyg. Bs35¢0molL Losboo 8godegds gobgzoboermm
g4obdgaol s 0Mdgmol ghmzbmwo 3563900, OHMIWgdoE LosMM3gwml GO
AIO0FGHMM0gdol 4 % - b FgoagblL.  s0bodbmwo  FHYMHoGHMMOgd0l 33O
36083690 m35605 ©539b0dg LobgMdOL Aerodmbsbolbmgol (xobgo s bosdm®Mo) mwdss
DMAOI©  B0MIMZ5RGMM3bgdol  LodoMmOol,  9bYIMmHo  LobgmdgdOL b
Log3Mbggdol dbGMog RMm I60d36germ3zsbo Fgbsderms oymlb dglbgmol Jgo 96
L5YAOIE™ - 039OHgMOL  3060J30569d0. 603369 M3z5605 Ol FoJBo GMI IEMEO
A9M0BHMM0gO0L a9 doMmgo0l MM 9Mvs  2om3oeobfjobgdmeo  3mEbogr
MmM5b0Bdms  yzgwsbg  AMozoagMm3zsbo  xamzo - wbgdbgdrm  3bmggargdo.
BsB39b69005, BMI 3000609 bgMbgdwmosbgdo, Mbgdbgdwm 3bmggwagdo bdoMs MBOM™
91%393GHMO  06035GHM™MMGOL  (3mLOLEJIGOIOL B 30MbsEMGmO  godsMmIEmMdOL)
LrOMAOBHIOL (8615350 R9MM36930L) Ho®MBmoygbgb. s dbMHog bmzgwms gomgHmo
1599399LM X330 bIgErgmOL IMls3900 G056 (Moritz et al., 2001; Lovel et al., 2007).
LoOLMEGHSE0M  bsdMTomlb bsfowro 80gdw3bs dmM39d0lL  Bombol  3mblgM3zs300L
L530badL.  39MdmE  d9-VI  65d6O™ATo  gobbowrmmos  mMo  Lsgombo;  3o63gwo,
Logom3zgermll  MGMmIgo  Mgaombgdos  39335b0ol s  LodoMmzgwmlb  9bgdmemo
dmM1390000  439moHg  IM35¢RIMHM35b0 @y TgmMg - M99EIbs  1H3TIMOLOS

©093956@gwo IO BHIO0GHMM0900L Jugero 0dolsmzol MM MBOHMblgwymaz0Wo
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0ymb 96930 Fos3mBIMbol  (396GHOIOOL  (330.  Lodo®mM3zgwmTo  d0bsIMO
bdgegomols 969360 (960936900 MmO 3 39335B00Bsm3z0L 31939
LogoM P39 MBM30L (39w 39) IMEN39d0L FMOZ5¢BIOM3BBOL O o339 gdOL
(090MmEMM0  ©9GIgo0 ob. mogo II s 398035305 VI) 9BsewoBds sh3965 @I
96009376H0 M3 39008 Robs (55 Lodo®mgzgurml bmerm 110 35335b00l 9bwgdwmeo
Lobgmds) 90515 3TMOLOSS  OIEWO.  39MdmE  9bYIMEO  FMSZ5RYMHM369d0L
395®®9d0L  70%-Bg d9gBHO I3 BHIO0GMM09IOL QoM. LEHYIMOIMS OO
Bofoerll 53653396GHwo s 30(60Mm sMgoo 5dz00 s FgLodsdolo  FoMdmowqbgb
o000 MHol3ol Lobgmdgdl 0¢) oo 9MJoEr0 56 b3z IO FIOOGMM0JOOL
5396ddo (VI). Lsdfmbodm, Lods®mgzgwmlb fomge Bmibsdo gMmo Lobgmdols 4oMs
5M39OM0  IMl30 9SS FgBHobowo. o6 sOLYOMOL Homgw  Bmlbsdo  Fglyaro
Lobgmdgdolomzol  sd@omo - 3Mod@oznwo  3mbbyMm3530wo  ©mbolidogdgdols
365d3H03s, o3 3093 MBROM  53dodgdl  96@gdMMHo  IMEML3gool  30bLgMZo300L
396L399@GH03z90.
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A NEW SPECIES OF THE GENUS HELIX FROM THE LESSER
CAUCASUS (SW GEORGIA)

L. MuMLADZE!, D. TARKHNISHVILI! & B.M. POKRYSZKO?

1Faculty of Life Sciences, Ilia Chavchavadze StateUniversity, Chavchavadze Avenue 32, 0178 Tbilisi, Georgia
2Museum of Natural History, Wroclaw University, Sienkiewicza 21, 50-335 Wroclaw, Poland

Abstract  Helix goderdziana sp. nov. is described from the Lesser Caucasus, south-western Georgia. Its habitat is a humid

montane forest. This is the largest species of Helix known so far.

Key words  Land snails, Lesser Caucasus, Helix, new species.

INTRODUCTION

The genus Helix Linnaeus, 1758 includes the
largest snails of the family Helicidae, and prob-
ably the largest terrestrial pulmonates in western
Eurasia. It is distributed in northern Africa and
Eurasia. Three species of Helix have been so far
recorded from Georgia: H. lucorum (Linnaeus,
1758) and H. vulgaris (Rossmaéssler, 1839), both
widely distributed in western Eurasia, and H.
buchi (L. Pfeiffer, 1853) which is endemic to the
western part of the Caucasus Ecoregion sensu
Mittermeier et al. (2004). A further five species
are known from Asia Minor, the region south-
west of the southern Caucasus: H. figulina (Ross,
1839), H. pericalla (Kobelt et Rolle, 1896), H.
cheikliensis (Zilch, 1952), H. cincta (Muller, 1774),
and H. pomatia (Linnaeus, 1758) (Schiitt, 2001;
http:/ /www.biolib.cz/en/taxon/id269332);
none of those, however, have been recorded
from the north-eastern part of Turkey adjacent
to Georgia.

Three very large helicid snails were collected
on June 25th, 2006 by two of the authors (LM and
DT) in south-western Georgia, at an elevation of
between 1540 and 1595 m. a.s.l. (Fig. 1). Helix
buchi or other known Caucasian representatives
of the genus have never been recorded from this
area. Our specimens differ from all other large
members of the genus found in the Caucasus and
Asia Minor and represent a new species which
we describe below.

Helix goderdziana sp. nov. (Figs 2-4)
Holotype 1 shell (nl10), Zoological Research
Institute (ZRI), Thilisi, Georgia.

Contact author : bepok@biol.uni.wroc.pl

Paratypes 2 specimens: subadult shell (n8) and
shell + soft parts (n9): Zoological Research Institute
(ZRI), Thilisi, Georgia.

Type locality  South-Western Georgia, just east of
the Goderdzi Pass (see Fig. 1, 41°39'N, 420°36’E),
the junction of the Meskheti and Shavsheti
Ranges, basin of the Dzindzisu River (left tribu-
tary of the Mtkvari-Kura River).

Derivation of name The new species is named for
its type locality - Goderdzi Pass.

Diagnosis  Shell larger than in any other species of
the genus Helix, somewhat similar to that of Helix
buchi from which it differs in a taller shell (61 mm
compared to at most 54 mm in H. buchi; Likharev &
Rammelmeier, 1952) and light yellowish-brown foot
(dark grey to almost black in H. buchi). Digitiform
glands shorter than any other Helix from the
Caucasus Region. Flagellum much longer than in

Tl it ] L WY “» o |
Fig. 1 Map showing the type locality of Helix goder-
dziana sp. nov.
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n0009 ' “ 10004

n00110 . n0009 bO0OZS 10004

Fig. 2 From left to right: shells of Helix goderdziana sp. nov., holotype (ZRI n0010); paratype (ZRI n0009); Helix

buchi from Borjomi Gorge, central Georgia (ZRI b0025); Helix lucorum, Tbilisi, Georgia (ZRI 10004).

Fig. 3 Left - live Helix buchi, right — live Helix goderdziana sp. nov. (paratype n0009)

Table 1 Shell measurements of the holotype and two paratypes of Helix goderdziana sp. nov. (all measure-
ments in mm)

Specimen # Shell height Shell width Aperture height Aperture width
Holotype n0010 61 60 40 34
Paratype n0009 57 60 40 33
Paratype n0008 47 50 36 30

(subadult)




Fig. 4 Helix goderdziana sp. nov. genitalia (paratype
n0009): left - full view, right - penial papilla.

H. buchi. Penial papilla larger than in H. buchi, spin-
dle-shaped (for reproductive organs of H. buchi and
other Helix species see Schileyko 1978).

Description  Shell (Fig. 2), conic-globular, with
4.5 rapidly increasing whorls 1.5 of which form
embryonic shell; apex blunt, conical; shell une-
venly radially ribbed, sculpture similar to that
of Helix buchi. Body whorl very wide, slightly
descending. Aperture very large (height 40 mm,
width 34 mm), short oval, oblique, resembling
that of H. buchi but different from that of other
Helix species of the region. Shell height up to 61
mm, shell width up to 60 mm (for measurements
of the types see Table 1). Foot light yellowish-
brown (Fig. 3). Penial papilla large, spindle-
shaped. Flagellum 2.4 times as long as penis with
epiphallus. Spermatheca diverticulum 1.75 times
shorter than the section of the spermatheca duct
beyond the bifurcation point (Fig. 4).

Ecology The macrohabitat is a montane spruce
forest (dominant tree Picea orientalis), on the south-
ern slopes of the Meskheti Mountain Range and
the north-eastern slopes of the Shavsheti Mountain
Range. It is a humid area, with the annual precipi-
tation of ca 1200-1400 mm (Vladimirov et al., 1991).
The microhabitat is a very damp vicinity of small
montane brooks, mostly surrounded by alder trees
(Alnus barbata), with logs and liverworts on the
margins of the brooks (Fig.5). The snail is found in
habitats different from those of Helix buchi: the lat-
ter species is found exclusively in broadleaf, mostly
beach forests, away from from streams or brooks
(Skarlato & Starobogatov, 1984).

NEW SPECIES OF HELIX FROM CAUCASUS 485

Fig.5 Type locality of Helix goderdziana sp. nov. habitat
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Forest snail faunas from Georgian Transcaucasia:
patterns of diversity in a Pleistocene refugium
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Thirty forest sites in Georgia were sampled to obtain inventories of their land snail faunas. The sites, in nine
sampling areas, ranged from Batumi near the Turkish border to Lagodekhi near the Azerbaijan border, and
included parts of both the Lesser and Greater Caucasus mountains and the Colchic lowlands. Abundance was
generally low, and most sites held less than 20 species. Ninety species were found overall. Although sites within
some sampling areas had very similar faunas, the overall levels of similarity among sites and sampling areas was
low, especially when compared with similar forests from northern central Europe. Both climate and geographical
position affected similarity: although these were correlated, independent effects of each were detected, and the
effect of position alone was strongest. Despite this effect, most species have ranges extending into Turkey or
Ciscaucasia, a few have very limited ranges, and there is no evidence of patterns of allopatric replacement among
congeners. These patterns resemble those seen in faunas from forests in lower latitudes, and suggest a slow
build-up of regional diversity by differentiation in situ, without the repeated restrictions to a multiplicity of small
refugia that are characteristic of areas where fluctuations in aridity are important. The refugium has remained
isolated, and has contributed little to the Holocene recolonization of areas further north. © 2011 The Linnean
Society of London, Biological Journal of the Linnean Society, 2011, 102, 239-250.

ADDITIONAL KEYWORDS: distance decay — land molluscs — species richness.

INTRODUCTION short-distance dispersal across barriers promotes dif-
ferentiation among congeners. Such differentiation is,
however, most evident in open but calcareous habi-
tats, and the structure of regional diversity seems to
relate mainly to fluctuations in aridity, sea level, and
the periodic isolation of montane and alpine habitats
(Cameron et al., 2003). Within forest faunas, species
? richness at the level of small sites, termed alpha
2004; Cameron, Pokryszko & Horsak, 2010). Forest diversity by many authors (Magurran, 2004), does not

faunas in _the north are essegtlally immigrant assem- vary greatly with latitude (Pokryszko & Cameron,
blages, with subsets and mixtures of faunas survi- 2005)

ving in refuges further south. In Mediterranean
and Balkan Europe, high diversity is associated
with a multiplicity of small refuges; vicariance and

Land snail faunas in Europe show a characteristic
latitudinal gradient in regional richness that can be
related to Pleistocene climatic fluctuations, and in
particular to the glaciated or periglacial conditions
prevailing north of the main mountain ranges at
glacial maxima (Hausdorf & Hennig, 2003; Cameron,

These patterns can be contrasted with some of
those at lower or similar latitudes elsewhere, where
although area and connectivity of forests varied, sub-
stantial areas of forest habitats remained within the

*Corresponding author. E-mail: r.cameron@sheffield.ac.uk region. Here, although there is evidence for speciation

© 2011 The Linnean Society of London, Biological Journal of the Linnean Society, 2011, 102, 239-250 239
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as a result of the isolation of fragments of suitable
habitats, regional diversity seems to have built up
from isolation by distance alone (Solem, 1984; Barker,
2005): very few species have tightly restricted geo-
graphical ranges, and congeneric ranges overlap at
the regional level. Local site diversities vary, but most
are not much greater than those recorded for the
immigrant faunas of northern European forests
(Seddon et al., 2005; Stanisic et al., 2007). This runs
counter to the general trend for site diversities of
many organisms to be much greater at lower lati-
tudes, other than in deserts (Ricklefs, 2004). Clearly,
the balance and structure of local and regional diver-
sity varies with the history of the regions concerned,
and this raises questions about the assembly rules for
local faunas.

For snails, these global comparisons are made less
telling by the different spectra of taxonomic composi-
tion, size, and shape distribution, and known trophic
status of snails between biogeographic realms
(Cameron et al., 2005). Although the snail fauna of
western Transcaucasia, including the extreme north-
east of Turkey, contains many endemic species and
genera (Schitt, 2005; Sysoev & Schileyko, 2009), the
taxonomic composition of the forest snail fauna at
family level and above is characteristically Western
Palaearctic. The region is known to be one of the few
places in the Western Palaearctic to have retained
mixed broadleaf forests in large quantities through-
out the Pleistocene, in either a single large refugium
spreading along the south-eastern Black Sea Coast
(van Andel & Tzedakis, 1996) or in multiple large and
small refuges (Velichko & Kurenkova, 1990). Its flora
is regarded as belonging to the broad Euro-Siberian
assemblage, rather than to those of the Mediterra-
nean or Irano-Turanian regions (Davis, 1971; Tuma-
janov, 1971). Although there were certainly shifts in
climate sufficient to alter the altitudinal limits of
some forest types by up to 1000 m (Tarasov et al.,
2000), the combination of high mountains and expo-
sure to warm and humid winds across the Black Sea
evidently moderated the extremes of cold or aridity
that characterized most of the region at glacial
maxima (Denk, Frotzler & Davitashvili, 2001, and
references therein). Areas to the north (Ciscaucasia),
east, and south were, as now, dominated by arid
conditions, with steppe vegetation predominating.

We report here on a survey of forest snail faunas in
sites within refugial parts of the Caucasus, where
forests persisted for millions rather than a few tens of
thousands of years, along with others where most of
the forests were likely to have been replaced by
steppe at glacial maxima. We compare the patterns of
richness and diversity found with those recorded else-
where, and in particular with those from Poland and
Transcarpathian Ukraine, typical of faunas estab-

lished by northwards migration in the Holocene
(Cameron, Pokryszko & Horsdk, 2010). This gives us
a deeper insight into the processes of the formation
of the contemporary forest snail faunas and, more
generally, to the dynamics of the refugial forests of
the Caucasus ecoregion.

THE REGION AND SAMPLING SITES

Figure 1 shows the region, and the location of clusters
of sampling sites (hereafter SA, sampling area)
within it. Samples were made from just south of
Batumi near the Turkish border in the west to
Lagodekhi near the Azerbaijan border in the east.
Denk et al. (2001) gave a detailed account of the
region and of the types of forest flora to be found
within it. Our SAs are mostly near named localities of
their account. The region has sharp west-to-east gra-
dients in rainfall, and in the contrast between
summer and winter temperatures. Areas near Batumi
have a very oceanic climate: January mean tempera-
tures are above 0 °C, and rainfall in the mountains
nearby can exceed 4000 mm year'. Further east the
climate is more continental, with rainfall generally
being in the range 760-2000 mm year™, and winters
are colder. Natural forest cover is mainly of broad-
leaved deciduous trees, principally beech, Fagus ori-
entalis, and chestnut, Castanea sativa, with conifers,
Abies nordmanianna and Picea orientalis, at higher
altitudes, and with locally abundant alders, Alnus
barbata, ash, Fraxinus excelsior, hornbeams, Carpi-
nus caucasica and Carpinus orientalis, maples, Acer
species, and elm, Ulmus glabra. Within each SA, sites
were chosen to maximize the probability of obtaining
a representative fauna, moderated by accessibility in
difficult terrain. Details of location and descriptions
are given in Appendix S1. Most accessible forests are
subject to management resulting in near monocul-
tures, and the combination of management, very
steep slopes, and heavy rainfall over mainly acidic
rocks (typically andesite volcanics) results in large
areas in which land snail faunas are impoverished
both in density and species richness. Typically, our
sites were on less steep slopes with streams or run-off
channels, with a greater than normal diversity in tree
species. Although such sites have undoubtedly been
subject to human disturbance (the presence of walnut
Juglans regia being an indicator; Tumajanov, 1971),
the presence of alders Alnus barbata, maples Acer
species, and ash Fraxinus excelsior indicate soils with
higher moisture and base status than those on the
very steep and frequently unstable slopes around.
Sites in the south-west (Batumi, Kintrisi, and
Mtirala) frequently had Rhododendron ponticum as a
dominant species in the understory: this species is
missing in the easternmost parts of our survey area
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Figure 1. Map of the western Caucasus with sampling sites: black dots, sampling sites (as listed in Appendix S1); ellipses

unify the sites into nine larger study areas (SAs).

(Tumajanov, 1971). One site at Ambrolauri (Al) was
subject to much heavier and more destructive human
disturbance than the remainder, a product of grazing
by cattle. Only the sites at Ambrolauri (Fig. 1) had
limestone as the underlying rock. Here, and at the
Goderdzi Pass and at Bakhmaro, a few sites were
sampled at elevations above 1400 m; the remainder
were all below 1100 m. The Colchis site is unique in
lying in swampy ground in the Colchic lowlands
between the Lesser and Greater Caucasus.

MATERIAL AND METHODS
SAMPLING AND IDENTIFICATION

At each site, snails from an area of c. 400 m?> were
collected by hand in 5 person hours of searching; in
addition, about 20 litres of litter was collected and
sieved through 8-mm mesh sieves (Cameron &
Pokryszko, 2005). Larger specimens were removed
from the sieve, and material passing through the
sieve was bagged, dried, and then sorted in the labo-
ratory. Slugs (collected by hand in the field) were
preserved separately, but, as in other studies
(Cameron & Pokryszko, 2005), this method is not
appropriate for obtaining a full inventory. Slug
species found (identified by A. Wiktor) are listed by
site in Appendix S2, but are excluded from our analy-
ses. At each site location and altitude were deter-
mined by GPS (with the exception of sites at Batumi;
see Appendix S1), and the dominance and occurrence

of tree and understory shrubs were noted, as was the
slope. Details are given in Appendix S1.

All living and empty but fresh shells were identified
to species level as far as possible. Very eroded shells
and unidentifiable juveniles are excluded from Appen-
dix S2. Likharev (1962), Riedel (1966), Schileyko
(1975, 1978, 1984), and Schiitt (2005) were the prin-
cipal sources for identification, supplemented by A.
Riedel’s collections of Zonitidae s.l. and others in the
Museum and Institute of Zoology, Polish Academy of
Sciences, Warsaw. Nomenclature generally follows
that of Sysoev & Schileyko (2009); authorities and
deviations from their list are given in Appendix S2. In
some cases our records mark a significant extension of
geographical range, and a few species are not men-
tioned in their checklist. Voucher specimens are
deposited in the Museum of Natural History,
Wroctaw, and in the Institute of Ecology, Ilia State
University, Thilisi.

ANALYSES AND COMPARATIVE DATA

Sampling efficiency (the completeness of inventories
at each site) was assessed by using the Chao 1 esti-
mator of missing species (Southwood & Henderson,
2000), as this appears to be one of the most reliable
estimators (Walther & Moore, 2005). As standard
errors of this estimator are very large when the
number of singletons and doubletons are small, we
have used the median value as an overall estimator
(Cameron, Pokryszko & Long, 2006).
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Several statistical approaches were used for esti-
mating the overall site-specific species richness, the
level of differentiation between the sites, and for
associating these variables with geography and
climate. The overall pattern in faunas was first
exposed by detrended correspondence analysis (DCA),
using log-transformed abundances, and without
down-weighting rare species (Leps & Smilauer, 2003).
In order to describe the climates of the individual
sites, bioclimatic data from WorldClim v1.4 (http:/
www.worldclim.org/) was used. This is a set of 19
global climate layers (bioclimate grids, including
means and yearly dynamics of temperature and pre-
cipitation) with a spatial resolution of 1 km? (Hijmans
et al., 2005). For all locations studied, the values
of the bioclimatic variables were scored using
ARCVIEW v.3.3 GIS software, and standardized in a
way making the mean of each variable equal to zero
and the standard deviation equal to unity. Two runs
of canonical correspondence analysis (CCA; Manel
et al., 2003) were applied in order to detect associa-
tion of faunas/species with: (1) climate and (2) geog-
raphy. For individual species, the tolerance indexes
inferred from CCA analyses were scored to estimate
the species-specific breadth of climatic niche and
extent of occurrence of a species. This was to identify
the species for which distribution is directly limited
by geography rather than by climate (i.e. the species
positioned above the regression line connecting cli-
matic and geographic tolerance), and those in which
distribution is limited by climate rather than by geog-
raphy (the species positioned below the regression
line). The software used for DCA and CCA was
CANOCO v4.5 (ter Braak & Smilauer, 2002).

‘Climatic distances’ between the sites were cal-
culated as Euclidean distances based on the 19
standardized bioclimatic variables and geographic
distances: i.e. as Euclidean distances based on the

Table 1. Basic data

exact latitude and longitude of a site. Partial Mantel
tests (Manly, 1997) were applied to test for the sig-
nificance of association of faunal differences (esti-
mated as the inverse value of Simpson’s similarity
indexes, 100-SI) with geographic distances and cli-
matic differences between the sampling sites. The
Simpson index of similarity is the proportion of
species in common with those in the least rich of any
pair, diminishing the effect of mere impoverishment
or inadequate sampling. The significance of the rela-
tionship was estimated for the Mantel tests with
10 000 permutations, using IBD software (Bohonak,
2002).

Some direct comparisons were made with data from
Polish and Transcarpathian Ukrainian forest sites
sampled in the same way (Cameron, Pokryszko &
Horsak, 2010). Many of the latter samples contained
more individuals than found in any of those reported
here. To reduce the effect of differing median sample
sizes, comparisons are limited to samples from Poland
and Transcarpathian Ukraine containing no more
than the maximum number recorded here (530).
There are 100 of these, spread unevenly over the
whole region involved.

RESULTS

SITE SPECIES RICHNESS, SAMPLING ERROR, AND
FREQUENCY OF OCCURRENCE

Ninety species of snail represented by 6993 individu-
als were found in 30 samples. Appendix S3 lists the
numbers of each species found at each site. The basic
statistics for the faunas are shown by SA in Table 1.
In general, the numbers of individuals were smaller
than those found (by comparable means) in Central
European or British forests, and in nine cases they
fall below the recommended minimum requirement of

Mean Range Mean Range Total Unique
SA Sites numbers numbers species species species species
Colchis 1 251 - 20 - 20 3
Batumi 3 117 85-140 14 12-16 25 4
Mtirala 3 309 67-449 16.2 13-19 24 2
Kintrisi 3 186 148-206 16.3 14-19 24 2
Bakhmaro 3 150 60-247 15.3 12-20 28 0
Goderdzi 1 151 - 17 - 17 2
Borjomi 5 251 78-385 16.5 14-21 29 2
Ambrolauri 5 283 170-530 18.2 13-21 52 (42) 20 (10)
Lagodekhi 6 272 167-417 12.7 8-16 25 (24) 6 (5)
TOTAL 30 233 60-530 15.9 8-21 90 (80)

Figures in brackets represent totals after removal of subalpine and anthropochorous species (see text).
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Figure 2. Positions of sites on a detrended correspon-
dence analysis biplot: BAT, Batumi; MTIR, Mtirala; KINT,
Kintrishi; COL, Colchis; BAK, Bakhmaro; GOD, Goderdzi;
BOR, Borjomi; AMB, Ambrolauri; LAG, Lagodekhi; @,
BAK 2, GOD, and AMB 3, sites above 1400 m a.s.l.; AMB
1, disturbed site.

ten times as many individuals as species (Cameron &
Pokryszko, 2005). Eight species are represented in
the whole array by single individuals, 29 species
(about one-third of the total species number) were
recorded from a single SA, and 22 of those from a
single site. There is a positive correlation between
numbers of individuals and numbers of species
(R=0.425, P<0.05), suggesting that species have
been missed in some samples. The Chao 1 estimator
of missing species gives widely varying estimates
among samples (data not shown), but these do not
correlate with the number of individuals per sample
(Spearman’s R on ranks, 0.165). The estimates are
not normally distributed, with a few high values, but
the median estimate is 1.1 missing species per site.

ECOLOGICAL DIFFERENTIATION AND CASUAL SPECIES

The favourable combination of mixed dominants
among trees and gentle slopes has a significant effect
on the number of individuals found (Spearman’s R on
ranks, 0.41, P < 0.05) (Appendix S1). Species richness,
however, shows no significant association with any
single environmental factor recorded at the site, nor
with any combination of two or more factors regarded
as favourable or the reverse on evidence from other
studies. DCA analysis (Fig. 2) indicates the separa-
tion of faunas representing different longitudes (axis
1) and elevations (axis 2). Sites within the same study
area tend to cluster together along both axes.

Table 2. Species found at Ambrolauri excluded from
analyses of faunal similarity and distance decay

Species Distribution Habitat
Truncatellina cylindrica  Widespread Open
Poiretia mingrelica® Transcaucasian  Generalist
Xeropicta derbentina™ Widespread Open
Phenacolimax Widespread Alpine
annularis
Vitrina pellucida Widespread Here Alpine
Paralaoma servilis* Very widespread Generalist
Sphyradium doliolum Widespread Here Alpine
Zebrina detrita® Widespread Open
Pupilla triplicata Widespread Alpine
Vallonia pulchella Widespread Open

*Species associated with human activity.

It is evident (Table 1) that the aggregate fauna of
Ambrolauri sites is far greater than those of other
clusters containing more than one sample. This
cluster also contains far more unique species than
any other. Sites there include the highest and the
most disturbed in the whole array. Table 2 lists
species recorded uniquely in Ambrolauri that, on
external evidence, are either characteristic of the
subalpine zone (here recorded only in Ambrolauri 3)
or are more typical of open habitats, and may be
present as a result of grazing disturbance. These
species have been eliminated from the analyses of
faunal differentiation and distance decay, as has
Truncatellina strobeli from Lagodekhi, represented by
a single empty shell, which was possibly a product of
flood transport. None are restricted endemics. Even
with these eliminations, the aggregate fauna of
Ambrolauri samples is richer than those from else-
where. However, the span of distances within the
Ambrolauri SA is similar to that for all Batumi,
Kintrisi, and Mtirala samples combined. These
have 41 species recorded compared with 42 within
Ambrolauri.

FAUNAL SIMILARITIES AND THEIR DEPENDENCE ON
GEOGRAPHY AND CLIMATE

All pairwise values of the Simpson index of similarity
among sites are shown in Appendix S4. The faunas are
strongly differentiated, and in four cases there are no
species in common between pairs. Table 3 shows the
mean values of the index in site-by-site comparisons
within and among SAs. Although the numbers used in
comparisons are limited, it is evident that the SAs at
Mtirala, Kintrisi, Borjomi, and Lagodekhi are coher-
ent, with much higher mean within-SA values in
comparison with others. The single isolated sites at
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Table 3. Mean values (%) of the Simpson index of similarity in site-by-site comparisons

Col Bat Mti Kin Bak God Bor Amb Lag
Colchis - 52.1 35.0 42.6 28.2 29.4 34.9 36.2 34.5
Batumi 58.3 56.1 53.7 41.1 16.6 39.0 30.2 27.8
Mtirala 81.9 50.5 40.1 16.9 34.0 32.5 16.0
Kintrisi 81.8 54.4 23.6 50.4 41.0 35.7
Bakhmaro 59.8 39.9 53.9 37.7 32.6
Goderdzi - 44.0 36.2 20.9
Borjomi 72.8 49.6 39.4
Ambrolauri 47.7 38.4
Lagodekhi 79.7

Within-cluster values are given in bold; these values are not available for Colchis and Goderdzi, each represented by only

one sample.

Table 4. Association of faunal dissimilarity between the
sites (100 — Simpson’s similarity index as a dependent
variable) with geographic distance (Geodis) and distance
based on the 19 normalized bioclimate variables (climdis)
(independent variables): the output of partial Mantel tests

Independent variable r P <

Geodis 0.505694 0.0001
Climdis 0.350407 0.0001
Climdis controlled for Geodis 0.219106 0.0073
Geodis controlled for Climdis 0.438499 0.0001

Colchis and Goderdzi are similarly well differentiated
from the others, but for Bakhmaro, Batumi, and
Ambrolauri, with the greatest range of altitude,
habitat, and distance between sites, the within-SA
values are lower: in the case of Ambrolauri it is
exceeded in the comparison with Borjomi; the effects of
disturbance and altitudinal range, as well as limestone
substrate may be significant here. There is an appar-
ent geographical structure in differentiation among
SAs, seen most clearly in the low levels of similarity
between Lagodekhi, the most isolated by distance, and
all others, and by the coherence of the three adjacent
SAs in the south-west, Batumi, Mtirala, and Kintrisi.
Partial Mantel tests (Table 4) show that this structure
depends both on the climatic differences and geo-
graphic distances between the sites. Importantly, cli-
matic differences between the sites influence the
differences in species composition, even if controlled
for the geographic distances and vice versa.

The CCA based on the (log-transformed) species
abundances, on the one hand, and geographic coordi-
nates, on the other, shows an ordination of the sites
reflecting a geographic pattern that does not differ
much from the DCA output (results not shown). CCA
based on the species abundances versus values of
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Figure 3. Ordination of the sites along the two canonical
correspondence analysis axes determined by correlation
between species abundances and standardized bioclimate
variables. The four displayed bioclimatic variables are: T,
mean annual temperature; T\.., temperature seasonality
(standard deviation); P, annual precipitation; P, precipi-
tation seasonality (coefficient of variation). The sites in the
east are drier and more continental, but are warmer (in
particular for Lagodekhi) than sites in south-west Georgia.

-1.0

climatic variables showed a rather similar pattern
(Fig. 3): although the first CCA axis reflected, to some
extent, the eastern—western geographic gradient, the
second axis separated the locations from different
altitudes rather than those with different geography.
There was significant (P < 0.001) correlation between
species-specific geographic and climatic tolerances
inferred from the CCA (Fig. 4). Twenty-two species
showed climatic tolerances above the upper signifi-
cance level (P =0.001) of the regression line, indicat-
ing a more restricted geographical distribution than
expected, and ten species had climatic tolerances
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Figure 4. Regression line with P =0.001 confidence limits, connecting species-specific ‘geographic tolerance’ (extent of
occurrence of a species) and climatic tolerance. Species found at a single site (i.e. with zero tolerances) are not shown. Only
names of the species that lie significantly above or below the regression line are shown.

below the lower significance level of the line, indicat-
ing a narrower climatic tolerance than expected from
geographical range. It should be noted that some
species were present in only two or three sites: it is
the general trend rather than the precise position of
each species that is meaningful. Of the 22 species
apparently restricted by geography within our
samples, 18 (86%) are also known from Turkey (see
below), and three are widespread throughout the
western Palaearctic.

DISTANCE DECAY AND
BIOGEOGRAPHICAL RELATIONSHIPS

Analysis of the broader biogeographical pattern is
hampered by the low intensity of previous sampling
in the region. Many species are known only from
scattered localities, and it would be premature to
assume that all geographical ranges are adequately
known. Several of our records (detailed in Appen-
dix S2) represent significant range extensions. There
are also some taxonomic uncertainties. Nevertheless,
the extent to which differences among SAs are deter-
mined by limited geographical ranges can be exam-
ined by comparing the numbers and proportions of
species known outside the area encompassed by our

samples (Table 5). Nearly two-thirds (58) of all species
recorded here are also known from Turkey. Thirty-one
of these species recorded in Turkey are also known
from Europe and/or Ciscaucasia: these include most of
the anthropochoric and subalpine species. Only eight
species not found in Turkey are previously recorded
as confined to either the Lesser or Greater Caucasus,
and two of these were found by us in a previously
unrecorded range. The proportion of species also
found in Turkey does not vary consistently or signifi-
cantly with distance among groups of our samples,
although it is slightly smaller in the Greater Cauca-
sus than elsewhere (Table 5). Further evidence that
actual ranges are not very restricted comes from
considering the known distribution of the species
found by us in only one cluster (Table 5). The propor-
tion of such species also occurring in Turkey is lower,
but is little different from that seen in the fauna as a
whole.

Of the six species unallocated in Table 5, four raise
taxonomic issues (Appendix S2). The remaining two
are species of Carychium. The record of Carychium
lederi from Colchis represents a major extension of
known geographical range (southern Azerbaijan), and
its presence also in Lagodekhi suggests a scattered
but widespread distribution across Transcaucasia.
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Table 5. Geographical distribution of species found in this study

Number of Lesser +
A species Europe Ciscaucasia  Transcaucasia  Black Sea  Greater  Unallocated
Also known in Turkey 58 19 12 6 17 3 1
Not known in Turkey 32 3 6 9 (11 5 (4) 4 (3) 5
Total 90 22 18 15 (17) 22 (21) 7 (6) 6

Western Lesser Greater

B Caucasus Colchis Borjomi Caucasus Single SA
Known in Turkey 35 (73%) 14 (70%) 23 (79%) 38 (64%) 22 (54%)
Not known in Turkey 13 (27%) 6 (30%) 6 (21%) 21 (36%) 19 (46%)
Total 48 20 29 59 41

A, ranges of species: the column for Ciscaucasia (north of the Greater Caucasus watershed) indicates species found also
in Transcaucasia; those for Transcaucasia, the Lesser Caucasus, and Black Sea coast, and for the Greater Caucasus
indicate species known (outside Turkey) only in the regions named. Numbers in brackets take account of our findings (see
text). For unallocated species see text. B, the representation of species known from Turkey in our samples, with clusters
combined in groups, and ordered by distance from Pontic Turkey, and also for species recorded from only one sample area:
Western Lesser Caucasus, Batumi, Mtirala, Kintrisi, Bakhmaro, and Goderdzi; Greater Caucasus, Ambrolauri and
Lagodekhi. Distributional data from Schiitt (2005), Likharev (1962), Sysoev & Schileyko (2009).

Table 6. The numbers of large and small species in different range categories, and the effect of Leiostyla species on the

totals for small species

Small ex

Large Small Leiostyla Leiostyla

Restricted 46 (85%) 21 (58%) 8 (100%) 13 (46%)

Widespread 8 (15%) 15 (42%) 0 (0%) 15 (54%)
Total 54 36 8 28

Widespread: ranging beyond the Caucasus and Pontic Turkey. The difference between large and small species is

significant (P < 0.01) with or without Leiostyla (y? tests).

Carychium schlickumi was previously known only as
a Pliocene fossil, and, possibly, from beach debris on
the Black Sea (Schiitt, 2005): its occurrences in both
Colchis and Borjomi also suggest a wide but discon-
tinuous distribution within Transcaucasia.

In terms of overall distribution there is a clear
difference between large and small species (Table 6),
with the latter defined as those with a maximum shell
dimension of less than 5 mm. (Hausdorf & Hennig,
2003): of the few widespread large species, three are
probably present in forest as a result of human inter-
vention (Fruticicola fruticum, Xeropicta derbentina,
and Zebrina detrita). Inspection of differences among
higher taxa reveals one singularity. Unlike the
remainder, Leiostyla (Pupillidae) species show a clear
difference in richness and occurrence between the
Lesser and Greater Caucasus (seven and two species,
respectively, one in common), with a peak of diversity
at Mtirala, the wettest cluster within the array,
where five species were found in a single site. Five of
the eight species are also found in Turkey, but none

are found outside the broad Caucasian region. The
distribution of species in this genus runs counter to
the general trend for small species.

COMPARISON WITH POLISH FOREST SNAIL FAUNAS

Table 7 shows comparisons of site species richness,
overall similarity, and frequency of occurrence
between the sites reported here and those from
Poland, with no more than 530 individuals, a subset
of those reported in Cameron, Pokryszko and Horsak
(2010). Georgian forests are impoverished relative to
those in Poland, with little more than half the median
number of species. Median abundance is higher in
Poland (even with a restriction to sites with less
than 530 individuals) than in Georgia, but regres-
sions of species on individuals over the same range of
individuals per site (data not shown) confirm that the
difference is not a product of differential samp-
ling error: Polish sites are consistently richer for
any given number of individuals. Species are also
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Table 7. Comparative data on species richness, similarity,
and frequency of occurrence between Georgian sites and
those from Poland with less than 530 individuals per site

Poland Georgia
Samples 100 30
Species 101 90
Mean/median/site 25.2/26 15.9/15.5
Range 13-40 8-21
Median no. of individuals 333 233
Mean site-by-site Simpson 52.4 + 0.28 41.4 + 0.90
index (+SE)
Overall Whittaker’s index 4.01 5.70
(S/o)
Species in less than 3.3% 14 (14%) 30 (33.3%)
of sites

generally less frequent than in Poland: 33% of all
species were recorded from only one site, compared
with 14% found in the equivalent proportion of Polish
sites (three or fewer). Faunal differentiation between
sites and clusters is greater in Georgia than in
Poland, despite the greater distances between clus-
ters in the latter.

DISCUSSION

The snail faunas recorded in this study are charac-
terized by relative poverty at the level of individual
sites and by high levels of turnover among (and
sometimes within) SAs, among which, however, there
are only rather weak relationships between similarity
and proximity. Although many species are endemic to
the Caucasian region as a whole (including north-east
Turkey), few have very restricted distributions, and
although there are cases where congenerics have non-
overlapping ranges, there is little sign of widespread
allopatric or parapatric turnover of species within a
genus. Detailed molecular studies would be needed to
determine whether these parapatric or allopatric con-
geners were sister species diverging after confinement
to separate refugia.

As in many studies of snail species richness and
composition in tropical or subtropical forests (Ember-
ton, Pearce & Randalana, 1996; de Winter & Gitten-
berger, 1998; Schilthuizen & Rutjes, 2001; Seddon
et al., 2005; Tattersfield et al., 2006; Stanisic et al.,
2007), densities are low, and even with considerable
sampling effort full inventories of site faunas are
difficult to achieve (Cameron & Pokryszko, 2005).
Failure to achieve a full inventory affects both esti-
mates of species richness and estimates of difference
or similarity between sites and SAs. Although several
of our samples do not meet the minimum require-

ments set out by Cameron & Pokryszko (2005), we
note that the Chao estimator does not indicate gross
deficiencies, and in comparison with Polish forests,
over the same range of sample sizes, these samples
from Georgia are both poorer at site level, and differ
more among themselves, despite the shorter distances
involved. Although the refugial status of the area is
reflected in the high regional diversity (Sysoev &
Schileyko, 2009), it does not result in locally richer
faunas. Among tropical or subtropical study areas, in
which at least patches of forest are thought to have
survived throughout the Pleistocene, site richness
varies considerably, but many have faunas that are no
richer than those reported here. Within the limits of
our choice of sites, richness appears unaffected by the
features of the habitat recorded by us, although the
numbers found increased in favourable conditions.

Among our samples, both the variation in climate
and in position affect composition, although the latter
effect is stronger, as shown both by the partial Mantel
tests and by partial CCA; twice as many species appear
constrained by location as by climate. However, a
broader consideration of geographical ranges, using
published information for the whole region, shows
rather few cases of very restricted distributions; only
18 out of 90 species are known just from the area
encompassed by our samples. Only slightly more than
a third of all species are missing from the neighbouring
part of Turkey (Schiitt, 2005). Given the relatively low
intensity of sampling in the region, even these propor-
tions may be too high. Several species appear to have
disjunct ranges (e.g. Turkey and the Greater Caucasus,
but not in between), and our own sampling has
extended the known ranges of a few species. The case
of Leiostyla, where five out of eight species recorded
were found in a single site, emphasizes the lack of neat
patterns of allopatric replacement. A rather similar
pattern is seen in the same genus in the forests of
Madeira, another forest refugium through the Plio—
Pleistocene climatic changes (Cameron, Cunha &
Martins, 2007). As elsewhere, small species tend to be
more widely distributed than large ones (Pokryszko &
Cameron, 2005). Leiostyla is a conspicuous exception
to this general trend.

These patterns stand in sharp contrast to those
found in regions where there has been either repeated
restriction to isolated refugia created by fluctuations in
aridity, or where the whole forest fauna is a product of
the colonization of previously glaciated or periglacial
landscapes. In the former, families and genera with
stenotypic species typically show very characteristic
patterns of allopatric replacement; some species may
have tiny geographical ranges, the most extreme case
being reported by Solem (1988). Even within Turkey as
a whole the influence of aridity and multiple, tiny
refugia shows in the fact that around 25% of more than
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100 clausiliid species are known only from, or very
near, their type localities (Schiitt, 2005). In the latter
case, faunas are characterized by species with large
geographical ranges and by very low rates of distance
decay in similarity (Nekola & White, 1999; Pokryszko
& Cameron, 2005; Cameron et al., 2010).

These various contrasts prompt consideration of the
way in which regional diversity has developed in an
area where forests have persisted, albeit with
changes in character and connectivity, throughout the
Pleistocene. In faunas from Africa, Australia, and
New Zealand, it appears that several processes have
been involved. Periodic isolation of optimal forest
fragments have certainly played a part (Emberton
et al., 1996; Moritz et al., 2001), and might account for
some of the parapatric distributions noted above, as
has the development of altitudinal differentiation
(Stanisic, 1982; Tattersfield et al., 2006). There is,
however, a substantial proportion of species that show
patchy, more-or-less discontinuous distributions
(Solem, 1984; Barker, 2005; Stanisic et al., 2007), for
which isolation by distance alone, followed by back
migration, with either niche separation or metapopu-
lation dynamics allowing co-existence, seems the most
robust explanation (Cameron et al., 2003). A general
analysis is made more problematic by the differences
in taxonomic composition, trophic levels, and ranges
of size and shape among faunas.

In the case of Georgian forests, with a typically
western Palaearctic fauna, high-altitude faunas, at
least within the limits of our sampling, hold a number
of species with wide geographical ranges but with
alpine habitat preferences. More generally, although
there are some species restricted to parts of the region
where a combination of climate and geographical iso-
lation may be involved, there are many that are
distributed widely but are not found in all, or even
most, samples. In this context, the contrasting hypoth-
eses of multiple glacial forest refuges in the Caucasus
(Velichko & Kurenkova, 1990), or of a single larger
refugium at the Black Sea coast (van Andel &
Tzedakis, 1996), are relevant. Some recent molecular
genetic data on other organisms (Tarkhnishvili,
Thorpe & Arntzen, 2000; Murtskhvaladze, Gavashel-
ishvili & Tarkhnishvili, 2010) lend support to the
former, and it is clear that a part of the pattern shown
here stems from a combination of isolation and the
strong east-to-west climatic gradient. However, the
presence of a number of species confined to, but not
restricted within, the region of north-east Turkey, the
Lesser Caucasus, and the Black Sea coast suggests a
rather large and long-standing refuge in which differ-
entiation occurred. Most of the species with a limited
distribution irrespective of estimated climate tolerance
are found in south-west Georgia, close to the major
glacial refugium, from Batumi to Bakhmaro, irrespec-

tive to the altitude and climate differences. The range
of some of them, including the largest species Helix
goderdziana (Mumladze, Tarkhnishvili & Pokryszko,
2008) extends to north-east Turkey, within the extent
of the major refugium, but not to the rest of the
Caucasus ecoregion. Forests persisted not only in the
mountains, but also into the Colchic lowlands well into
the Holocene (Connor, Thomas & Kvavadze, 2007).

Although our results tend to confirm that the
pattern of diversification in forested regions, where
forest has persisted with some connectivity over mil-
lions rather than tens of thousands of years, show
similar patterns regardless of the details of faunal
composition in terms of systematics, trophic levels, or
size and shape spectra, there are two cautionary
notes. First, although much work has been carried
out, the region has not been surveyed intensively, and
adequate sampling is made difficult by both low den-
sities and difficult terrain. Patchy distributions may
become less so, as more data is gained. Furthermore,
a greater number of known sites would make the
distinction between historic factors and present cli-
matic limits much easier to disentangle. Second, and
perhaps of more significance, we note that some
recent molecular studies show that populations
showing very little morphological differentiation may
differ in genetic material, to the extent that isolation
may be dated to the Pliocene. High morphological
conservatism was shown, for instance, in Caucasian
salamanders (Mertensiella caucasica), in which geo-
graphic populations isolated from at least the early
Pliocene are not recognizable morphologically (Tarkh-
nishvili et al., 2000). Snail species are generally dis-
tinguished on morphological characters, especially of
the shell, yet we know from studies elsewhere that
relatively short periods of isolation can result in inter-
nal differentiation among externally similar popula-
tions (Martins, 2005).

The differential between large and small species in
terms of geographical range reported here repeats a
pattern found in other studies (Cameron et al., 2005;
Cameron et al., 2010). It is even more pronounced
when large species associated with human activity
are excluded. Although this trend reflects the ease of
passive dispersal in small species, we note that for
small species with exacting requirements (Leiostyla
species here, some charopids in Australia (Stanisic
et al., 2007), range sizes may be very small without
showing patterns of strict allopatry.

Finally, we note that the character of this forest
refugium, reputedly the largest in the western Palae-
arctic, is one of relatively permanent isolation for
forest snails. There is indeed an endemic fauna, one
that appears to have played little part in the recolo-
nization of northern Eurasia in the Holocene, unlike
refuges around the Alps, the Carpathians, the
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Balkans, and Iberia (Hausdorf & Hennig, 2003). Even
the forest fauna of the southern Urals, closer to
Transcaucasia than any strictly European refugium,
has the character of early Holocene forests in Central
Europe: the only species in common with our Geor-
gian samples are those widespread across the whole
western Palaearctic (Horsék et al., in press). The very
high barrier of the Greater Caucasus and the pre-
dominance of steppe on all sides of the region appear
to have constrained movement.
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Sites

Colchis
Batumi 1 x
Batumi 2 x
Batumi 3 x
Mtirala 1
Mtirala 2
Mtirala 3
Kintrisi 1
Kintrisi 2
Kintrisi 3
Bakhmaro 1
Bakhmaro 2
Bakhmaro 3
Goderdzi
Borjomi 1
Borjomi 2
Borjomi 3
Borjomi 4
Borjomi 5
Ambrolauri 1
Ambrolauri 2
Ambrolauri 3
Ambrolauri 4
Ambrolauri 5
Lagodekhi 1
Lagodekhi 2
Lagodekhi 3
Lagodekhi 4
Lagodekhi 5
Lagodekhi 6

Date

10-Jul
05-Jul
05-Jul
05-Jul
06-Jul
06-Jul
06-Jul
08-Jul
08-Jul
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04-Jul
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41.7816
41.6136
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41.7556
41.7775
41.7684
41.7647
41.9792
41.9789
41.9692
42.3527
42.3683

42.388
42.6051
43.2554
43.2598
43.2768
43.4097
43.4045

43.122
42.9688
43.3546
43.2975
43.0183
46.2685
46.2855
46.2834
46.2928
46.3001
46.2996

Lat

42.152

41.566

41.503

41.515
41.6502
41.6469
41.6502
41.7582
41.7639

41.773
41.9475
41.8902
41.9046
41.6585
41.9177
41.9155
41.9211
41.9478
41.9611
42.5406
42.5477
42.4766
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42.3821
41.8584
41.8662
41.8469
41.8487
41.8552
41.8563

APPENDIX S1. Site details. See next page for key.
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144
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385
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204
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530
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284
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NOTES:

1. Batumi sites had false GPS readings (well into Turkey); locations determined from maps.

2. Altitudes are approximate, estimated from map for Bakhmaro 3

3. Environment: vegetation: 0, absent; 1, present but not dominant; 2, dominant.
rhodo, Rhododendron spp, usually R. ponticum (understory)
alder, Alnus spp.
mdw, mixed broadleaf trees (Fraxinus, Carpinus, Ulmus, Acer)
conifer, Picea and/or Abies.
fag/ cast, Fagus and/or Castanea, occasionally Quercus.

4. Environment: slope: 0, flat or nearly so; 1, moderate slopes; 2. steep slopes (30° +)



APPENDIX S2. List of speciesfound. Nomenclature follows Sysoev and Schileyko
(2009), except where names are in bold font. Species not listed in their work are
asterisked. All Leiostyla species here are assigned by them to Euxinolauria.
Comments on distribution come mainly from Schitt (2005) and Sysoev and Schileyko
(2009).

Species Comments

Pomatias rivulare (Eichwald, 1829)
Caspicyclotus sieversi (L. Pfeiffer, 1871)

As far west as Moldova and Romania
Eastern Transcaucasia only

Acicula limbata Reuss,1860 Transcaucasia

Carychium tridentatum (Risso, 1826) Widespread

Carychium minimum Westerlund, 1897 Widespread

Previously only in Lenkoran & Talysh (E. Transcaucasia) Our records extend range
westwards. Unallocated in Table 5.

Previously known only as fossil and possibly from shoreline debris, Black Sea
(Schutt, 2005). Our records are the first of living animals. Unallocated in Table 5

Carychium lederi O.Boettger,1880

*Carychium schlickumi Strauch, 1977

Cochlicopa lubrica (Mdller, 1774)
Pilorcula trifilaris (Mousson, 1856)
Sphyradium doliolum (Bruguiere, 1792)
Columella edentula (Draparnaud, 1805)
Truncatellina cylindrica (Férussac, 1807)

*Truncatellina strobeli (Gredler,1853)
Vertigo sieversi ( O. Boettger, 1879)
Pupilla triplicata (Studer, 1820)

Lauria cylindracea (Da Costa, 1778)
*Lauria sp

Leiostyla sinangula (Schileyko, 1975)
Leiostyla glomerosa (Suvarov & Schileyko, 1991)
Leiostyla zonifera (Pilsbry, 1934)
Leiostyla superstructa (Mousson, 1876)
Leiostyla tenuimarginata (Pilsbry, 1922)
Leiostyla silicea (Schileyko, 1975)
Leiostyla paulinae (Lindholm, 1913)
Leiostyla rectidentata (Schileyko, 1975)
Vallonia pulchella (Muller, 1774)
Acanthinula aculeata (Mdiller, 1774)
Imparietula brevior (Mousson, 1876)
Akramowskiella umbrosa (Mousson, 1873)
Retowskia schlaefflii (Mousson, 1863)
Andronakia catenulata (Lindholm, 1913)
Zebrina detrita (Muller, 1774)

Poiretia mingrelica (O. Boettger, 1881)
*Paralaoma servilis (Shuttleworth, 1852)
Punctum pygmaeum (Draparnaud, 1801)
Vitrina pellucida (Muller, 1774)
Phenacolimax annularis  (Studer, 1820)
Vitrea contortula (Krynicki, 1837)

Vitrea sorella (Mousson, 1863)

Vitrea praetermissa Riedel, 1988

Vitrea angystropha (O. Boettger, 1880)
Vitrea retowskii (Lindholm, 1914)
Vitrea pygmaea (O. Boettger, 1880)
Aegopinella pura (Alder, 1830)
Nesovitrea hammonis (Strgm, 1765)
Oxychilus decipiens (O. Boettger, 1886)
Oxychilus koutaisanus (Mousson, 1863)
Oxychilus discrepans (Retowski, 1889)
Oxychilus sieversi (O. Boettger, 1879)
Oxychilus oschtenicus (O. Boettger, 1888)
Oxychilus sucinacius (O. Boettger, 1883)

Widespread

Broad Caucasian, including Turkey.
Widespread. In Caucasus at high altitude.
Widespread

Widespread, generally open habitats

Widespread, montane, generally open habitats. Schitt (2005) includes
Transcaucasia in its range, but not listed in S & S.
Western Cis- and Trans- Caucasia

Widespread, high altitudes.

Widespread

Undetermined, but clearly not L. cylindracea. Unallocated in Table 5
Batumi and NE Turkey

SW. Transcaucasia, not Turkey

W. Transcaucasia, not Turkey

W. Transcaucasia to Novo rossiysk and Turkey
Extreme NE Turkey and around Batumi

W. Great Caucasus. Our record extends geographical range eastwards
SW Transcaucasia and extreme NE Turkey

Extreme SW Transcaucasia, possibly adjacent Turkey.
Widespread

Widespread

Armenia, NE Turkey and Lesser Caucasus

Broadly Caucasian, including NE Turkey

Transcaucasia, not Turkey

Extreme SW Transcaucasia and NE Turkey

Widespread

Transcaucasia

Cosmopolitan, introduced widely.

Widespread

Widespread

Widespread, high altitude. (Generic synonym: Gallandia)
Caucasia generally, including NE Turkey

Turkey and W. Greater Caucasus

SW Transcaucasia, not Turkey

W & C Transcaucasia, also into Turkey

As “Oxychilus” in S & S. Lesser Caucasus and Armenia
Widespread

Widespread

Widespread. As Perpolita hammonisin S& S

Great Caucasus and Borjomi

Caucasia generally, including NE Turkey

SW Transcaucasia and NE Turkey

As Conulopolita sierversi in S &S. Wide Caucasian but not Turkey
Greater Caucasus and Ciscaucasia

Transcaucasia and NE Turkey



Oxychilus duboisi (Charpentier in Mousson, 1863)
Discoxychilus lindholmi Riedel, 1966
Vitrinoxychilus suturalis (O. Boettger, 1881)
Sieversia lederi (O. Boettger, 1881)
Euconulus fulvus (Muller,1774)
Caspiophaedusa perlucens (O. Boettger, 1877)
Pontophaedusa funiculum (Mousson, 1863)
Pravispira semilamellata (Mousson, 1863)
Filosa filosa (Mousson, 1863)

Serrulina serrulata (L. Pfeiffer, 1847)
Scrobifera taurica (L. Pfeiffer, 1848)
Strigileuxina reuleauxi (O. Boettger, 1887)

Strigileuxina lindholmi ( Kobelt in Lindholm, 1912)
Elia derasa derasa (Mousson, 1863)

*Elia derasa suanetica (O. Boettger, 1883)
Elia ossetica (Mousson, 1863)

Mucronaria duboisi (Charpentier, 1852)
Mucronaria strauchi (O. Boettger, 1878)
Mucronaria pleuroptychia (O. Boettger, 1878)

Mucronaria acuminata (Mousson, 1876)
Mucronaria index (Mousson, 1863)
Mentissoidea rupicola rupicola (Mortillet, 1854)
Mentissoidea rupicola litotes (A. Schmidt, 1868)
Quadriplicata quadriplicata (A. Schmidt, 1868)
Quadriplicata subaggesta (Retowski, 1887)
Quadriplicata lederi (O. Boettger, 1879)

Fruticicola fruticum (Mdller, 1774)
Circassina fruitis (L. Pfeiffer, 1859)

*Caucasocressa dasilepida (Mabille, 1881)
Harmozica maiae (Hudec & Lehzawa, 1969)

Harmozica selecta (Klika, 1894)

*Harmozica septemgyrata (Mousson, 1876)
Harmozica appeliana (Mousson, 1876)

Caucasigena eichwaldi (L. Pfeiffer, 1846)
Kokotschaschvilia holotricha (O. Boettger, 1884)
Xeropicta derbentina  (Krynicki, 1836)

Caucasotachea calligera (Dubois de Montpéreux, 1840)

Helix buchi (Dubois de Montpéreux, 1839)
Helix goderdziana Mumladze, Tarknishvili &
Pokryszko, 2008

SLUGS

Gigantomilax lederi (O. Boettger, 1883)

Eumilax brandti (Martens, 1880)

Krynckillus melanocephalus Kaleniczenko, 1851
Trigonochlamys imitatrix O. Boettger, 1881

Kutaisi (Transcaucasia) only

Extreme SW Transcaucasia and N.E. Turkey
Transcaucasia and NE Turkey

W Caucasus (including Ciscaucasia) and NE Turkey
Widespread

Eastern Transcaucasia only

Black Sea Coastal from Sochi into NE Turkey
Transcaucasia, also NE Turkey

SW Transcaucasia and NE Turkey

Widespread, west to Romania

Caucasia, except SW corner. Also in NE Turkey
SW Transcaucasia and NE Turkey

Apparently only in Gt Caucasus (Lagodekhi) and also in NE Turkey
Listed as Kazancia lindholmiin S & S
Widespread in Caucasia, also NE Turkey

Taxon not recognised by S & S, regarded as distinct here on conchological
characters. Transcaucasian.
C & E Caucasia; Turkey near Kars, not Pontic coast

Widespread in Caucasia and NE Turkey
Central Transcaucasia
Apparently in Gt Caucasus (Trans only), but also in NE Turkey

Only near Armenian border of Georgia. Our record extends range. Unallocated in
Table 5.

W Transcaucasia only, mostly coastal.
Black Sea coast from Sukhumi to NE Turkey

Ciscaucasia and C & E Transcaucasia to Armenia
E. & C Caucasia.

SW Transcaucasia and NE Turkey
Transcaucasia

Widespread, often introduced.

Caucasia and NE Turkey. We have not distinguished subspecies
Not listed in S & S Here, Greater Caucasus (Ambrolauri). Unallocated in Table 5.

As Stenomphalia maiae in S & S. Extreme SW Transcaucasus and NE Turkey

Gt. Caucasus including Ciscaucasia. Also Turkey.

As Stenomphalia selectain S & S.

Not listed in S & S. Possibly NE Turkey and Transcaucasia. Unallocated in Table
5.

As Euomphalia appelianain S & S. W Gt Caucasus (Cis- & Trans-)

E. Gt Caucasus (Cis- & Trans-)

Western Gt Caucasus (Trans-)

Widespread, frequently introduced.

Transcaucasia

Transcaucasia and NE Turkey

One site in Lesser Caucasus, also NE Turkey. S & S regard it as a form of H. buchi

Transcaucasia & NE Turkey

Transcaucasia & NE Turkey

All Caucasia, NE Turkey, Iran and Ukraine
Lesser Caucasus, NE Turkey, Iran and Armenia



TAXON/LOCALITY/SITE

Pomatias rivulare
Caspicyclotus sieversi
Acicula limbata
Carychium tridentatum
Carychium minimum
Carychium lederi
Carychium schlickumi
Cochlicopa lubrica
Pilorcula trifilaris
Sphyradium doliolum
Columella edentula
Truncatellina cylindrica
Truncatellina strobeli
Vertigo sieversi
Pupilla triplicata
Lauria cylindracea
Lauria sp

Leiostyla sinangula
Leiostyla glomerosa
Leiostyla zonifera
Leiostyla superstructa
Leiostyla tenuimarginata
Leiostyla silicea
Leiostyla paulinae
Leiostyla rectidentata
Vallonia pulchella
Acanthinula aculeata
Imparietula brevior
Akramowskiella umbrosa
Retowskia schlaeffli
Andronakia catenulata
Zebrina detrita
Poiretia mingrelica
Paralaoma servilis
Punctum pygmaeum
Vitrina pellucida
Phenacolimax annularis
Vitrea contortula
Vitrea sorella

Vitrea praetermissa
Vitrea angystropha
Vitrea retowskii

Vitrea pygmaea
Aegopinella pura
Nesovitrea hammonis
Oxychilus decipiens
Oxychilus koutaisanus
Oxychilus discrepans
Oxychilus sieversi
Oxychilus oschtenicus
Oxychilus sucinacius
Oxychilus duboisi
Discoxychilus lindholmi

COoL

57

46

10

BAT
1

39

20

11

BAT BAT MTI  MTI
2 3 1 2

18
6 15 1
15 6
14
1
1
2 2 5 41
26
33 42
23 15
2
4 3

16

2 24

2 1 1 12
6

MTI

3

26

15
15

15
52

22

18

13

KIN
1

19

12

KIN KIN
2 3
4 4
2
5
2 1
11
6 33
19
4
15 2
2 2
2
13 6
2

BAK

1

46

10

62

34

30

BAK

36

BAK

11

73

GOD

18

12

25

12

14



TAXON/LOCALITY/SITE COoL BAT BAT BAT MTI MTI MTI KIN KIN KIN BAK BAK BAK GOD
1 2 3 1 2 3 1 2 3 1 2 3

Vitrinoxychilus suturalis 2 5 7 14 64 1 10 5 7 17 1 4
Sieversia lederi 1 1 2
Euconulus fulvus 4

Caspiophaedusa perlucens

Pontophaedusa funiculum 1

Pravispira smilamellata 2 3 4
Filosa filosa 5 20 1 54 228 2 a7 57

Serrulina serrulata 1 1

Scrobifera taurica 5
Strigileuxina reuleauxi 8 4 7

Strigileuxina lindholmi 1 2 1

Elia derasa derasa 2 9
Elia derasa suanetica

Elia ossetica

Mucronaria duboisi 5 13 2 4 1

Mucronaria strauchi

Mucronaria pleuoptychia

Mucronaria acuminata

Mucronaria index 11

Mentissoidea rupicola 1 3
Mentissoidea litotes 71

Quadriplicata quadriplicata 4 67 71 28 1 5
Quadriplicata subaggesta 32 3 83 21

Quadriplicata lederi

Fruticicola fruticum

Circassina frutis 6 3 5 20 4 10 20 8 33 1 13 17
Caucasocressa dasilepida

Harmozica maiae 4 1

Harmozica selecta

Harmozica septemgyrata 4 7 2

Harmozica appeliana 1

Caucasigena eichwaldi

Kokotschaschvilia holotricha

Xeropicta derbentina

Caucasotachea calligera 17 2 7 3 4 1 4 2 3

Helix buchi

Helix goderziana 10
Individuals 251 140 85 127 67 410 449 148 206 203 247 60 144 151
Species 20 16 14 12 13 19 17 14 16 19 14 12 20 17

Slugs

Gigantomilax lederi X X X X X X

Eumilax brandti X X X X X X
?Krynickillus melanocephalus X

Trigonochlamys imitatrix X X

Limax ecarinatus

APPENDIX S3. Species/Sites matrix. A: Colchis (COL), Batumi (BAT), Mtirala(MTI),
Kintrisi (KIN), Bakhmaro (BAK), Goderdzi (GOD).



TAXON/LOCALITY/SITE

Pomatias rivulare
Caspicyclotus sieversi
Acicula limbata
Carychium tridentatum
Carychium minimum
Carychium lederi
Carychium schlickumi
Cochlicopa lubrica
Pilorcula trifilaris
Sphyradium doliolum
Columella edentula
Truncatellina cylindrica
Truncatellina strobeli
Vertigo sieversi
Pupilla triplicata
Lauria cylindracea
Lauria cf. cylindracea
Leiostyla sinangula
Leiostyla glomerosa
Leiostyla zonifera
Leiostyla superstructa

Leiostyla tenuimarginata

Leiostyla silicea
Leiostyla paulinae
Leiostyla rectidentata
Vallonia pulchella
Acanthinula aculeata
Imparietula brevior

Akramowskiella umbrosa

Retowskia schlaeffli
Andronakia catenulata
Zebrina detrita
Poiretia mingrelica
Paralaoma servilis
Punctum pygmaeum
Vitrina pellucida
Phenacolimax annularis
Vitrea contortula
Vitrea sorella

Vitrea praetermissa
Vitrea angystropha
Vitrea retowskii

Vitrea pygmaea
Aegopinella pura
Nesovitrea hammonis
Oxychilus decipiens
Oxychilus koutaisanus
Oxychilus discrepans
Oxychilus sieversi
Oxychilus oschtenicus
Oxychilus sucinacius

BOR1

36

27

33

49

19

26

BO
R2

33

29
18

15

21
28

13

49

BO BO BO
R3 R4 R5

18 10 110

18 2
17

16 14 4

2 14
23
3
3
3
14 3
1
2 3
3

AM
Bl

51

112

20

25

13

AM
B2

54

34

11

AM
B3

89

24

10

37

7
26
97

17

13
26

45

AM
B4

54

12

39

AM LA LA LA LA LA
B5 Gl G2 G3 G4 G5

7 3 17 8 19
40 13 115 174 19
3 1 2
17 13
23
2
74
1
1
2

16 20 4

60 125 41 102 7 70

LA
G6

27
78

29

15

23

27



TAXON/LOCALITY/SITE

Oxychilus duboisi
Discoxychilus lindholmi
Vitrinoxychilus suturalis
Sieversia lederi
Euconulus fulvus
Caspiophaedusa perlucens
Pontophaedusa funiculum
Pravispira smilamellata
Filosa filosa

Serrulina serrulata
Scrobifera taurica
Strigileuxina reuleauxi
Strigileuxina lindholmi
Elia derasa derasa

Elia derasa suanetica

Elia ossetica

Mucronaria duboisi
Mucronaria strauchi
Mucronaria pleuoptychia
Mucronaria acuminata
Mucronaria index
Mentissoidea rupicola
Mentissoidea litotes
Quadriplicata quadriplicata
Quadriplicata subaggesta
Quadriplicata lederi
Fruticicola fruticum
Circassina frutis
Caucasocressa dasilepida
Harmozica maiae
Harmozica selecta
Harmozica septemgyrata
Harmozica appeliana
Caucasigena eichwaldi
Kokotschaschvilia holotricha
Xeropicta derbentina
Caucasotachea calligera
Helix buchi

Helix goderziana
Individuals

Species

Slugs
Gigantomilax lederi
Eumilax brandti

?Krynickillus melanocephalus

Trigonochlamys imitatrix
Limax ecarinatus

BOR1

29

11

26

44

329
18

BO
R2

30

10

41

76

385
21

BO
R3

17

105

261
15

BO
R4

78
15

BO AM AM AM
R5 B1 B2 B3

11
2
20
2
3 12 6
6
20
40 17
3
8
1 2
5
3
3 8
4
5
10

204 252 170 530
14 13 18 21

AM
B4

29

179
18

AM
B5

75

285
21

LA
Gl

a7

284
15

LA
G2

75
22

167

LA
G3

21

85

417
14

LA
G4

21

36

263
10

APPENDIX S3. Species/Sites matrix. B: Borjomi (BOR), Ambrolauri (AMB), Lagodekhi (LAG)

LA
G5

12

29

31

198
14

LA
G6

10

49

10

14

303
16



APPENDIX S4
Simpson Indices (%) of similarity between all pairs of samples
MTIR1 MTIR2 MTIR3 KINT1 KINT2 KINT3 BAK1

Species
coL 20
BAT1 16
BAT2 14
BAT3 12
MTIR1 13
MTIR2 18
MTIR3 17
KINT1 14
KINT2 16
KINT3 20
BAK1 14
BAK2 12
BAK3 20
GOD 17
BOR1 18
BOR2 21
BOR3 15
BOR4 15
BOR5 14
AMB1 8
AMB2 15
AMB3 17
AMB4 17
AMB5 21
LAG1 15
LAG2 8
LAG3 13
LAG4 10

LAG5 14

BAT1
56.3

BAT2
50.0
50.0

BAT3
50.0
66.7
58.3

25.0
43.8
429
50.0

38.9
56.3
57.1
75.0
84.6

412
56.3
57.1
66.7
84.6
76.5

429
42.9
50.0
58.3
46.2
57.1
50.0

50.0
50.0
57.1
66.7
53.8
56.3
50.0
92.9

35.0
50.0
50.0
58.3
38.5
55.6
47.0
71.4
81.3

429
429
57.1
50.0
30.8
50.0
50.0
50.0
57.1
57.1

BAK2
16.7
16.7
33.3
16.7
25.0
33.3
25.0
417
417
66.7
417

BAK3 GOD
250 294
375 188
571 143
583  16.7
385 154
556  17.6
529 176
643  28.6
563 188
550 235
786  28.6
58.3  50.0

41.2

BOR1 BOR2 BOR3 BOR4 BOR5 AMB1 AMB2 AMB3 AMB4 AMB5 LAGl

30.0
37.5
50.0
50.0
30.8
38.9
412
57.1
56.3
45.0
50.0
50.0
55.6
471

35.0
313
50.0
417
30.8
33.3
412
57.1
56.3
50.0
57.1
50.0
55.0
52.9
83.3

40.0
40.0
50.0
50.0
30.8
533
40.0
50.0
60.0
66.7
64.3
50.0
66.7
33.3
80.0
86.7

26.7
133
42.9
25.0
23.1
333
333
35.7
40.0
46.7
64.3
58.3
53.3
33.3
66.7
73.3
66.7

42.9
35.7
42.9
25.0
231
214
35.7
429
50.0
42.9
35.7
417
57.1
42.9
85.7
78.6
57.1
50.0

37.5
25.0
375
125
125
125
25.0
375
50.0
62.5
50.0
37.5
50.0
25.0
75.0
62.5
50.0
50.0
62.5

33.3
40.0
28.6
25.0

7.7
133
20.0
28.6
40.0
53.3
28.6
33.3
40.0
26.7
53.3
46.7
46.7
26.7
50.0
87.5

29.4
125

71

0.0

77
118
118
14.3
125
176
143
25.0
235
52.9
235
35.3
133
26.7
28.6
25.0
20.0

412
375
50.0
417
385
412
353
429
50.0
471
429
333
412
35.3
471
64.7
60.0
40.0
429
375
53.3
29.4

40.0
375
57.1
417
30.8
278
41.2
57.1
56.3
45.0
57.1
33.3
55.0
41.2
66.7
61.9
66.7
53.3
85.7
75.0
66.7
29.4
52.9

26.7
20.0
214
25.0

7.7
26.7
20.0
28.6
26.7
20.0
35.7
16.7
53.3
33.3
46.7
33.3
40.0
26.7
28.6
375
333
333
26.7
40.0

LAG2
50.0
37.5
25.0
25.0
12.5
25.0
25.0
25.0
375
25.0
375

0.0
50.0
12.5
50.0
37.5
50.0
12.5
37.5
25.0
50.0
25.0
25.0
50.0
875

LAG3
30.8
23.1
30.8
25.0

0.0
231
154
30.8
30.8
38.5
38.5
25.0
46.2
23.1
46.2
38.5
53.8
30.8
30.8
375
46.2
23.1
385
46.2
76.9
87.5

LAG4
40.0
30.0
40.0
20.0
10.0
10.0
20.0
40.0
50.0
40.0
30.0
20.0
50.0
10.0
50.0
50.0
50.0
20.0
50.0
375
60.0
20.0
40.0
60.0
80.0
87.5
80.0

LAGS
286
286
35.7
417
15.4
286
214
429
50.0
429
429
25.0
57.1
214
57.1
429
57.1
286
35.7
375
50.0
143
429
50.0
78.6

100.0
76.9
100.0

LAG6
313
25.0
214
25.0

7.7
125

6.3
28.6
313
43.8
214

0.0
375
25.0
375
438
40.0
20.0
35.7
37.5
60.0
25.0
43.8
375
533
75.0
615
80.0
714
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Palaeoclimatic models help to understand current
distribution of Caucasian forest species

DAVID TARKHNISHVILI*, ALEXANDER GAVASHELISHVILI and LEVAN MUMLADZE

Biodiversity Research Center, Institute of Ecology, Ilia State University, 3/5 K. Cholokashvili Ave.,
Tbilisi 0162, Georgia
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Spatial and temporal constraints on dispersal explain the absence of species from areas with potentially suitable
conditions. Previous studies have shown that post-glacial recolonization has shaped the current ranges of many
species, yet it is not completely clear to what extent interspecific differences in range size depend on different
dispersal rates. The inferred boundaries of glacial refugia are difficult to validate, and may bias spatial distribution
models (SDMs) that consider post-glacial dispersal constraints. We predicted the current distribution of 12
Caucasian forest plants and animals, factoring in the effective geographical distance from inferred glacial refugia
as an additional predictor. To infer glacial refugia, we tested the transferability of the current SDMs based on the
distribution of climatic variables, and projected the most transferable ones onto two climate scenarios simulated
for the Last Glacial Maximum (LGM). We then calculated least-cost distances from the inferred refugia, using
elevation as a friction surface, and recalculated the current SDMs incorporating the distances as an additional
variable. We compared the predictive powers of the initial with the final SDMs. The palaeoclimatic simulation that
best matched the distribution of species was assumed to represent the closest fit to the true palaeoclimate. SDMs
incorporating refugial distance performed significantly better for all but one studied species, and the Model for
Interdisciplinary Research on Climate (MIROC) climatic simulation provided a more convincing pattern of the
LGM climate than the Community Climate System Model (CCSM) simulation. Our results suggest that the
projection of suitable habitat models onto past climatic conditions may yield realistic boundaries of glacial refugia,
and that the current distribution of forest species in the study region is strongly associated with locations of former
refugia. We inferred six major forest refugia throughout western Asia: (1) Colchis; (2) western Anatolia; (3) western
Taurus; (4) the upper reaches of the Tigris River; (5) the Levant; and (6) the southern Caspian basin. The
boundaries of the modelled refugia were substantially broader than the refugia boundaries inferred solely from
pollen records. Thus, our method could be used to: (1) improve models of current species distributions by
considering the dispersal histories of the species; and (2) validate alternative reconstructions of palaeoclimate with
current distribution data. © 2011 The Linnean Society of London, Biological Journal of the Linnean Society, 2012,
105, 231-248.

ADDITIONAL KEYWORDS: forests — fuzzy envelopes — Mahalanobis distance — post-glacial dispersal —
range modelling — reconstruction of palaeoclimate — variable selection — western Asia.

INTRODUCTION their ranges (Pulliam, 2000; Araujo etal., 2005;
. . . Guisan & Thuiller, 2005; Marsico, 2009).
Spatial and temporal constraints on dispersal may be The Last Glacial Maximum [LGM: ¢. 21 thousand

important in shaping the ranges of species, in addi- years (ky) BP] was a crucial event that determined the

tion to habitat suitability (Pulliam, 2000; Guisan & . . .

. . . current landscape and species diversity throughout
Thuiller, 2005). Species may be absent from suitable

. . . . the Earth. In temperate zones, forests were confined
habitats because of limited dispersal ability, prevent- . . .
e full lonizati fter historical reducti ¢ to isolated refugia during the LGM (Van Andel
g tull recolonization after mstorical reduction o & Tzedakis, 1996), and their current distribution

reflects post-glacial expansion from these refugia.
One can expect that the expansion rates of different
*Corresponding author. E-mail: davitar@gmail.com species were dependent on several factors, such as

© 2011 The Linnean Society of London, Biological Journal of the Linnean Society, 2012, 105, 231-248 231
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dispersal ability, physiological tolerances and com-
petitive ability. It has been suggested that post-glacial
dispersal patterns should be considered when
explaining current distributions (Svenning & Skov,
2004; Graham, Moritz & Williams, 2006). The analy-
sis of the distribution of multiple forest plant species
shows that the distance from glacial refugia may be
more important than the current climatic conditions
in explaining species diversity (Willner, Di Pietro &
Bergmeier, 2009).

The incorporation of post-glacial dispersal patterns
into current spatial distribution models (SDMs)
requires a good knowledge of the geographical ranges
of species during the LGM. Traditional methods for
the reconstruction of ancient ranges, based on the
analyses of fossils, provide a limited and biased
picture, because dead organisms tend to decompose,
and conditions favouring fossilization are unevenly
distributed in space and time (e.g. Signor, 1985). This
is particularly true for the reconstruction of glacial
refugia: they can often be overlooked if molecular
genetic data are not considered (Provan & Bennett,
2008; Tarkhnishvili et al., 2008). Since gridded
palaeoclimatic data became widely available (Bracon-
not et al., 2007), researchers have been trying to
reconstruct ancient distributions of plants and
animals by projecting SDMs, based on present occur-
rence data, onto past conditions (Graham et al., 2006;
Martinez-Meyer & Peterson, 2006; Davies, Purvis &
Gittleman, 2009). Palaeovegetation data suggest that,
since the LGM, the ecological requirements of long-
lived, temperate tree species have not changed con-
siderably (Martinez-Meyer & Peterson, 2006), and the
projection of current SDMs onto past conditions may
provide a realistic output.

The consideration of dispersal history may improve
current distribution models for plants (Svenning,
Normand & Skov, 2008; Willner et al., 2009; Normand
et al., 2011). Because the precision of the shape, size
and location of glacial refugia was not the primary
objective of these studies, the authors did not discuss
different palaeoclimatic simulations, or species—
climate modelling algorithms, and the studies were
applied at coarse spatial resolutions. Normand et al.
(2011), who inferred glacial refugia and included as
many as 1016 plant species in their study, only indi-
cated the consistency of the results without address-
ing the issue of model transferability before inferring
the location of glacial refugia.

Nogués-Bravo (2009) emphasized that the majority
of palaeodistribution reconstructions have not been
tested using independent data. Indeed, it is difficult
to validate the models inferring future or past dis-
tributions because of a lack of test occurrence loca-
tions. Sometimes palaeodistribution data, e.g. pollen
records, are used for validation (Martinez-Meyer &

Peterson, 2006), but known occurrences may not
capture the full extent or climatic diversity of the
ancient range, leading to poor predictive performance.

Palaeodistribution models can be validated indi-
rectly through an examination of which of the com-
peting LGM climate simulations best explains the
current distribution of the species. This approach
considers the incorporation of the spatio-temporal
autocorrelation of an inferred ancient distribution
into current distribution models, followed by a test of
the predictive power of a corrected current SDM.

In this article, we predict the current distribution of
several plants and animals in the Caucasus and
western Asia at a high spatial resolution by the
incorporation of the least-cost distance from the
inferred species-specific location of glacial refugia as
an additional predictor in the modelling of species
distributions. We infer the glacial refugia by project-
ing the current species—climate models onto available
palaeoclimatic simulations. We assume that the
palaeoclimatic simulation that best matches the
species distributions represents the closest fit to
the true palaeoclimate. Thus, our method could be
used to: (1) improve models of current species distri-
butions by considering the distribution histories of
the species; and (2) validate palaeoclimatic simula-
tions using current distribution data.

METHODS
STUDY AREA AND TARGET SPECIES

The Caucasus Ecoregion and surrounding parts of
western Asia and eastern Europe (latitudinal range,
32—-48°N; longitudinal range, 26-54°E) were selected
as a study area. Most of this region has a dry conti-
nental or Mediterranean-type climate and a forest-
less landscape. Forests are associated with distinct
areas of mesic climates. The largest continuous mesic
forest landscapes are located along the southern
and eastern Black Sea coast, north-west of the Greater
Caucasus, and along the southern coast of the Caspian
Sea (Fig. 1). They support biological communities with
several dominant trees, including oriental beech
(Fagus orientalis) (Denk et al., 2002). The area har-
bours multiple glacial relict populations, which sur-
vived the LGM in forest refugia (Kikvidze & Ohsawa,
1999; Denk, Frotzler & Davitashvili, 2001; Milne &
Abbott, 2002). The ranges of many forest plants and
animals overlap, either throughout western Asia, or in
its larger subsections, although the extent of such
overlap varies from species to species.

For our study, we selected 12 species for which we
had sufficiently accurate distribution data and that
only coexist in the eastern Black Sea region known as
Colchis. Selecting the species from the Colchis, which
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Figure 1. Current distribution of forests in western Asia, extracted from Land Cover Type 1 of the MODIS Land Cover
Yearly L3 Global 500-m dataset coded MCD12Q1 (EOS Data Gateway, 2010).

is traditionally associated with glacial refugia, made
it possible to compare the extents of post-glacial dis-
persal for diverse life forms. The selected species
represent taxonomic groups with different life cycles,
physiologies, reproduction and dispersal potential.
The list includes five trees typical for the Caucasian
forests (Abies nordmanianna, Picea orientalis, Casta-
nea sativa, Fagus orientalis, Carpinus betulus),
common rhododendron (Rhododendron ponticum), an
endemic snail (Helix buchi), Caucasian salamander
(Mertensiella caucasica), northern banded newt
(Ommatotriton ophryticus), Caucasian parsley frog
(Pelodytes caucasicus), Ajarian lizard (Darevskia
mixta) and Robert’s snow vole (Chionomys roberti).
Helix buchi and D. mixta have parapatric sister
species with very similar habitat requirements:
H. goderdziana and D. clarkorum, respectively
(Murphy et al., 2000; Mumladze et al., 2008). In our
analyses, each pair of sister species was treated as a
single taxon. For each of these study taxa, our
datasets included 31-1000 presence locations cover-
ing the extent of occurrence of each taxon throughout
the Caucasus. The datasets of species occurrence
were from published data, the Soviet military topo-
graphical maps at a scale of 1:50 000 (for data on
tree species) and field data collected by the authors
since the early 1980s (Darevskii, 1967; Tarkhnishvili
& Gokhelashvili, 1999; Tarkhnishvili et al., 2008;
Bukhnikashvili, 2004; Krystufek & Vohralik, 2004.
Supporting Information Table S1 and Fig. S1).

We paid particular attention to the accuracy of the
presence locations of the studied species (Table S1). In
mountain areas such as the Caucasus, climate
changes abruptly with horizontal distance, and inac-
curate locations can strongly bias the modelling
output. This explains the relatively small number of
species used in our analyses.

GENERAL METHODOLOGICAL REMARKS

Niche-based SDMs with the best predictive power are
commonly based on many predictors and consider
interactions among them (McPherson, Jetz & Rogers,
2006; Cordellier & Pfenninger, 2009). A number of
commonly used modelling techniques, including logis-
tic regression (Hosmer & Lemeshow, 1989), maximum
entropy (Phillips & Dudik, 2008), neural networks
(Fitzgerald & Lees, 1992) and simple or partitioned
Mahalanobis distance (MD) (Rotenberry, Preston &
Knick, 2006; Griffin et al., 2010) estimate the strength
and type of association between predictors. Some
of these methods help to estimate the relative impor-
tance of predictors in distinguishing between
presence and absence locations.

However, these methods have major limitations that
result in poor transferability of the respective models.
SDMs rarely perform well outside the extent of
training locations (Barry & Elith, 2006; Hijmans &
Graham, 2006), and one could expect similar problems
with SDMs projected into different geological periods.
There are two potential reasons for this issue. First,
the association between environmental predictors may
be specific to a particular area (Pearson & Dawson,
2003; Randin et al., 2006), causing loss of model accu-
racy elsewhere. Second, predictors that separate pres-
ence and absence locations within the extent of
training data may be unimportant elsewhere (Guisan
& Thuiller, 2005). To estimate the transferability of
SDMs, several approaches have been applied (Thomas
& Bovee, 1993; Randin et al., 2006; Vanreusel et al.,
2006), based on a comparison of SDM predictive power
within and outside the extent of training locations.

There are also ways of increasing transferability. It
has been suggested that only mechanistic SDMs,
based on an a priori knowledge of the ecophysiological
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requirements of a species, provide a reliable basis for
the potential niche (Kearney & Porter, 2004; McPher-
son et al., 2006; Zarnetske, Edwards & Moisen, 2007),
although relevant knowledge is very limited (Guisan
& Thuiller, 2005). If an SDM is based on empirical
occurrence data, one should expect higher transfer-
ability for simple models, not including assumptions
whose relevance is difficult to test — such as inter-
actions between the predictors. One example of
this simple approach is climatic envelope analysis
(Hijmans & Graham, 2006; Pearson et al., 2006), a
straightforward methodology linking the suitability of
a habitat with empirically identified tolerance limits,
or its modifications, such as fuzzy envelope (FE)
analysis (Skov & Svenning, 2004; Svenning & Skov,
2004). Bioclimatic envelope models provide a good
first approximation on large geographical scales
(Pearson & Dawson, 2003). In addition, transferable
SDMs should be based only on the environmental
predictors whose impact on a species has a simple and
straightforward explanation.

We applied two approaches for inferring sufficiently
powerful and, simultaneously, transferable suitable
habitat models, prior to correcting the models using
the post-glacial dispersal constraints: one focused on
the increasing predictive power of a model within the
training extent, and the other on a simple intuitive
approach, based on fixed, expert-selected environmen-
tal predictors.

The purposes of our study included: (1) the devel-
opment of sufficiently transferable suitable habitat
models of the study species, based on the current
distribution of climates; (2) the projection of the
models for each species onto LGM conditions, accord-
ing to two different palaeoclimatic simulations, and
inferring the extent of LGM refugia; (3) refinement of
the current SDMs by the incorporation of post-glacial
dispersal constraints; and (4) testing of the predictive
power of the refined SDMs, based on different palaeo-
climatic simulations, within the geographical extent
of the analysis, in order to identify which palaeocli-
matic simulation was in better accordance with
current species distributions (Fig. 2).

SELECTION OF THE MOST TRANSFERABLE
DISTRIBUTION MODELS

As environmental predictors for SDM development,
we used climatic grids downloaded from WorldClim
Version 1.4 (http://www.worldclim.org/), a set of global
climate layers with a spatial resolution of 5 km?
which provide various parameters of temperature and
precipitation at a global scale (Hijmans et al., 2005).

We applied two algorithms requiring presence-only
datasets: FE analysis (Skov & Svenning, 2004) and
the MD method (Clark, Dunn & Smith, 1993).

The analyses were based on two alternative
approaches — an ‘iterative’ approach and an approach
based on the expert selection of environmental pre-
dictors. In the ‘iterative’ approach, multiple models
were developed, based on various combinations of
climatic variables, with MD considering correlations
among the predictors and FE excluding these corre-
lations. For the iterative approach, we used six
predictors: (1) mean annual temperature; (2) isother-
mality; (3) maximum temperature of the warmest
month; (4) minimum temperature of the coldest
month; (5) annual precipitation; and (6) precipitation
seasonality. We developed multiple models including
one to all six climatic variables in different combina-
tions, such that all combinations with two or more
predictors included at least one that described tem-
perature (1, 2, 3, 4) and at least one that represented
precipitation (5, 6). Thus, we had 45 combinations in
total (Appendix). Based on each predictor combina-
tion, we developed 90 spatial models for each combi-
nation of the predictors and selected the MD and FE
models with the highest predictive power for the
training extent (hereafter referred to as ‘iteratively
fitted models’) for further analyses.

As an alternative approach, we selected three pre-
dictors with a straightforward impact on the ecological
performance of a wide range of biological species and
applied the FE algorithm based on these predictors
(fixed-predictor models). The predictors were
the maximum temperature of the warmest month,
minimum temperature of the coldest month and
annual precipitation. Annual precipitation is routinely
used as an important predictor in spatial models
developed for both animals and plants. Temperature
extremes may have lethal effects, and may be impor-
tant at long time intervals (Barry & Elith, 2006).

Three-quarters of the occurrence locations of each
species (training locations) were used for the devel-
opment of the models, and the remaining presence
locations (test locations) were used for model valida-
tion at a local scale. In order to test the predictive
power of the derived models, we estimated the area
under the curve (AUC) of the receiver operating char-
acteristic (ROC) curve (Fielding & Bell, 1997; Hand &
Till, 2001) based on the predicted probabilities of
presence for test occurrence locations and 5000
random (‘pseudo-absence’) locations, generated within
the study extent using the random point generator
extension for ArcView GIS 3.x (Jenness, 2004). We
applied shuffling (1000 permutations) to randomly
subdivide the original occurrence datasets into test
vs. training locations, and selected subsets of the test
pseudo-absence locations equal in size to a set of test
presence locations. For each permutation, the pre-
dicted probabilities of the test presence and test
pseudo-absence locations and respective AUC values
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Figure 2. Diagram showing sequential steps in the modelling (see Methods section for explanations). AUC, area
under the curve; CCSM, Community Climate System Model; FE, fuzzy envelope; LGM, Last Glacial Maximum,;
MD, Mahalanobis distance; MIROC, Model for Interdisciplinary Research on Climate.

were estimated, using Microsoft Excel; the mean AUC
value over 1000 permutations was used as a final
output. For the permutation procedure, we used
‘shufflerows’ and ‘MonteCarlo methods’ options in the
Microsoft Excel application PopTools (Hood, 2010).
Based on test presence data from Europe, we tested
the transferability level of iteratively fitted MD and
FE models with the highest predictive power, and
that of the fixed-predictor models. This was per-
formed in order to select the model with the best
transferability — that is, that which performed best in

areas distant from the training extent. The best
transferable model in space would be highly likely to
retain its predictive power over time, which is impor-
tant when considering making inferences in the
remote past, typically with no validation data.

As a test European dataset, we downloaded or
generated occurrence locations of the target species
and their closest relatives/ecological counterparts
(Supporting Information Table S2). Abies alba, Picea
abies, Fagus sylvatica, Helix pomatia and Chioglossa
lusitanica are closest or very close relatives of A. nor-
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dmanianna, P. orientalis, F. orientalis, H. buchi +
H. goderdziana and M. caucasica, respectively
(Farjon, 1990; Veith et al., 1998; Denk et al., 2002;
Schiitt, 2005), and were used as their ecological coun-
terparts in Europe. Castanea sativa, C. betulus and
R. ponticum form natural or invasive populations in
Europe. We did not test the transferability of the SDMs
for P. caucasicus, O. ophryticus, D. mixta and C. rob-
erti, because they do not have single, unequivocal
ecological counterparts in the regions remote from
western Asia. Because the test occurrence locations
from Europe did not always cover the entire ranges of
the species or their equivalents, we did not apply AUC
analysis, but used omission error as an indicator of
SDM transferability. We calculated median probability
values and applied a Kruskall-Wallis nonparametric
test in order to compare mean ranks of estimated
probabilities for test European locations, based on the
three competing models. A model with the highest
mean rank/highest median value was assumed to be
the most transferable. The significance of the differ-
ence between the competing models of the same
species was tested with the Mann—Whitney nonpara-
metric test.

Model projections were visualized using the
ArcView GIS module Spatial Analyst (ESRI, Red-
lands, CA, USA) and the MD extension for ArcView
GIS 3.x (Jenness, 2003).

CONSIDERATION OF POST-GLACIAL
DISPERSAL PATTERNS

We identified the 95th percentile cut-off of the most
transferable models and projected the output onto
LGM climatic conditions to infer the spatial distribu-
tion of glacial refugia. We used grids based on two
palaeoclimatic models downscaled to a resolution
of 5km* the Community Climate System Model
(CCSM) and the Model for Interdisciplinary Research
on Climate (MIROC) (Braconnot et al., 2007). We
selected these two climate models because of their high
resolution and availability at the time of our study. The
areas suitable for the target species under LGM con-
ditions were defined as ‘refugia’. Subsequent analyses
were based on the incorporation of spatio-temporal
autocorrelation into the current, most transferable
models by including the distance from the boundaries
of the refugia as an additional predictor in order to
explain the current distribution of the study species.

Two sets of polygons of potential post-glacial dis-
persal sources were used for each species: (1) all
continuous refugia throughout western Asia and the
Caucasus region; and (2) only the refugia that fell
within, overlapped or were geographically closest to
the current distribution of the species. We derived
least-cost distances from refugial polygons (hereafter

referred to as REFDIST) based on the cost-distance
algorithm in the ArcGIS module Spatial Analyst
(ESRD). This algorithm considers a friction or cost grid
that is a raster map in which each cell indicates the
relative difficulty (cost) of moving through that cell. A
least-cost path minimizes the sum of frictions of all
cells along the path, and this sum is the least-cost
distance (Adriaensen et al., 2003). In the calculation of
cost-distances, we incorporated information about
climate suitability to provide more realistic distances
regarding the dispersal. We used elevation (source: the
SRTM 1-km grid of elevation available at Global Land
Cover Facility, 2010) as the surrogate for climate at a
regional level to derive the cost-distance from the
refugia. We assumed that the cost-distance between a
refugium and a certain point accounted for not only the
straight-line distance, but also the additional effort
made by the species population to expand through
inclement terrain to reach or colonize that point. The
cost-distance grids were calculated separately for each
studied species, and for CCSM and MIROC palaeocli-
matic models. We developed one-sided fuzzy envelopes
for REFDIST at four different settings for each studied
species (Table 1). We tested a set of each of the four
REFDIST predictors and climatic variables included in
potential climatic niche models to validate our SDMs
against the current distributions of the study species.

Finally, we estimated AUC of the spatial models by
incorporating spatio-temporal autocorrelation, using
the described permutation procedure. The models
were not tested with the occurrence data outside the
study extent, because distributions of the studied
species in distant geographical areas relate to glacial
refugia outside the western Asian region.

Figure 2 shows the interrelations between the
sequential steps of the analysis.

RESULTS

PREDICTIVE POWER AND TRANSFERABILITY
OF ITERATIVELY FITTED MODELS

For most species, the highest AUC value at the train-
ing extent was obtained for either the MD or FE
model that included three or more predictors. For
each species, different combinations of the predictors
produced the best statistically fitted models (Table 1,
Appendix).

However, the transferability of most of the itera-
tively fitted FE and MD models was moderate or low
(Table 1), as the respective spatial projections onto
the whole of Europe and western Asia underpredicted
the presence of the species in many regions in which
they or their closest relatives occurred (Supporting
Information Fig. S2). The omission error was particu-
larly high for the MD-based models, but also substan-
tial for iteratively fitted FE models (Table 1).
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FIXED-PREDICTOR FE MODELS

The AUC values of the fixed-predictor FE models,
based on the maximum temperature of the warmest
month, minimum temperature of the coldest month
and annual precipitation, exceeded 0.82 for all
studied species except F. orientalis, but were lower
than those of the iteratively fitted models (Table 1).
Even minor differences were highly significant
(P <0.001), given 1000 permutations.

However, the transferability index of the FE
models, based on the three fixed predictors, was
higher than that of the iteratively fitted models
(Table 1). The differences were significant for all
studied species (P < 0.001, Mann—Whitney test).

Visually, the predicted suitable areas for the selected
species covered the entire ranges of the studied species
in western Asia and Europe, although the presence of
some species or their relatives was overpredicted in
northern and/or eastern Europe (Fig. S2).

In addition, spatial projection of the models onto
the Caucasus and western Asia showed large areas
beyond the actual distribution of some species,
expanding the predicted ranges eastwards and
southwards from their actual ranges (Fig. 4, left
panel).

PROJECTION OF THE MOST TRANSFERABLE
MODELS ONTO LGM CONDITIONS

The refugia, defined as projections of the most trans-
ferable models onto LGM land surfaces, showed
similar ranges for all studied species. Throughout the
Caucasus and western Asia, a large refugium with a
suitable climate was concentrated along the southern
and eastern Black Sea coast (Colchis), and smaller
refugia occurred in the southern Caspian basin, at
the eastern Mediterranean coast (the Levant) and
throughout different parts of Anatolia (Fig. 3). The
refugia were more fragmented according to the
MIROC model than the CCSM model. The MIROC
model, unlike the CCSM model, identified large
refugia in western Anatolia, the westernmost Taurus
Mountains and the upper reaches of the Tigris River,
but showed fewer refugial areas at the southern
Black Sea coast (Fig. 3).

MOST TRANSFERABLE MODELS INCORPORATING
SPATIO-TEMPORAL AUTOCORRELATION

The inclusion of refugial distance in the most trans-
ferable models increased significantly the values of
AUC for most of the species, relative to the original
models. The AUC gain was particularly high when
the distance was calculated from the refugia that
spatially matched the current distributions (Table 2).

The REFDIST calculated from MIROC-based
refugia yielded a greater increase in model predictive
power than that based on the CCSM-based refugia.
The increase in the predictive power of the SDMs,
incorporating the distance from the MIROC-based
refugia, was significant (P <0.001) in all species
except O. ophryticus; the corrected models of A. nor-
dmanianna, P orientalis and C. sativa had the
highest predictive power. The increase in the predic-
tive power of SDMs incorporating the distance from
the CCSM-based refugia was not significant for
R. ponticum, P. caucasicus and O. ophryticus, and the
predictive power of all corrected models (except
O. ophryticus) was lower than the models corrected
using MIROC-based refugia.

Comparison of the models with the actual distribu-
tion maps (Fig. S1) showed qualitative improvement
of the most transferable models with spatio-temporal
autocorrelation, when compared with the models in
which autocorrelation was not incorporated (Fig. 4).
For all species, the SDMs incorporating refugial dis-
tance based on the MIROC climatic simulation
showed higher specificity than the models that incor-
porated refugial distance based on the CCSM climatic
simulation. The models calculated from the CCSM-
based refugia overpredicted the presence of animals
endemic to the Caucasus (H. buchi + H. goderdziana,
M. caucasica, P. caucasicus, D. mixta + D. clarkorum,
C. roberti) on the south-western Black Sea coast,
whereas the models based on the MIROC simulation
did not (Fig. 5).

DISCUSSION

The potential niche of a species, which defines the
spatial distribution of suitable environments, only
partly explains the observed distribution patterns
(Pulliam, 2000; Guisan & Thuiller, 2005). In order to
increase the predictive power of SDMs based on the
analysis of abiotic environmental predictors, we
should consider biotic interactions, metapopulation
dynamics and dispersal limitations (Legendre, 1993;
Gavashelishvili, 2004; Hampe, 2004; Svenning &
Skov, 2004; Barry & Elith, 2006). The last two factors
can be incorporated into SDMs by accounting
for spatial or temporal autocorrelation patterns
(Lichstein et al., 2002; Aratjo et al., 2005; Randin
et al., 2006). Our results show that factoring in a few
environmental predictors and modelling post-glacial
dispersal patterns improves the predictive power of
spatial models for Caucasian forest species, whose
ranges were reduced during glacial advances in the
Pleistocene. The results also suggest that the distri-
bution models based on different simulations of
palaeoclimate are not equally powerful in explaining
current distribution patterns, and that forest distri-
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Figure 3. The distribution of climates suitable for the 12 forest plants and animals during the Last Glacial Maximum
(LGM) throughout the Caucasus and western Asia. Shade intensity indicates the number of species out of the 12 for which
the LGM climate was suitable. Our data show that the Model for Interdisciplinary Research on Climate (MIROC) climatic
simulation provides a more realistic pattern of the LGM climate than the Community Climate System Model (CCSM)
simulation. The CCSM-based inference indicates a large refugium throughout most of the Black Sea coast (BSC) and
smaller refugia in western Anatolia (WA), the southern Caspian basin (SC) and the Levant (LV). The MIROC-based
inference suggests that major refugia existed in Colchis (CL), the southern Caspian basin (SC), western Anatolia (WA),
the western Taurus Mountains (WT), the upper reaches of the River Tigris (TR) and the Levant (LV). Contours in the
maps show the current sea surface line and political borders.

Table 2. Predictive power (area under the curve, AUC) of the most transferable models (MTMs), based solely on habitat
suitability and corrected by incorporating the post-glacial dispersal pattern. The Community Climate System Model (CCSM)
and Model for Interdisciplinary Research on Climate (MIROC) are two different reconstructions of the palaeoclimate (see
the text for details); ‘alref” refers to all inferred continuous refugia for one species, whereas ‘specref’ refers to those refugia
that overlap with the current range of the species. See Table 1 for abbreviations of the studied species. The standard error
is below 0.001 for all cases at 1000 permutations. The highest AUC values are shown in bold type

Model An Po Cs Cb Fo Rp Hb Mc Pc Oo Dm Cr
MTM 0.892 0.884 0.840 0.661 0.709 0.823 0.836 0.829 0.852 0.878 0.851 0.860
CCSM_alref 0909 0.894 0872 0.746 0.732 0806 0.841 0.863 0.858 0.874 0.863 0.870

MIROC _alref 0911 0.897 0.864 0.762 0.787 0.820 0.832 0.873 0.845 0.870 0.863 0.858
CCSM_specref 0912 0913 0.891 0.746 0.732 0.818 0.869 0.870 0.857 0.872 0.881 0.879
MIROC_specref 0.918 0.920 0.904 0.762 0.787 0.833 0.883 0.883 0.870 0.870 0.885 0.885
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Figure 4. Spatial projection of the most transferable models on the Caucasus and western Asia under current climatic
conditions: left, uncorrected models; right, models corrected with the refugial distance. Dotted outlines indicate the areas
in which the presence of a species is overpredicted. An, Abies nordmanianna; Cb, Carpinus betulus; Cr, Chionomys roberti;
Cs, Castanea sativa; Dm, Darevskia mixta + D. clarkorum; Fo, Fagus orientalis; Hb, Helix buchi + H. goderdziana; Mc,
Mertensiella caucasica; Oo, Ommatotriton ophryticus; Pc, Pelodytes caucasicus; Po, Picea orientalis; Rp, Rhododendron

ponticum.

bution in western Asia during the LGM was consid-
erably broader than is reflected in the existing pollen
record (Van Andel and Tzedakis, 1996; Arslanov,
Dolukhanov & Gei, 2007; Connor & Kvavadze, 2008).

FE models, which do not consider interactions
between variables, had a higher predictive power
within the training extent than the models that con-
sidered these interactions for all species except F. ori-
entalis and H. buchi (Table 1). Fixed-predictor FE
models had a higher transferability than the itera-
tively fitted models, but somewhat lower predictive
power within the training extent. Apparently, this
outcome is a result of overfitting of the training
dataset. The selection of predictors based on expert
ecological knowledge has clear advantages (Midgley
et al., 2002; Kearney & Porter, 2004). This approach
is commonly used for modelling suitable habitats
(Hijmans & Graham, 2006; Pearson et al., 2006).
Increased interest in the models of ancient ranges
(Martinez-Meyer & Peterson, 2006; Davies et al.,
2009) requires the availability of environmental vari-
ables for a sufficiently wide temporal and spatial
scale. Climatic variables important for the survival of
species (Midgley et al., 2002; Skov & Svenning, 2004)
are not always available for distant geological
periods. The three simple predictors selected for this
study have an obvious impact on a broad range of
living organisms, and the respective climatic grids are
freely available for both present and glacial time (as
well as for the predicted future).

Although the fixed-predictor FE models had only
moderate predictive power on a local spatial scale, the
incorporation of palaeoclimatic information into these
models provided a reasonable improvement. The
explanations of the observed distribution patterns,
based on the dispersal hypothesis, appear to be more
plausible in many cases than those based on complex
hypotheses on the interaction between an organism
and its environment. The Caucasian ranges of R. pon-
ticum, A. nordmanianna and P. orientalis extend only
slightly east to the boundaries of the inferred Colchis
refugium. In contrast, the ranges of F. orientalis and
C. betulus go far beyond this area, to the eastern
Caucasus (Nakhutsrishvili, 1999). The forests of
Colchis (where all listed species are sympatric) gen-
erally have a higher annual rainfall than the forests
of eastern Georgia, where only beech and hornbeam
are found. One can obtain an impression that the last

»
»

two species are more resistant to the lack of humidity
than the others. This is not true. The areas in the
southern Black Sea coast west of Trabzon, where all
five species coexist, have lower annual rainfall and
colder winters than many areas of the eastern Cau-
casus. This also applies to variables more directly
reflecting summer drought, including the ratio of the
rainfall level to the sum of positive temperatures
throughout the year. The simplest explanation of the
observed distribution patterns is that all included
species survived during the LGM at the Black Sea
coast, but some failed to recolonize the central and
eastern Caucasus during the Holocene.

In general, the diversity of species increases rapidly
near the sources of post-glacial dispersal. The expan-
sion of forests in the Caucasus was directed from the
west to the east (Connor & Kvavadze, 2008), and
more competitive trees and shrubs might have pre-
vented the dispersal of the less competitive ones. This
is in line with the suggestion that the distribution of
plants typical for temperate rainforests, such as
rhododendrons, is largely limited by the presence of
competitors (Vetaas, 2002). Similarly, congeneric
species have a substantial impact on the realized
niche of D. mixta (Tarkhnishvili et al., 2010), and this
may explain why this species failed to recolonize the
areas east of the LGM refugium.

MIROC climatic grids better describe the current
distribution patterns than do CCSM grids. Although
the former model suggests the presence of isolated
refugia in Colchis, the latter expands the boundaries
of suitable climates west to the Bosporus with limited
interruptions (Fig. 4). Consequently, the CCSM model
fails to explain the presence of multiple species
endemic to the western Caucasus (Zazanashvili et al.,
2004), whereas the MIROC model explains this phe-
nomenon well. Molecular genetic data also support
the presence of isolated refugia in the western Cau-
casus. A number of Caucasian endemics have been
isolated from their relatives throughout the world
since the Pliocene, such as the Caucasian rhododen-
dron (Milne, 2004), Caucasian salamander (Weisrock
et al., 2001), Caucasian parsley frog (Garcia-Paris,
Buchholz & Parra-Olea, 2003) and Caucasian grouse
(Lucchini et al., 2001). All of these species have sister
taxa in distant parts of Europe, East Asia and North
America, but none in geographically close and poten-
tially suitable habitats in western Turkey. A broad
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Figure 4. Continued
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Figure 5. Southern coast of the Black Sea, with the predicted distribution of five endemic Caucasian animals,
incorporating the distance from the Last Glacial Maximum (LGM) refugia, according to Community Climate System
Model (CCSM) and Model for Interdisciplinary Research on Climate (MIROC) climate simulations. For abbreviations
see Figure 3. The broken line indicates the current westernmost limit of the distribution of the species. CCSM
simulation overpredicts the presence of all species at the south-western Black Sea coast, whereas MIROC simulation

does not.

gap with unfavourable climate, which existed
between the Colchis and western Anatolia during the
LGM according to our MIROC-based model (Fig. 4),
explains the limited current distribution of the listed
species. Currently, a dry segment of the southern
Black Sea coast between Ordu and Sinop in Turkey,
where annual rainfall at the coast is below 700 mm
and forest vegetation is scarce (Fig. 1), hinders the
dispersal of the Caucasian endemics into north-
western Anatolia. However, if the CCSM-based model
is considered, we should expect a continuous distri-
bution of suitable habitats along the southern Black
Sea coast in LGM, and the absence of a number of
Caucasian endemics from the south-western Black
Sea coast becomes difficult to explain.

The reconstruction of the ancient suitable areas
provides us with improved insight into the spatial
position of glacial refugia, where forest-associated
biological communities could survive the glacial
period. Palynology suggests the presence of forests
during the LGM in limited parts of Europe and
western Asia (van Andel & Tzedakis, 1996). These
areas are concentrated in the Alps, the Carpathians
and along the south-eastern Black Sea coast. Beyond
these major refugia, pollen records (Arslanov et al.,
2007; Connor & Kvavadze, 2008) provide evidence of
uninterrupted forest cover at the north-eastern Black
Sea coast. However, there is a lack of pollen diagrams
which could either confirm or reject the occurrence of
forests in the rest of the modelled Colchis refugium
earlier than 10 ky BP (Connor & Kvavadze, 2008). Did
the forests actually occur in the areas predicted by the
palaeodistribution models? Genetic studies support a
pattern in line with the modelling results. Mertensiella
caucasica, which is found exclusively in forests or near

the timberline, has two evolutionary lineages isolated
from each other since pre-glacial time (Tarkhnishvili
et al., 2000, 2008). The eastern lineage is limited to the
eastern part of the western Caucasus, i.e. the area
outside the palynologically confirmed refugia. The
same applies to D. mixta (Murphy et al., 2000). This
means that the allopatric evolutionary lineages of the
salamander and rock lizard independently survived
the LGM in the south-western and eastern parts of the
western Caucasus, and that the east of the inferred
Colchis refugium had forests undetected so far in
pollen profiles. The genetic data suggest that the
actual distribution of forests in Colchis was more
fragmented than predicted by the palaeodistribution
models, but confirm that forests did exist in parts of
Colchis, where palynological evidence is still lacking.

Our inference of the broader distribution of forests
than that obtained from the available pollen records
is in accordance with the outcomes of phylogeographi-
cal and vegetation studies. Van Zeist & Bottema
(1991) postulated the presence of woodland during
the LGM in parts of the Near East where the current
forest distribution is limited (e.g. Levantine Moun-
tains), based on the analysis of the current distribu-
tion of plants and the synthesis of palaeoecological
data. The presence of multiple cryptic refugia in
Europe (Provan & Bennett, 2008) and the isolation of
evolutionary lineages of forest frogs and banded
newts from the southern Caspian area and the
Levant from their close relatives in Colchis since the
Tertiary period support the presence of multiple,
mesic, glacial refugia in western Asia (Veith et al.,
2003; Litvinchuk et al., 2005). Our study suggests
that, in all potential refugia, shown in Figure 4B,
suitable climates existed during the LGM for temper-
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ate forest species, and this pattern provides a plau-
sible explanation for their current distributions.

A comparison of the current distribution of suitable
climates (Fig. 3) with the actual distribution of forests
in western Asia (Fig. 1) suggests that the area of the
potentially suitable climates for some tree species,
including beech and hornbeam, is wider than the
actual distribution. Even distribution models for
these two species, corrected by the post-glacial dis-
persal constraints (Fig. 3, right panel), predict their
presence in the western Tarsus and in the upper
reaches of the Tigris. The most likely explanation of
their absence in the indicated areas is deforestation
caused by human activity, especially in the areas in
which the human population has remained dense for
thousands of years. In particular, the inferred ref-
ugium in the upper reaches of the Tigris River, where
mesic forests are currently absent, is located in the
specific small region of the Fertile Crescent, which
has been suggested to be the cradle of agriculture
(Diamond, 1997; Abbo, Lev-Yadun & Gopher, 2010).
The human-caused deforestation in the Caucasus was
less extensive in the past than in the south of the
Middle East, although substantial transformation of
forests in the historical past has been suggested for
this area as well (Dolukhanov, 1966). The palynologi-
cal record of the mid-Holocene suggests that forests
existed in many potentially suitable, but nowadays
treeless, agricultural areas (Connor & Kvavadze,
2008). The current vegetation of areas such as the
upper reaches of the Tigris does not encourage veg-
etation scientists to hypothesize the presence of forest
refugia there. Conversely, spatial modelling suggests
the presence of a climate suitable for forest vegetation
in a number of currently treeless regions.

The results of the present study suggest that,
during the LGM, climates suitable for forest vegeta-
tion existed in six regions of western Asia: Colchis,
western Anatolia, western Taurus, the upper reaches
of the Tigris River, Levant and the southern Caspian
basin. Figure 4B roughly outlines the spatial posi-
tions of these forest refugia, which could help to
better understand the geographical distribution of
plants and animals throughout the Near and Middle
East. Further palaeobiological and phylogeographical
studies may verify the exact position of the predicted
refugia and add more details to the inferred pattern.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article:

Figure S1. Maps of occurrence locations for 12 plants and animals, used as training locations for spatial
modelling. An, Abies nordmanianna; Cb, Carpinus betulus; Cr, Chionomys roberti; Cs, Castanea sativa; Dm,
Darevskia mixta + D. clarkorum; Fo, Fagus orientalis; Hb, Helix buchi + H. goderdziana; Mc, Mertensiella
caucasica; Oo, Ommatotriton ophryticus; Pc, Pelodytes caucasicus; Po, Picea orientalis; Rp, Rhododendron
ponticum.

Figure S2. Iteratively fitted and fixed-predictor models of suitable climates for four plant and two animal
species projected on Europe: A, iteratively fitted Mahalanobis distance models; B, iteratively fitted fuzzy
envelope (FE) models; C, fixed-predictor FE models; D, European range of a species or its ecological equivalent.
1, Abies nordmanianna; 2, Picea orientalis; 3, Castanea sativa; 4, Carpinus betulus; 5, Fagus orientalis; 6,
Rhododendron ponticum; 7, Helix buchi + H. goderdziana; 8, Mertensiella caucasica. See Table 1 for transfer-
ability estimates.

Table S1. Species occurrence data from the Caucasus Ecoregion.

Table S2. Data sources for testing model transferability (occurrence data for the target species or their
ecological equivalents from Europe).

Please note: Wiley-Blackwell are not responsible for the content or functionality of any supporting materials
supplied by the authors. Any queries (other than missing material) should be directed to the corresponding
author for the article.

© 2011 The Linnean Society of London, Biological Journal of the Linnean Society, 2012, 105, 231-248



© o0 N oo o1 b~ w

10
11

12

13

Table S1. Species occurrence data from the Caucasus Ecoregion.

Species Sample source

size of

locations
Abies nordmanianna (An) 671 Locations accurate to < 500 m, extracted from the
Picea orientalis (Po) 500 1:50,000 Soviet Military Topographic maps
Castanea sativa (Cs) 189 (Headquarters of Geodesy and Cartography under the
Carpinus betulus (Cb) 1000 Council of Ministers of the USSR. 1955-1976, Facility
Fagus orientalis (Fo) 282 No. 11); Authors’ GPS records (NE Turkey; 2007-2010).
Rhododendron ponticum (Rp) 42 Authors’ GPS records (2006-2010).

Helix buchi + H. goderdziana (Hb) 42

Authors’ GPS records (2006-2010).

Mertensiella caucasica (Mc) 52 GPS locations ( Tarkhnishvili et al. 2008)
Ommatotriton ophryticus (Oo0) 31 Locations accurate to < 500 m (Tarkhnishvili &
Pelodytes caucasicus (Pc) 56 Gokhelashvili 1999); Authors’ GPS records (1983-2010)

Darevskia mixta + D. clarkorum (Dm) 34

Locations accurate to < 2 km (Darevskii 1967) ;

Authors’ GPS records (2008-2010)

Chionomys roberti (Cr) 78

Locations accurate to < 5 km (Bukhnikashvili 2004;

KryStufek & Vohralik 2004)

Fig. S1. Maps of occurrence locations for 12 plants and animals, used as training locations for spatial

modeling. An - Abies nordmanianna, Pc — Picea orientalis, Cs - Castanea sativa, Cb — Carpinus betulus,

Fo - Fagus orientalis, Rp - Rhododendron ponticum, Hb - Helix buchi+goderdziana, Mc - Mertensiella

caucasica, Pc - Pelodytes caucasicus, Oo - Ommatotriton ophryticus, Dm - Darevskia mixta+ clarkorum,

Cr - Chionomys roberti.
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Fig. S2. lteratively-fit and fixed-predictor models of suitable climates for four plant and two animal species
projected on Europe. A - iteratively-fit Mahalanobis Distance models; B - iteratively-fit Fuzzy Envelope
models; C - fixed-predictor FE models; D — European range of a species or its ecological equivalent. 1-
Abies nordmanianna, 2 — Picea orientalis, 3 - Castanea sativa, 4 — Carpinus betulus, 5 - Fagus orientalis,
6 - Rhododendron ponticum, 7 - Helix buchi+goderdziana, 8 - Mertensiella caucasica. See Table 1 for

transferability estimates.
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Table S3. Data sources for testing model transferability (occurrence data for the target species or their

ecological equivalents from Europe)

1. Data for testing transferability of SDMs developed for Abies nordmanianna: 6103 locations generated
within the European range of Abies alba, according to: Wolf, H. 2003. EUFORGEN Technical Guidelines
for genetic conservation and use for Silver fir (Abies alba). International Plant Genetic Resources
Institute, Rome, Italy. 6 p.

2. Data for testing transferability of SDMs developed for Picea orientalis: 7000 locations generated within
the European range of Picea abies, according to: Skrgppa, T. 2003. EUFORGEN Technical Guidelines
for genetic conservation and use for Novrey spruce (Picea abies). International Plant Genetic Resources
Institute, Rome, Italy. 6 p.

3. Data for testing transferability of SDMs developed for Castanea sativa: 2772 locations generated within
the European range of Castanea sativa, according to: Josefa Fernandez-Lopez, J and Alia, R. 2003.
EUFORGEN Technical Guidelines for genetic conservation and use for chestnut (Castanea sativa).
International Plant Genetic Resources Institute, Rome, Italy. 6 p.

4. Data for testing transferability of SDMs developed for Carpinus betulus: 6147 locations of Carpinus
betulus, extracted from Global Biodiversity Information Facility (GBIF) Data Portal (accessed through
www.gbif.org, 2011-01-20).

5. Data for testing transferability of SDMs developed for Fagus orientalis: 12963 locations generated
within the European range of Fagus sylvatica, according to: von Wiuhlisch, G. 2003. EUFORGEN
Technical Guidelines for genetic conservation and use for European beech (Fagus sylvatica).
International Plant Genetic Resources Institute, Rome, Italy. 6 p.

6. Data for testing transferability of SDMs developed for Rhododendron ponticum: 2226 wild locations of
the species from Britain, France, and Spain, downloaded from Global occurrence data were provided by
Global Biodiversity Information Facility (GBIF) Data Portal (accessed through www.gbif.org, 2011-01-20).
7. Data for testing transferability of SDMs developed for Helix buchi + H. goderdziana: 4690 wild locations
of Helix pomatia, downloaded from Global occurrence data were provided by Global Biodiversity
Information Facility (GBIF) Data Portal (accessed through www.gbif.org, 2011-01-20).

8. Data for testing transferability of SDMs developed for Mertensiella caucasica: 496 locations of
Chioglossa lusitanica, downloaded from Global occurrence data were provided by Global Biodiversity
Information Facility (GBIF) Data Portal (accessed through www.gbif.org, 2011-01-20), and generated

within the range of the species published in: Arntzen, J.W., Teixeira, J. (2006): History and new

8



developments in the mapping and modelling of the distribution of the golden-striped salamander,

Chioglossa lusitanica. Zeitschr. Feldherpetol. (Suppl.) 10: 113-126.
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Abstract: Helix lucorum Linnaeus, 1758 is a large helicid snail widespread in Georgia. While its occurrences are mainly associated
with human activity, it is frequently impacted by strong direct pressure, which could cause local extinctions of populations. Instead, H.
Iucorum populations in anthropogenic landscapes are usually dense and apparently well adapted. Morphometric studies were carried
out on 12 populations from both anthropogenic and more natural habitats in a wide range of altitudes and climatic regimes in Georgia
to investigate the effects of human pressure. Populations in more anthropogenic habitats have smaller adult shells independently of
any effects of climate, altitude, or density. H. lucorum appears to adapt to anthropogenic pressures by changes in population dynamics,

ceasing growth at a smaller size.

Key words: Helix lucorum, shell, size, adaptation, plasticity, Georgia

1. Introduction

Helix lucorum Linnaeus, 1758 is an abundant snail with
a Mediterranean distribution. It is an edible snail, well
adapted to human-modified landscapes such as gardens,
parks, and arable land. In Georgia, H. lucorum is widely
distributed and mostly found within or near settlements
and in agricultural territory, while in natural habitats
it is not very common - to date, only a few populations
are documented in natural habitats, mainly in limestone
areas of Georgia (Lejava, 1973; author’s observation). This
abundance in anthropogenic habitats is despite the heavy
pressures associated with these habitats. In the lowlands
of Georgia where intensive agriculture is developed
(mainly winery, market gardening, and apple orchards),
snails are considered one of the worst pests. Gardeners
and villagers collect H. lucorum and burn or crush them
several times per year (such influences are considered as
a direct human impact throughout the text). In the cities,
H. lucorum is mostly subject to accidental mechanical
destruction and various other anthropogenic influences,
such as pollution and habitat degradation. Clearly, there
must be considerable differences in the dynamics of H.
lucorum populations between anthropogenic and more
natural habitats. Surprisingly, there is no research on the
mechanisms involved in the survival and distribution of
H. lucorum under such anthropogenic influence.

* Correspondence: levan.mumladze@gmail.com

It is known that adult shell size and shape vary among
populations of the same species of snail. There are marked
responses in shell features to variation in environmental
conditions, such as intraspecific competition, predation,
parasitism, and environmental influence (for reviews see
Goodfriend, 1986; Ozgo, 2008). High population density
can restrict growth (Williamson et al., 1976; Cameron
and Carter, 1979). This variation in shell characters
undoubtedly has both hereditary and ecophenotypic
components (Cook and Cain, 1980; Goodfriend, 1986;
Baur, 1984, 1988), and it may have adaptive significance to
local conditions (Chiba, 2009).

The present study explores whether shell characters of
H. lucorum are correlated with anthropogenic disturbance.
Considering edible snails (mainly Helix species) in
general, Lubell (2004) suggested that the larger size of such
species at prehistoric sites around the Mediterranean is a
result of less disturbance and pollution than in modern
times. We might hypothesize that if adult mortality is
high, snails might mature at a younger age and smaller
size. High densities might also limit growth. To test this
idea, I compared shell sizes from 2 types of habitats, the
first being undisturbed natural and anthropogenic habitat
(NAH hereafter) where there is no extensive pressure by
humans, and the other being anthropogenic habitat (AH
hereafter) with extensive pressure.
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2. Materials and methods

2.1. Data collection and measurements

I collected samples of adult H. lucorum from NAH and
AH sites during 2011 and 2012 (Figure 1, Table 1.). Brief
descriptions of each site are as follows:

Popl: Botanical garden, southwest outskirts of Tbilisi.
Leghvtakhevi River ravine with polydominant forest and
rocky slopes.

Pop2: 1 km west from Daba village with undisturbed
alder forest.

Pop3: East outskirts of Katskhi village. Hornbeam
(Carpinus caucasica) and beech (Fagus orientalis) mixed
forest with limestone rocks. Very little grazing.

Pop4: Ateni village. Yard of Ateni church with old
orchard. No disturbance.

Pop5: 2 km east from Sakramulo village. Dry hornbeam
forest with limestone. Very little grazing or no disturbance.

Pop6: 600 m east from Igoeti village. Artificial mixed
forest of 70-80 years old near the main road. Little or no
disturbance.

Pop7: Thilisi; parts of former garden with intensive
littering and building.

Pop8: Outskirts of Tbilisi. Orchards. Owners of gardens
collect snails every year and kill them.

Pop9: 1.5 km south of Broliskedi village. Forest of
Zelkova (Zelkova carpinifolia) with limestone. Very
intensive grazing.

Popl0: Thilisi; Vakisparki garden. Artificial poplar
(Populus sp.) trees. Very abundant population with very
intensive physical destruction by humans.

Popll: 700 m southwest of Aradeti village. Apple
orchard. Villagers are physically destroying snails several
times per year.

Pop12: Borjomi. City center, around the railway line.
Various factors resulting in mechanical destruction.

In order to objectively assess shell size measurements,
a strict definition of adult status was needed, but there are
no earlier studies on this issue specifically for H. lucorum.
However, Pollard (1973) regarded H. pomatia as fully
adult when the lip of the aperture is reflected, after which
it becomes thicker, with only a tiny increase in overall
diameter. Based on this knowledge, only live snails with
reflected lips were sampled at each point. In the laboratory
4 shell characters — shell height (SH), shell width (SW),
aperture height (AH), and aperture width (AW) - were
measured (Figure 2) using digital Vernier calipers with
0.05 precision. Two new variables expressing shell overall
size (SOS) and aperture overall size (AOS) were derived by
summing absolute height and width for shell and aperture,
respectively.

2.2. Statistical analysis

For practical reasons, populations were selected for
sampling only if density was sufficient to obtain an
adequate number of adults within a 10 x 10 m plot. To
investigate any density effect on shell sizes, I estimated
densities using the following method: within each site
where snails were found, each plot was divided into
numbered subplots of 1 m? Three of these were selected
at random at each site, and the number of adults found
in each was used to estimate density per square meter
(Table 1). Mean annual temperature and humidity values
were extracted for each sampling point using ArcGIS 9.3.
Climatic data were downloaded from http://worldclim.org
(Hijmans et al., 2005).

Pearson’s correlation was used to estimate the
relationship between density and mean shell characters,
and correlation analyses were also used to explore the
influence of climate on shell size.

One-way ANOVA (with Tukey’s post hoc test for
multiple comparisons) was used to test the variation in

<
<t
[sa]
Georgia
N 42 P ool .
opt
FOP2pogd PoplOPOpTpps
Popl
Sampling points
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Figure 1. Map of the sampling localities in Georgia.
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Table 1. Summary table of the collected data. Coordinates of sampling localities, altitude, mean density, number of sampled individuals,
and the mean values (mm) of measured variables (with standard error of the mean) are shown.

. . Mean Measured  Mean Mean Mean Mean Mean
Group PopID  Coordinates Altitude density individuals  SH AH SW Mean AW S0S AOS

N41.684110

Popl £044.792231 553 3.33 37 42.6 (0.4) 27.3(0.2) 43.2 (0.3) 24.2 (0.2) 85.8 (0.7) 51.5 (0.4)
N41.811820

Pop2 £043.438890 966 7.67 33 44.7 (0.3) 28.6 (0.4) 46.4 (0.3) 26.2 (0.2) 91.1 (0.7) 54.8 (0.6)
42.284732

Pop3 N 8473 629 3.33 21 42.2 (0.6) 28.1 (0.4) 46.1 (0.6) 26.6 (0.2) 88.2 (1.2) 54.7 (0.7)
NAH E043.217104
N41.904453

Pop4 F044.094441 746 1.67 24 41.3 (0.3) 26.9 (0.2) 42.6 (0.3) 24.2 (0.2) 83.9 (0.7) 51 (0.5)
N42.034424

Pop5 044, 744869 653 7.33 38 41.1(0.2) 25.8(0.1) 42.7 (0.2) 24.2 (0.1) 83.7 (0.5) 49.9 (0.3)
N41.979957

Pop6 E 44 432056 711 9.67 44 (0.3) 27.9(0.1) 44.5(0.2) 25.6 (0.1) 88.4 (0.5) 53.5(0.3)
N41.716093

Pop7 E044.784564 433 7 29 38.5(0.3) 24.6 (0.2) 39.7 (0.3) 22.7 (0.2) 78.2 (0.7) 47.2 (0.4)
N41.676460

Pop8 E044.893970 426 7.33 23 38.3 (0.4) 25.3 (0.3) 40.5 (0.5) 23.2 (0.2) 78.7 (1) 48.5(0.6)

42.21514

Pop9 N >146 130 2.33 31 35.8 (0.5) 23.8 (0.3) 39.5(0.4) 23.2(0.2) 75.2(1) 47(0.6)
E042.798710
AH N41.711319

Pop10 E044.749842 488 6.67 51 36.7 (0.2) 23.2 (0.1) 38 (0.3) 22.3(0.1) 74.6 (0.5) 45.4 (0.3)
N42.057500

Popl1 £043.869400 676 3.67 35 36 (0.3) 23.3(0.2) 38.1 (0.3) 21.6 (0.3) 74.1 (0.8) 44.8 (0.5)
N41.841969

Pop12 £43.385347 794 10.33 36 38.2(0.2) 24 (0.1) 40.1(0.2) 23.3(0.1) 78.2(0.5) 47.2 (0.3)

size measurements between and within groups (NAH
and AH) (Sokal and Rohlf, 1995). Principle component
analysis (PCA) based on the correlation matrix (Joliffe and
Morgan, 1992) was used to visualize shell size differences
between populations using 4 empirical measurements.

SH

AH

SW

AW

Figure 2. Measurements of the shells of Helix lucorum used in the
analysis: SH, shell height; SW, shell width; AH, aperture height;
AW, aperture width.

For data handling and correlation analysis, a spreadsheet
(Microsoft Excel) was used. ANOVA and PCA were
performed in SPSS 16.0 (SPSS Inc., Chicago, IL, USA).

3. Results

In total, 412 adult individuals (207 from 6 NAH and 205
from 6 AH populations) were collected and measured
(Table 1). Sampling sites are distributed within an altitude
range from 130 m to 966 m above sea level (Figure 1).
Pearson’s r statistics showed no significant correlations
between measured shell characters and population
densities, altitude, mean annual temperature, or mean
annual humidity (for all combinations P > 0.05).

After ANOVA, every NAH population had a
significantly higher mean overall size (SOS) than AH
populations (Tukey’s HSD post hoc test), whereas
populations within each of the groups showed no
significant differences (Table 2, Figure 3). Almost identical
results were derived for the AOS variable except one: Pop5
does not have a significantly higher mean apertural overall
size than Pop8.

The PCA extracted 2 components with eigenvalues
exceeding unity. The first PC explains 89% of total variation
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Table 2. Results of Tukey’s multiple tests after ANOVA. Bold-italic font denotes significant results. Positive values above the diagonal
indicate that the population on the left of the chart (column 1) has a higher mean value compared to respective population at the top
of the table (row 1), and vice versa for values below the diagonal. Highlighted values show that overall size for shell and aperture is

consistently higher in NAH populations.

Popl Pop2 Pop3 Pop4 Pop5 Pop6 Pop7 Pop8 Pop9 Pop10 Popll Pop12
Popl 0 -0.33 -0.33 0.05 0.15 -0.2 0.42 0.3 0.45 0.61 0.66 0.43
Pop2 -0.06 0 0.01 0.38 0.48 0.13 0.75 0.63 0.78 0.94 1 0.76
Pop3 -0.03 0.03 0 0.37 0.48 0.13 0.75 0.63 0.77 0.93 0.99 0.76
Pop4 0.02 0.08 0.05 0 0.11 -0.24 0.38 0.26 0.4 0.56 0.62 0.39
Pop5 0.02 0.08 0.05 0.01 0 -0.35 0.27 0.15 0.29 0.46 0.51 0.28
Pop6 -0.03 0.03 -0.01 -0.05 -0.06 0 0.62 0.5 0.65 0.81 0.86 0.63
Pop7 0.09 0.15 0.12 0.07 0.07 0.12 0 -0.12 0.02 0.19 0.24 0.01
Pop8 0.09 0.15 0.11 0.07 0.06 0.12 -0.01 0 0.15 0.31 0.36 0.13
Pop9 0.13 0.19 0.16 0.11 0.11 0.16 0.04 0.05 0 0.16 0.22 -0.02
Pop10 0.14 0.2 0.17 0.12 0.12 0.17 0.05 0.05 0.01 0 0.06 -0.18
Popl1 0.15 0.21 0.18 0.13 0.12 0.18 0.06 0.06 0.02 0.01 0 -0.23
Pop12 0.09 0.15 0.12 0.07 0.07 0.12 -0.01 0.01 -0.04 -0.05 -0.06 0

Above the diagonal: AOS, F
where all 4 measured variables have high positive loadings
and the ratios have small negative loadings. In contrast, the
second PC explains 6% of total variations, and neither of
the variables have high positive or negative loadings (Table
3). A result of ANOVA and PCA suggests that increasing
any one dimension of the shell also increases the other. The
differences between NAH and AH populations along the
first and second PC are shown in Figure 4.
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=65.03, P < 0.0001; Below the diagonal: SOS, F

=73.17.03, P < 0.0001.

11,400
4. Discussion

Variations in shell size and form in helicoid snails have
been extensively investigated and mechanisms underlying
this variation are attributed to combinations of various
environmental factors, inter- or intraspecific interactions,
and genetic processes (Goodfriend, 1986). However,

there are no data on how H. lucorum responds in shell
size to external factors or on the heritability of shell size
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Table 3. PCA loadings are shown for PC with eigenvalues
exceeding unity.

Variable PC1 PC2
SH 0.935 -0.293
AH 0.954 -0.120
SW 0.979 0.042
AW 0.920 0.377

differences. Only a few published papers are available
concerning the life cycle, genital anatomy, growth,
reproduction, and activity of H. lucorum (Lazaridou-
Dimitriadou and Saunders, 1985; Staikou et al., 1987;
Lazaridou-Dimitriadou and Bailey, 1991; Osselaer and
Tursch, 2000).

The results shown here indicate that shell size in H.
Iucorum is influenced by factors associated with human
activity, to the extent that other potentially important
factors such as climate and population density appear
irrelevant. I have no means at present to determine the
extent to which this influence is direct and ecophenotypic
or the result of hereditary adaptation to the prevailing
conditions. Work on other species suggests that this
balance may vary among species and circumstances
(Goodfriend, 1986; Baur, 1988). In many studies, large
adult size is correlated with rapid growth (Williamson et
al., 1976; Baur, 1984; Gould, 1984; Goodfriend, 1986), but
we have yet to establish this connection in H. lucorum. The
lack of any direct relationship between size and density is
particularly noteworthy, as this has been reported in many
species (Goodfriend, 1986), and, in general, AH habitats
support higher densities than NAH in Georgia. A greater
range of densities might demonstrate a link.

Whatever the causes, these results show a form of
adaptability in H. lucorum populations of a kind not yet
reported in other snails. We can hypothesize that high
adult mortality may put a premium on early maturity and
reproduction where potentially long-lived adults have
less chance of surviving from year to year. Alternatively,
in populations where direct human impact (i.e. collecting
and killing snails) is very strong, snails are smaller in
size because it is easier for them to hide effectively. In
this context, humans can be considered as predators;
Bantock and Bayley (1973) demonstrated that predators
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selected larger individuals in Cepaea populations.
Changes or differences in shell morphology as a result
of adaptations are well known for other snails (Konuma
and Chiba, 2007; Chiba, 2009). However, populations in
anthropogenically heavily impacted habitats (e.g., big
cities where snails are not considered pests and hence are
not collected deliberately to be killed) are revealing similar
size distribution to the populations under direct human
impact in contrast to natural ones.

Certainly, this study provides no evidence that some
factors influential in other species, for example crowding
or interspecific competition (Williamson et al., 1976; Baur,
1988), are strong enough to override the effects of human
activity. H. lucorum is a widespread species, undoubtedly
spread by humans, originally for food (Lubell, 2004).
Responses to pressures of this kind are likely to be common
to most populations, rather than a consequence of specific
adaptations evolved independently in each. More research,
perhaps especially on the population dynamics and growth
patterns of H. lucorum and other large, edible helicids,
might shed light on the specific factors involved.
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Abstract. Two species of genus Helix Linnaeus, 1758 (Mollusca: Gastropoda: Helicidae) endemic to the Caucasus region are known from
Georgia and northeastern Turkey: Helix buchii Dubois de Montpereux, 1839 and the recently-described but disputed Helix goderdziana
Mumladze, Tarkhnishvili and Pokryszko, 2008. The latter species is the largest land snail throughout non-tropical Eurasia. We compared
shell shapes and genital morphology of the two species. We analyzed mitochondrial COI and nuclear 18S ribosomal RNA and ITS1 gene
fragments in 39 specimens of H. buchii and H. goderdziana from ten locations from the entire distribution range of these species, together
with 13 specimens of the widespread H. lucorum Linnaeus, 1758 and H. pomatia Linnaeus, 1758. Based on shell morphology alone, most
of the individuals of the two species can be discriminated using multivariate approaches. The species have different flagellum/diverticulum
ratios, and the foot coloration is a fully diagnostic morphological character. Molecular genetic analysis revealed little variation in 18S+ITS1
fragment, and eleven COI haplotypes. Phylogenetic analyses support reciprocal monophyly of H. buchii and H. goderdziana. The genetic
distances significantly correlate with the geographic and morphological distances; correlation of morphological distances with geography is
insignificant. The basal lineages of both species are found within two distinct glacial refugia, a result which matches the separation of eastern
and western evolutionary lineages of other relicts of the Western Caucasus. The present distribution of H. goderdziana coincides with the

expected refugial borders, whereas H. buchii is likely to have extended its geographical range since the last glaciation.

Key words: Mollusca, phylogeography, DNA, Caucasus, refugia

Helix Linnaeus, 1758 (Gastropoda: Helicidae) are the
largest land snails of northern Eurasia. The genus includes
over 25 species (Schiitt 2005, Welter-Schultes 2009). Helix
buchii Dubois de Montpereux, 1839, (Figs. 1A, 1C) until re-
cently known as the largest land snail of the western Palaearc-
tic, is an endemic of the mountain broadleaf forests of the
Caucasus ecoregion (Zazanashvili et al. 2004), which harbor
numerous Tertiary relict species and habitats (Tuniyev 1990,
Rohrig 1991, Mai 1995, Veith et al. 1998, Kikvidze and
Ohsawa 1999, Denk et al. 2001, Milne and Abbott 2002, Milne
2004, 2006, Zazanashvili et al. 2004, Tarkhnishvili et al. 2012).

Another large snail, Helix goderdziana Mumladze,
Tarkhnishvili and Pokryszko, 2008 (Figs. 1B, 1D), has been
recently-described from southwestern Georgia near Goderdzi
pass (Mumladze et al. 2008). This snail is even larger: the shell
diameter in some individuals reaches 68 mm (this paper).
The distribution ranges of both species overlap, although
H. goderdziana is limited to the western Lesser Caucasus and is
known from only two localities (Fig. 2). Sysoev and Shileyko
(2009) disputed the taxonomic status of H. goderdziana, sug-
gesting that the traits used in the original description (foot
coloration, shell size, and flagellum length) may vary broadly
within a species. Indeed, morphological traits in Helix are highly
variable, and species-level taxonomy is regularly disputed (Schiitt
2005, Neubert and Bank 2006, Sysoev and Shileyko 2009).

Delineating species is a common problem in systematics
(De Queiroz 2007, Mallet et al. 2007, Hausdorf 2010, Mallet
2010), but distinguishing between similar species is a core
step to assess and maintain biodiversity (Bickford et al. 2006).
There is a lack of comprehensive studies on systematics, dis-
tribution and conservation of Caucasian Helix species. In or-
der to clarify the evolutionary history and taxonomic status
of H. goderdziana and H. buchii (from here onwards — Endemic
Caucasian Helix, ECH), we applied a combination of molecu-
lar genetics and morphometric approaches to the samples
collected throughout the range of both species. In addition,
we provide brief information on the two known localities of
H. goderdziana to address its conservation status.

MATERIAL AND METHODS

Sampling

During 2008-2010, we collected adult specimens (indi-
viduals with well-developed lip) of Helix buchii and H. goderd-
ziana from Georgia and NE Turkey (Fig. 2). One to twelve
H. buchii from eight locations, and two to five H. goderdziana
from both known locations of this species were sampled. The
small samples of H. goderdziana reflect its rarity. As outgroups
for genetic and morphological studies, the widespread species
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Figure 1. Endemic Caucasian Helix (ECH). A, subadult H. buchii; B,
subadult H. goderdziana; C, adult H. buchii; D, adult H. goderdziana.

Helix lucorum Linnaeus, 1758 and Helix pomatia Linnaeus,
1758 were used: eight and five adult specimens, respectively
(Table 1). Geographic coordinates of each location were re-
corded with a Garmin Etrex 12 Channel GPS unit (Garmin
Corp., Olathe, Kansas, U.S.A.). Live individuals were drowned
in water and then preserved and stored in 96% alcohol for
further processing. The genitalia were dissected and mea-
sured for five H. buchii, three H. goderdziana, one H. lucorum,
and one H. pomatia. Pieces of muscular tissue of collected
individuals were used for DNA extraction and processing.
Alcohol-stored specimens and shells are deposited in the
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Figure 2. Sampled locations of Helix buchii (black dots) and H.
goderdziana (open circles): 1, Lagodekhi (eastern Greater Caucasus); 2,
Dmanisi; 3, Didgori; 4, Borjomi (central Lesser Caucasus); 5, Khevsha;
6, Mokhva (central Greater Caucasus); 7, Bakhmaro (western Lesser
Caucasus); 8, Jamilikhemshin (Kackar Mountains); 9, Goderdzi
Pass (western Lesser Caucasus, type locality of H. goderdziana);
10, Kovanlyk. Outlined area: borders of the Major Forest Refugium
(see discussion), sensu van Andel and Tzedakis (1996).

Black Sea
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collection of Zoological Institute of Ilia State University un-
der accession numbers h1-h59.

Morphology

The shells of adult specimens (thirteen Helix buchii,
seven H. goderdziana, four H. pomatia, and four H. lucorum)
were scanned using a 3D scanner (Roland PICZA 3D Laser
Scanner LPX-600). Nineteen landmarks were selected: LO =
intersection of the main axis and the columellar part of lip;
L3 = junction of the lip with the body whorl; L6 = apex; other
landmarks were positioned using the junctions of two per-
pendicular planes, the first crossing the landmarks L0, L3,
and L6 and the second adjusted perpendicularly to the first so
that landmarks LO and L6 were common to both (Fig. 3).
Placing landmarks and extracting coordinates were per-
formed with software Landmark v2.0 (Wiley et al. 2005).
Geometric morphometry methods are commonly used for
the analysis of snail shells (Conde-Padin et al. 2007) when
landmark data can be captured. However, if the landmarks
do not meet true homology criteria, the interpretation of the
analysis results might be misleading (Zelditch et al. 2004). Be-
cause our landmarks (except L3 and L6) cannot be assumed
as homologous, we used a “traditional” Principal Compo-
nent Analysis (PCA; Joliffe 1992, MacCallum et al. 1999) for
describing shell shape differences using between landmark
distances, which are easier to interpret (Blackith and Reyment
1971, Richtsmeier et al. 2002).

To maximally approximate the assumptions of PCA and
to maintain sufficiently high sample/ variable ratio, we had to
reduce the available set of distance measures to few distance
variables. Based on visual observations on Helix buchii and H.
goderdziana, most obvious differences in shell shape are due
to the shape of shell spire. Consequently, we used the follow-
ing eight distance measures describing shell spire: L4-L6,
L5-L6, L5-L7, L6-L8, L6-L9, Le-L16, L6-L17, L11-L15,
L12-L16, and L13-L17 (Fig. 3). In order to meet a normality
assumption and minimize size influence and allometric ef-
fect, the distances were log-transformed and then standard-
ized residuals of the regression of each character on the
distance between shell apex and most proximate distance of
outer lip (L1-L6) were calculated, as recommended by Thorpe
and Leamy (1983). Standardized residuals calculated for
the 10 variables were subjected to Principal Component
Analysis (PCA) with components extracted at eigenvalues
over 1.

We dissected five adult specimens of Helix buchii, three
of H. goderdziana, one of H. lucorum, and one of H. pomatia
in order to compare qualitative and quantitative traits of their
genital morphology. We measured length of flagellum, length
of penis + epiphallus, length of bursa tract, diverticulum,
maximum length of mucus gland, and length of dart sac of
each dissected individual (Fig. 4). All statistical analysis was
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Table 1. Sampling locations with GPS coordinates and number of sampled specimens. Abbreviation in brackets for first column stands for:
Geo, Georgia; Tu, Turkey; Pol, Poland.

Sampling location GPS coordinates Species DNA samples Shell samples Genital samples
Lagodekhi (Geo) 41.85N, 46.29E Helix buchii 1 1 -
Dmanisi (Geo) 41.33N, 44.35E H. buchii 6 2 -
Didgori (Geo) 41.78N, 44.51E H. buchii 7 2 1
Borjomi (Geo) 41.91N, 43.25E H. buchii 2 1 -
Khevsha (Geo) 42.40N, 44.69E H. buchii 1 1 -
Mokhva (Geo) 42.43N, 43.30F H. buchii 12 2 2
Bakhmaro (Geo) 41.89N, 42.37E H. buchii 2 2 -
Jamilihamshin (Tu) 41.14N, 40.93E H. buchii 3 2 2
Goderdzi (Geo) 42.57N, 41.63E H. goderdziana 2 4 2
Kovanlik (Tu) 38.14N, 40.68E H. goderdziana 3 3 1
Thilisi (Geo) 41.72N, 44.65E H. lucorum 8 4 1
Wroclaw (Pol) 51.11N, 17.01E H. pomatia 5 4 1

performed using SPSS v.16 for Windows (SPSS Inc. Chicago,
Illinois, U.S.A.).

DNA analysis and inferring relations between haplotypes
Total cellular DNA was extracted from a small piece of
the hind part of the foot of individual snails. Extraction was
performed using QIAGEN" QIAamp DNA Mini Kit followed
by a slightly modified standard protocol provided by QlAamp
DNA Mini Kit Handbook (QIAGEN, Hilden, Germany).
Partial sequences of mitochondrial gene COI and fragments
of nuclear 18S ribosomal RNA gene and internal transcribed
spacer 1b (18S+ITS1) were amplified and sequenced for 34
Helix buchii, five H. goderdziana, eight H. lucorum, and five
H. pomatia. Amplification conditions and temperature pro-
files are given in Appendix 1. The amplicons were sequenced
on the automatic sequencer ABI 3130 (Applied Biosystems,
Foster City, California). Single-stranded sequencing was per-
formed with polymerase chain reaction primers, using the
Big-Dye Terminator v3.1 (Applied Biosystems, Foster City,
California). DNA sequences were edited using SEQSCAPE
v2.5 (Applied Biosystems Inc. Foster City, California); only
unique COI and 18S+ITS1 haplotypes were deposited in

LG.’L

Figure 3. The position of the landmarks used for morphometric
analysis of shells of the studied species.

GenBank (accession # GU784797-GU784807). The align-
ment of the sequences was performed with BioEdit v7.0 (Hall
1999). Phylogenetic analyses were performed for high-quality
sequence fragments including 364 bp for COI (the obtained
sequences of COI were not readable in the end of 3’ direction)
and 473 bp for 18S+ITS1.

The sequences were aligned with the six most similar Gen-
Bank sequences, as shown by BLAST output Lozekia deubeli
(Kimakowicz, 1890) (COI; GenBank accession # EU182503),
Marmorana scabriuscula (Deshayes, 1830) (COL # EU189930),
Arianta arbustorum Linnaeus, 1758 (both genes; # AF296946
and AY546455), species of Satsumma H. Adams, 1868 (both
genes; #AB242535 and AB481049), and Iberus Montfort, 1810
spp. (both genes; # EF440266 and EU446026), and Caucaso-
tachea calligera (Dubois de Montpereux, 1840) (18S+ITS1;
# GU784810 — sequenced by authors specifically for this
manuscript). Unfortunately, no homologous DNA fragments
of other Helix are available from GenBank). Phylogenetic rela-
tionships between the individual COI haplotypes were inferred

Figure 4. Overall view of genital organs. A, Helix goderdziana;
B, H. buchii.
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with neighbor-joining (NJ), maximum parsimony (MP), and
Bayesian algorithms. NJ and MP trees were inferred using
MEGA v5 (Tamura et al. 2011) with applying default settings
(all positions included, 1000 bootstrap replications, Max-mini
branch-and-bound for MP). Bayesian phylogenetic analysis
was performed using the software BEAST v1.5.1 (Drummond
and Rambaut 2007). Posterior distributions of parameters
were approximated using Markov Chain Monte Carlo
(MCMC) with length of chain 3x107 that harvested effective
sample size (ESS) > 100 for each parameter. The best model
was identified by the model comparison procedure based on
the marginal likelihood, using a code written for BEAST
(Suchard et al. 2001). Prior to this analysis, we tested the mo-
lecular clock hypothesis (Hasegawa et al. 1985) and found the
best model of nucleotide substitution using Bayesian Informa-
tion Criterion (BIC) using software MEGA v5 (Tamura et al.
2011). All possible evolutionary pathways among the obtained
haplotypes of H. buchii and H. goderdziana were reconstructed
using Median-Joining (M]) algorithm (Donnelly and Tavare
1986, Bandelt ef al. 1999) using the software Network 4.6.1
(Bandelt et al. 1999). The GenGIS software (Parks et al. 2009)
was used for plotting the phylogenetic tree on a geographic
map (Fig.7).

Because 18S+ITS1 sequences were identical for three out
of four studied species (see results), they were not subjected
to the detailed phylogenetic analyses.

To explore to what extent morphological variability
among ECH individuals is associated with their evolutionary
differentiation we applied partial Mantel test (Manel et al.
2003) with 10,000 permutations, using IBD software (Bohonak
2002). All 20 studied ECH individuals were included in the
analysis, without a priori attribution to Helix buchii or H. go-
derdziana. To perform Mantel test genetic distances between
individual COI sequences were estimated according to Kimura
(1980) using MEGA v5.

Morphological distances (shell shape) were estimated as
Euclidean distances based on individual scores from all PCA
axes with eigenvalues exceeding unity. We explored whether: (I)
genetic distances between the individuals of Helix buchii and H.
goderdziana significantly correlated with geographic distances
between the locations; (II) morphological distances significantly
correlated with (a) genetic distances between the individuals,
and (b) geographic distances between the locations.

RESULTS

Morphometry

The output of PCA based on the shell measurements is
shown in Table 2 and Fig. 5. Two PCA axes were extracted
with eigenvalues > 1. All included variables had a high com-
munality values (> 0.8), indicating that the result can be used
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Table 2. Loadings of individual shell dimensions on the PCA axes.
PCs with eigenvalues exceeding unity are shown. All variables are
standardized residuals of the corresponding measurements from the
regression line on InL1-L6. Last column contains Communality (in-
dicating a percent of variance accounted by the PCs) values for each
distance variable.

Distances PC1 PC2 Communalities
L4-L6 0.91 -0.27 0.894
L5-L7 0.88 -0.20 0.811
L5-L6 0.82 -0.34 0.779
L12-L16 0.83 0.50 0.932
L6-18 0.90 0.09 0.813
L6-19 0.91 -0.05 0.828
L6-L15 0.65 -0.21 0.465
L6-L16 0.88 -0.26 0.837
L6-L17 0.90 -0.18 0.838
L11-L15 0.88 0.34 0.897
L13-L17 0.75 0.63 0.956

in a meaningful way (Table 2). The first PCA axis (72% of the
total variation and 10% for second PCA axis) had similar
positive loading for all the variables which implies that in-
creasing score values along the axis marks higher shells with
broader spire (wider apical whorls) relative to the shell size.
Adult individuals of Helix lucorum have the highest scores
along this axis, and H. buchii and H. pomatia have the lowest
scores. Helix goderdziana keeps an intermediate position be-
tween H. buchii and H. lucorum, but the overlap is higher
with the latter species (Fig. 5). The interspecific differences in
the average values of the first PCA scores are significant

_é_

2]

H. bl;chii H. godérdziana H. Iuolorum H. polmatia

Figure 5. Box plots of individual scores of the four studied Helix
species along the first PCA axis defined by shape of the shell spire.
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Table 3. Multiple pairwise comparison (with Bonferroni adjust-
ment) after One-way ANOVA based on individual scores for first
PCA axis. Numbers indicate the mean differences. Numbers in bold
represent significant results at 0.05 significance level.

H. goderdziana H. lucorum H. pomatia
Helix buchii -1.14 -1.87 0.42
H. goderdziana -0.76 1.07
H. lucorum 1.82

(One-way ANOVA, F3,26: 8.9, P < 0.001). Mean differences
are significant (P < 0.05 after Bonferroni adjustment) between
H. lucorum and H. buchii, H. lucorum and H. pomatia, H. buchii
and H. goderdziana; the differences are not significant (P >
0.05) between H. goderdziana and H. lucorum, H. pomatia
with H. buchii, and H. pomatia with H. goderdziana (Table 3).

Most of the genitalia measurements did not show obvi-
ous differences neither between Helix buchii and H. goderd-
ziana, nor among ECH and the two other Helix species (Fig. 6).
However, the flagellum/diverticulum ratio in the studied in-
dividuals of H. goderdziana was significantly lower than in
H. buchii and much shorter in ECH than in either H. lucorum
or H. pomatia.

2.754

N

(4]

o
1

2.25+

Flagellum/Diverticulum

2.00+

1.754

H. buchii H. goderdziana

Figure 6. Box plots of flagellum/diverticulum ratios for Helix buchii
and H. goderdziana.

Phylogenetic relations of the studied species

The sequenced fragment of nuclear 18S+ITS1 was iden-
tical for Helix goderdziana, H. buchii and H. lucorum. Five
substitutions separate these species from H. pomatia. The se-
quenced COI fragment had 92 informative sites for all 52 ob-
tained sequences of four Helix species. The lowest BIC value
was shown for Hasegawa-Kishino-Yano model (HKY) with
gamma distribution (HKY+G). Five haplotypes of H. buchii,
two of H. goderdziana, three of H. lucorum and one of H. po-
matia were identified. Individual haplotypes of ECH differed
by 1-15 substitutions. NJ, Bayesian, and MP consensus tree
(Fig. 7) supported (1) monophyletic origin of ECH, with re-
spect to the outgroup taxa (H. pomatia, H. lucorum, one hy-
gromiid and four helicids downloaded from the GenBank)
and (2) reciprocal monophyly of H. buchii and H. goderd-
ziana. The MJ network (Fig. 8) showed a single possible path
connecting H. goderdziana and H. buchii. Six out of the seven
unique haplotypes inferred within ECH are geographically
distinct. Two haplotypes of H. goderdziana are attributed to
NE Turkey (Kovanlyk) and SW Georgia (Goderdzi), respec-
tively; two haplotypes of H. buchii are attributed to the Cen-
tral Greater Caucasus (Mokva, Khevsha) and to the Lesser
and Eastern Greater Caucasus (Borjomi, Didgori, Dmanisi,
Lagodekhi) respectively. Three remaining basal haplotypes of
H. buchii mark individual locations in the Western Lesser
Caucasus (Jamili, Bakhmaro). Only the latter location had
two closely-related haplotypes, individuals from other stud-
ied ECH locations did not differ genetically. The hypothesis
of a molecular clock was supported (LRT = 56.8, P < 0.001)
for the sequenced fragment of COI, without considering the
codon position.

Relationships between morphology, genetics,
and geography

A Mantel test showed significant correlation between ge-
netic and geographic distances for ECH samples (rxy =0.41,
P < 0.001). The morphological distance (distance between the
individuals based on the first two PCA axes for shell measure-
ments) significantly correlates with genetic distance (COI se-
quence) between the corresponding individuals, if controlled
for geographic distance (r, = 0.22, P = 0.02) between the lo-
cations but no correlation of morphological distance with
geography was detected.

DISCUSSION

Systematics and Taxonomic inference

This study suggests that Helix buchii and H. goderdziana
are two distinct, reciprocally-monophyletic evolutionary lin-
eages. Morphological differences between these species are
slight but obvious. Foot coloration, albeit variable in most
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1/99/100
PR,
0.92/67/45
0.76/40/ 37
1/96/93
o 0.64/45/35

Figure 7. Phylogenetic relations between the ECH from different
parts of the range; consensus tree based on the BA, NJ, and MP
analyses. Helix buchii: black lines and circles; H. goderdziana: white
lines and circles. The numbers attributed to individual nodes are
Bayesian posterior probabilities / bootstrap supports for NJ tree
nodes / bootstrap supports for MP tree nodes. Numbering of the
sites (smaller crossed circles on the map) as in Fig. 2. The sites with
identical haplotypes of H. buchii (1-4 and 5-6) are connected with
narrower lines. Note that site 7 unites two haplotypes (see results).

land snails (Sysoev and Schileyko 2009), is the fully diagnostic
character. In over 100 observed live individuals of H. buchii,
the foot is dark, from grey to black, whereas over 20 adult and
juvenile H. goderdziana found in both natural locations had
light-colored yellowish foot, similar to that of the widespread
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H. lucorum (not all the observed specimens were used in the
analysis, see Table 1). Helix goderdziana have in average larger
shells with relatively broader spires than H. buchii, being
more similar in shell shape to H. lucorum than to its sister
species, if size and allometry factors are assumed. At last, H.
goderdziana have lower flagellum/diverticulum ratio than H.
buchii, and both ECH species have substantially lower diver-
ticulum/flagellum ratio than H. lucorum or H. pomatia.

Long-running debates on the species criteria focus on
some questions, on which an expert consensus perhaps never
will be achieved (e.g., Mayden 1977, Hey 2001, Avise 2004, de
Queiroz 2007, Hausdorf 2010, Mallet 2010). Incipient species
commonly exchange genes for millions of years, although this
might not prevent progressive divergence (Mallet et al. 2007,
Hausdorf 2010). We follow the suggestion of Mallet (2010)
and refrain from the puritanical approach to species defini-
tion, deciding the nomenclatural questions dependent on the
practical appropriateness. Helix goderdziana and H. buchii are
morphologically, ecologically and geographically distinct and
they are marked with reciprocally-monophyletic mitochon-
drial haplo-groups. These facts convince the authors that the
differential species names are practically applicable to the
studied taxa.

Evolutionary history of Endemic Caucasian Snails
If we consider morphological similarity, geographic
closeness, and monophyly (based on COI sequence) of ECH
relative to the analyzed widespread Helix species, H. buchii
and H. goderdziana are likely to be sister taxa, although this
assumption needs additional genetic data
for more representatives of the genus.

buchi @ Haplotypes

O\ O Nodes
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Central \ \
Greater \ .
Caucasus O \
68 <\ |\ .
SW Georgia (7)'\‘
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Lesser and eastern Greater \°
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eorgia
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/

./"

Figure 8. Median-joining network connecting inferred haplotypes of Helix goderdziana
(Goderdzi and Kovanlyk) and H. buchii (all others). Numbers in parenthesis represent
location numbers (see Fig. 2). Size of the circles marking haplotypes is proportional to the
number of respective individuals.

Helix lucorum (and not the superfi-
cially more similar H. pomatia) is ge-
netically closer to the ECH clade. This
is supported by both phylogenetic in-
ference based on the mitochondrial
COI and structural identity of the se-
quenced fragment of nuclear 18S+I1TS1.
As opposed to the suggestion of Steinke
et al. (2004), the fragment is less vari-
able among the included outgroup of
Helicidae than the sequenced fragment of
COI: the mean proportion of pairwise
differences among H. buchii, H. lucorum,
and species of the outgoup reach 0.12
for the homologous 18S+ITS1 fragment
but 0.23 for homologous fragment of
mitochondrial COI.

The outcome of the partial Mantel
test suggests that size and shape of shell
correlates with genetic distance for ECH
rather than by short-term/reversible
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adaptations to local climates. The extant range of Helix go-
derdziana is restricted to the western Lesser Caucasus in SW
Georgia and NE Turkey. Paleontological data suggests that
this area supported a major forest refugium (MFR) during
the last glacial maxima (Zeist and Bottema 1988, Van Andel
and Tzedakis 1996). Molecular genetic study of the salamander
Mertensiella caucasica (Waga, 1876) (Tarkhnishvili ef al.
2000) revealed presence of two distinct evolutionary lineages
of the salamanders isolated since pre-glacial time. The range
of the western lineage coincides with the MFR and, hence,
with the distribution range of H. goderdziana; the range of the
eastern lineage is restricted to a small area in central Georgia.
This finding supports the hypothesis of existence of multiple
forested refugia east of MFR (Velichko and Kurenkova 1990,
Tarkhnishvili et al. 2012). The geographic line separating
MER from the habitats supporting the eastern lineage of the
salamander and the basal haplotype of H. buchii coincides
with a belt of dry climate crossing the Meskheti Mountains in
SW Georgia (Tarkhnishvili et al. 2008). The present geo-
graphic distribution of the climates was shaped ca. 6 MYBP
(million years before present) (Fortelius et al. 2002, but see
Micheels et al. 2009). Data on the rates of molecular evolu-
tion in COI in mollusks are controversial. Marko (2002) sug-
gests 1.21% substitution rates per MY, but later studies of
snail divergence in Europe (Gittenberger et al. 2004, Haase
and Misof 2008) indicate that the molecular evolution can be
much faster. If Marko’s calibration is considered, the average
split time between H. buchii and H. goderdziana may be 3.36
MYBP (95% confidence interval 1.7-4.5 MYBP). However,
one cannot exclude that the lineages have been separated
much later, in middle or even late Pleistocene. One can sup-
pose that the “dry belt”, limiting the eastern range of H. go-
derdziana, was an insuperable barrier for the spread of
mesophylic species with limited dispersal ability during gla-
cial maxima. This may have triggered the original split be-
tween the two snail lineages. The ancestral lineage of H. buchii
survived in the refugia far from the Black Sea with a more
continental climate, and the ancestors of H. goderdziana sur-
vived in MFR.

Habitat preferences and conservation

There are remarkable ecological differences between the
two ECH species. Helix buchii is found in a wide habitat spec-
trum, mainly broadleaf forest litter away from the water
sources but never in coniferous forest. This species is rela-
tively common in primary forests of Caucasian mountain,
whereas both known locations of H. goderdziana lay in ex-
ceedingly damp habitats along the brooks in mixed or broad-
leaf forest (Alnus barbata and Picea orientalis). The only
known Georgian locality of H. goderdziana is currently under
intensive anthropogenic pressure. In the last 5 years, the hab-
itat was repeatedly littered and damaged (most of trees were

cut down), and water in the brooks was polluted by sawdust
and waste. We were unable to find H. goderdziana in 2010
and 2011 at the type locality. The disappearance of the species
may be related either to the changing of microclimatic condi-
tions at the brooks or the water pollution. The potential solu-
tion for the future is creation of a mini-reserve in the area,
but this needs immediate attention from the relevant govern-
mental bodies and international conservation community.
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Appendix 1.
Source Primer sequence Amplification conditions Temperature profile
COI universal 5-GGTCAACAATCATAAAGATATTGG-3" 20pl total volume, with: 1 cycle of 3 min @ 95 °C
(Folmer et al. 1994) 5-TAAACTTCAGGGTGACCAAAAAATCA-3* 2 pltemplate DNA 25 cycles:
1.5U of Taq polymerase (Promega)  40s @ 94 °C
1x Promega buffer 40s @ 50 °C
1.5 um of MgCl, Imin @ 72°C
0.1 um of each dNTP, 0.1 pm primer 1 cycle of 10 min @ 72°C
concentrations
18S+ITS1 mollusc- 5-TAACAAGGTTTCCGTAGGTGAA-3 20 pl total volume, with: 1 cycle of 3 min @ 95 °C
specific 5-GCTGCGTTCTTCATCGATGC-3' 3 pl template DNA 25 cycles:
(Armbruster 1U of Taq polymerase(Promega) 40s @ 94°C
et al. 2000; van 1x romegabuffer 30s @ 56 C
Moorsel et al. 2000) 1.5 um of MgCl, 0.3 °C each cycle)

0.1 um of each dNTP, 0.1 pm primer 1min @ 72°C
concentrations 1 cycle of 10 min @ 72°C
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ABSTRACT

The globally significant Caucasus hotspot for biological diversity holds a rich and largely endemic
fauna of land molluscs. Georgia holds the majority of these regional endemics. Land molluscs are
particularly sensitive indicators of habitat quality and faunal diversity. In this study, we examine the
extent to which the existing network of protected areas within Georgia captures the hotspots of
endemic molluscan diversity. We collected and mapped the records of Georgian and Caucasian
endemic species onto a 20 x 20 km square UTM grid to identify the most important endemic areas in
Georgia. We related these to the existing network of protected areas. Less than half of the richest grid
cells included significant protected areas. Although those endemics with the smallest known ranges
were better protected than the remainder, the incomplete state of knowledge means that our estimates
of existing protection are surely optimistic. To date, the designation of protected areas in Georgia has
not used distributional data for invertebrates, although they have been shown elsewhere to be an
effective aid to planning and management for conservation. Further surveys of molluscs and their
monitoring in existing protected areas can and should inform a systematic conservation strategy in
Georgia.

Keywords: Molluscs, Georgia, Caucasus, Richness, Conservation, Reserve selection

INTRODUCTION

The Caucasus Ecoregion is one of the 34 hotspots of biological diversity recognized as of
global importance (Zazanashvili et al. 2004). It is one of the most significant West-Palaearctic refugia
in which forest fauna and flora survived through the climatic oscillations of the Pleistocene, and has a
high proportion of endemic taxa, some with very restricted distributions. Unfortunately, only 12.7% of
its area is currently protected (Caucasus Ecoregion: http://wwf.panda.org/; data retrieved 01.02.2012).
Georgia is situated in the centre of this region, constituting only 12% of its area, but including most of
its climatic zones and vegetation types, especially in the variety of forests. Currently, only 7.3% of
Georgia is subject to legal protection (Fig.1).

The granting of protected status in the region has been based largely on the distribution of
vegetation and of charismatic vertebrates, and has been an ad hoc selection not based on detailed
distribution data. The most important disadvantage of such a selection is that it may not protect all or
even most of the endemic invertebrate fauna (Pressey 1994; Kerr 1997; Bakarr and Lockwood 2006),
especially in those taxa where geographical ranges are very restricted (Cameron 1998). One problem in
applying more rigorous approaches to the designation of protected areas (PA) is the lack of adequate
distributional data for many invertebrates; in some cases even alpha taxonomy and reliable
identification are inadequate. Where such data are available, the use of modern quantitative methods
has proved effective in identifying the extent to which existing protected areas safeguard the fauna; an
excellent example is given by Soélymos (2007) for the land mollusc fauna of Hungary.

Land molluscs are particularly useful in identifying hotspots of endemic invertebrate diversity
(Moritz et al. 2001). The Caucasus region in general and Georgia in particular have exceptionally rich
land mollusc faunas with high levels of endemism (Schiitt 2005; Sysoev and Schileyko 2009). Many
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species have very restricted distributions within the region. While studies on this fauna started early in
the 19" century (Dubois de Montpereux 1839, 1840), and have continued thereafter, sustained by
visiting Soviet scientists, they diminished in the late 20™ century, and have only recently resumed. The
new stage in malacological research in Georgia was started by the author in collaboration with foreign
malacologists (Mumladze et al. 2008,2013; Mumladze 2013; Pokryszko et al. 2011; Hausdorf and
colleagues in progress). While there is no doubt that knowledge of distributions and even of taxonomy
are incomplete, the combination of the new data obtained with data obtained from older accounts and
from museum collections makes it possible to present a more rigorous, if provisional, analysis of the
extent to which existing protections safeguard the mollusc fauna.

This study used the collated data from all reliable sources to map the distribution of endemic
mollusc species within Georgia, and to detect the hotspots of greatest endemic diversity. It considers
both species endemic to Georgia itself and those others endemic to the region. Ultimately protection of
the former depends entirely on national policies, at least in those areas where they can be implemented.
For the latter, policies elsewhere also affect protection, but the central position of Georgia in the region
places particular emphasis on protection within it. The distributions are related to protected areas to
estimate the extent to which they safeguard the fauna. While it is certain that the knowledge of
distributions is incomplete, further information is likely to weaken the link between protection and the
distribution of endemic species, as it is National Parks that receive the most attention. The estimate
thus gives the most optimistic view of the extent to which the endemic fauna is protected.

MATERIALS AND METHODS

The most up-to-date catalogue of the land molluscs of Georgia is provided by Sysoev and
Schileyko (2009). Except in the cases of species known only from their type localities, however, they
give only very general descriptions of range. Far more detail is given by Lezhava (1973), but many
species listed by him have subsequently been eliminated by synonymy with others, and others have
been newly-described or found in further localities. These data have therefore been supplemented by
information in Riedel (1966), Hausdorf (2000, 2001, 2003), Egorov and Greke (2005), Sysoev and
Schileyko (2005), Schiitt (2005), Neubert and Bank (2006) and Pokryszko et al. (2011). Many of these
draw also on earlier museum records. Nomenclature generally follows that of Sysoev and Schileyko
(2009) with some exceptions (Riedel 1966; Neubert and Bank 2006). Authorities are given in Online
Resource 1.

The records of Caucasian (CE) and Georgian (GE) endemic mollusc species, with locations,
were entered in a database (All the following analyses were performed separately for GE and CE
species groups). Using ArcGIS v. 9.3 (ESRI Inc., Redlands, CA, USA), a 20 x 20 km net based on
UTM grid cells was superimposed on a map of Georgia and for each grid cell endemic species presence
data were attached. The choice of UTM grid cell size was made to enable the maximum use of
bibliographic data with minimal bias. Occurrence records (often place names) generally fell within a
maximum 20 km square spatial error range. Marginal cells with more than 50% situated outside
Georgia were excluded from the analysis, which thus used 244 cells in total. Since distribution data is
incomplete, we tested for the influence of site accessibility on records by examining linear correlations
between both raw and weighted richness (see below) and the distance from large towns.

Based on the endemic species distributional data associated with this 20 x 20 km UTM grid,
we calculated raw (RR) and weighted species (WR) richness for each cell. Raw species richness was
assessed as the sum of all endemic species occurring in each grid cell. To calculate weighted richness
firstly each species was down-weighted by its range size. Range size for each species was assessed as
the total number of cells of its occurrence within Georgia. For each cell in which the species was
present its contribution to weighted richness was the reciprocal of the range size. Thus for each cell
weighted richness was the sum of such scores (Williams and Humphries 1994; Crisp et al. 2001; Linder
2001). For Caucasian endemics, this weighting reflects only the Georgian range. While this
overestimates the weighting that such species merit in a regional assessment, it reflects their status
within Georgia itself, a useful indicator for national conservation planning.

We used two approaches to assess the protection status of endemic species (PSS). First, we
determined what proportion of the richest 5% of cells (12 out of 244 UTM squares) had at least 10% of
their area subject to protection. These are deemed to be protected. The 5% selection is an arbitrary but
frequently used threshold (Prendergast et al. 1993; La Ferla et al. 2002; Lopez-Pujol et al. 2011).
Second, in order to derive a single threshold independent measure of general protection status of
endemic species (gPSS) we calculated an average of percent of occupied grid cells that included
protected areas for each species (where grid cell value is either 0 or 1 and at least 10% is covered by
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the protected areas). Analyses were performed with the help of ArcGIS v. 9.3 and SPSS v. 16.0 (SPSS
Inc. Chicago, IL, USA) software packages.
RESULTS

At least 255 species of land slugs and snails are recorded in Georgia (Sysoev and Schileyko,
2009). 165 (64%) are endemic to the Caucasus region (Online Resource 1). Of these endemic species,
six (indicated in Online Resource 1) are excluded from analysis as we were unable to locate records in
Georgia with the required degree of accuracy. Of the 159 remaining, 55 are endemic to Georgia (GE),
while 104 are also found elsewhere in the Caucasus (CE).

While there is no means of assessing the intensity of collecting effort across the country, it is
clear from published accounts that areas now designated as National Parks have been searched most
thoroughly. More generally, there is a slight but significant negative association between the endemic
richness of a cell and its mean distance from a large centre of population (-0.19 > r*>-0.31, P < 0.001
for both richness measures (RR and WR) within either species group (GE and CE)), the easiest
surrogate available for accessibility.

Figure 2 shows the frequency distributions of GE and CE endemic species by number of cells
occupied within Georgia. It is evident that GE species are generally more restricted within Georgia
than those also known from elsewhere in the region (CE species). Not all restricted ranges are
represented by adjacent cells. For GE species there is a modest positive correlation between RR and
WR scores (Fig. 3). For RR scores, only three out of the 12 cells with the highest scores contain at least
10% of their area under protection, a PSS score of 25%. For WR scores, the situation is improved, with
six cells involved (PSS 50%); the most restricted species are nominally better protected. This is
confirmed by considering the PSS status of each species in relation to its range size. There is a loose
but significant negative association between range size and species specific PSS score (Fig. 4), but 11
GE and 7 CE species have ranges entirely outside protected areas (Online Resource 1). It is noticeable
also that 5 of 6 troglobiont species (Online Resource 1) with very narrow ranges (three of them known
only from type localities) are inside the PAs under our criterion. These PAs may have been established
for geological reasons. Removing them from the dataset does not have any significant influence on the
richness patterns.

For Caucasian endemics not restricted to Georgia (CE), a broadly similar pattern occurs, and
there is a positive correlation between RR scores for each kind of endemic among cells (Figs. 3, 5a,c).
The patterns do not, however, coincide completely. WR patterns show a weaker association (Figs. 3,
5b,d). These regional endemics are rather better protected within Georgia, with a PSS score of 50%
based on RR, and 58% on WR. In this analysis, confined to Georgia, the combined data for GE and CE
species gives PSS scores of 50% for RR, and 58% for WR, the same values as for CE species alone.

The threshold independent measures of overall protection status (gPSS) gave values of 43%
for CE and 46% for GE species; the overall value (GE + CE) was 44.5%. Although the richness
patterns of GE and CE species are not identical, the overall distribution of high diversity is similar in
each. The most species-rich cells are found mainly in the west and centre of Georgia, while cells in the
east and south-east are generally poor. Three regions: Eastern Abkhasia, west Adjaria and the centre of
Borjomi district harbour significant concentrations of endemic species (both GE and CE). The north-
western part of Imereti region, the mountainous north of Mingrelia and southern Racha (these are
adjacent areas) are also important endemic areas where high ground connects the Greater and Lesser
Caucasus Mountains (Figs. 1, 5).

DISCUSSION
Molluscan hotspots and protected areas

Both Caucasia as a whole and Georgia within it are recognised hotspots of biodiversity, rich
in endemic species (Kikvidze and Ohsawa 1999; Denk et al. 2001; Milne and Abbott 2002;
Zazanashvili et al. 2004). Recent work (Tarkhnishivili et al. 2012) shows that this endemic richness is
the product of the existence of multiple forest refugia and their varying connectedness over the
Pliocene and Pleistocene. The best signals of these refugia are found among organisms with poor
powers of dispersal, often with very restricted ranges. Snails typify such organisms, and their use in
identifying small forest refugia was pointed out by Moritz et al. (2001). They therefore also act as
indicators of areas requiring protection.

Despite the large number of endemic snail species, some with very small recorded ranges,
only one, Helix buchii Dubios de Montpereux, 1839 is currently included in the Georgian Red List
(with the status of Data Deficient). It is certainly not the rarest species in the region, though perhaps the
best known. The first author has documented several cases of rapid population decline of H. buchii in
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the last decade (unpublished data), accompanied by habitat fragmentation and loss (NR - 2010). Given
the incomplete knowledge of snail distributions it is unlikely that the case for protection can be made
by proposing more candidates for high-risk categories within the IUCN framework, a complex task
requiring data that are hard to obtain for invertebrates (Bouchet and Gargominy 1998). For the same
reason, we have chosen to look at the overall trends, rather than identify those species least protected.
Soélymos (2007) was able to do the latter for the better known Hungarian fauna. We note, however, that
eleven Georgian endemics (including one troglobiont species) are not known from any protected area
(Online Resource 1).

Hence, it was appropriate to use all the available data on Georgian endemic snails to identify
hotspots of diversity, and to examine the extent to which they were protected. The proportions of
ranges, and indeed the number of species found in existing protected areas will no doubt alter as more
data are acquired. For Georgian endemics only a quarter of the richest cells identified here had more
than 10% of their area subject to protection. Although the WR index, emphasising species with the
smallest known ranges, gives a more positive picture, half the cells with the highest values have no
significant protection. For other Caucasian endemics the situation is marginally better, as it is for the
endemic fauna as a whole.

While there are minor differences between GE and CE species, the richest areas extend from
the west along the Lesser and Greater Caucasus chains, up to and including the Likhi range — the only
connecting ridge between them. Further east, the endemic fauna is generally poor, with the exception
of the Lagodekhi National Park (PA 22 in Figure 1). This pattern is clearly a result of the distribution
of the primary forests of Caucasia represented mainly by beech (Fagus orientalis), hornbeam
(Carpinus caucasicus), sweet chestnut (Castanea sativa), linden trees (Tilia carpinifolia), Nordmann
Fir (Abies normanniana) Caucasian spruce (Picea orientalis) and several oak species (Quercus spp)
(Denk et al. 2001). The numbers of endemic species known from each PA reflects this pattern (Table
1). The hotspot of Adjaria in the south-west near Batumi (Lesser Caucasus) now has a number of
protected areas containing a number of rare endemics (Fig. 1). The north-west Greater Caucasus,
Abkhasia, (de facto outside Georgian control) is less intensively protected. Elsewhere, the only major
protected areas matching a hotspots are Borjomi (Table 1; Fig. 1) in the northern Javakheti region and,
to a lesser extent, Lagodekhi as mentioned above. Nearby hotspots in the north-western part of Imereti
region, the north mountainous Mingrelia and southern Racha districts are unprotected, although
containing calcareous substrates and humid mountain forests - preferred habitats for molluscs. These
areas are constantly represented with high endemic richness for both CE and GE species, and should be
considered for protection (see below). Overall, more than half of the cells with at least 10% of their
area under protection contain fewer endemics than many unprotected cells (Table 1; Fig. 5). We note
that in the north-eastern part of Georgia only the relatively well-studied Lagodekhi national reserve is a
hotspot for snails; it contains one of the most wild and conserved part of Caucasian forests. Its flora
indicates that it has been on the fringe of the forest refugium (Denk et al. 2001).

Informing conservation planning

The Caucasian diversity hotspot results from the survival of certain habitats over long periods and from
their periodic splitting into multiple refugia (Velichko and Kurenkova 1990; Van Andel and Tzedakis
1996; Tarkhnishvili et al. 2012). Where ranges are small as a result, the total area protected is of less
significance than the choice of which areas to protect. Where, as for snails, there are many small and
often non-overlapping ranges, but species are able to survive in relatively small areas (Cameron 1998),
this choice is crucial. According to the last national report (NR-2010) to CBD, habitat (especially forest
habitat) destruction is still continuing and is the main threat for native biodiversity (Conservation
International 2009; Myers 2000). In the absence of any successful conservation project for any single
species or habitat in Georgia, the establishment of protected areas (PA) is the only conservation activity
available, and new areas have indeed been designated. A network of such areas can perform well if it
matches the patterns of biodiversity in the target area (Hunter 1996; Margules et al. 2002).
Unfortunately, designation of protected areas in Georgia is not informed by any science based
preliminary assessment report or on an estimate of protection gained across all taxa. The recently
established Javakheti protected area (established in 2011) was created as an important bird area
whereas other vertebrates, invertebrates and plants were rather poorly represented there (Table 1). In
general invertebrate animals are ignored during the planning process of PAs in Georgia.

Our study shows that there are a number of hotspots for molluscs, often containing different
range-restricted endemics. While the use of surrogates or indicators, inevitable in designing a
conservation strategy, may not always yield the best results, there is evidence that such poor dispersers

4



may serve this function better than larger, more mobile and more charismatic species (Moritz et al.
2001). While not all areas deserving of immediate protection will be molluscan hotspots, molluscs can
contribute significantly to systematic conservation planning based on a range of taxa (Margules and
Pressey 2000).

The overall gPSS estimate for endemic molluscs (44.5%) provided here is probably an
overestimate. Richness pattern (both RR and WR) are significantly correlated with proximity to
populated areas which can be considered as a sign of insufficient or biased sampling. Coverage is
uneven, and much less complete than in more developed countries of similar size (c.f. S6lymos’ (2007)
account for Hungary). Even at this level the current PA network is not sufficient to cover even 50 % of
most species-rich areas for regional endemic molluscs. Molluscs are one of the animal groups most
vulnerable to environmental changes (Lydeard et al. 2004). The national conservation strategy in
Georgia is to expand the PA network (NEAP - National Environmental Action Programme of Georgia
2012 -2016; http://moe.gov.ge/index.php?sec_id=32&lang_id=ENG). The size and shape of PAs
should be based on biodiversity data rather than a simple area target (Rodrigues et al. 2003). Endemic
molluscs can provide such data, and can assist the managers and decision makers for upcoming PAs to
incorporate the main principles (complementarity, irreplaceability and vulnerability) for systematic
area prioritization (Margules and Pressey 2000; Sarkar 2006; Margules and Sarkar et al. 2007). Further
surveys and the monitoring of molluscs in existing PAs will certainly improve the quality of decisions
made in this context.
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Table 1. The RR and WR scores for GE and CE species (and also totals) are provided for each PA. The PA_ID stand for protected area number as reported in

the Fig.1.

PA_ID 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
PA Area 164 364 364 6 238 137 157 86 4 49 825 221 76 71 66 84 981 38 10 139 323 89

RR_GE 6 9 13 8 2 7 10 5 8 7 12 3 1 5 1 5 5 6 1 3 0 3
RR_CE 17 27 41 39 0 33 42 36 22 26 39 10 5 26 7 16 18 22 15 17 6 26
RR_total 23 36 54 47 2 40 52 41 30 33 51 13 6 31 8 21 23 28 16 20 6 29
WR_GE 1.23 129 129 226 034 167 395 345 286 046 110 0.28 0.13 0.68 0.08 0.65 0.72 106 0.20 0.13 0.00 1.76
WR_CE 032 086 1.12 086 0.31 130 281 269 060 034 074 0.17 0.09 058 007 049 0.28 0.38 0.14 0.11 0.08 1.17
WR_total 1.55 2.15 241 3.12 065 297 6.76 6.14 346 0.80 184 045 0.23 1.26 0.15 1.14 1.00 144 0.33 0.24 0.08 2.93
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Fig.1 General map of Georgia. There are shown: Main districts of Georgia (A - Abkhasia, B - Svanetia,
C - Mingrelia, D - Guria, E - Ajaria, F — Racha, G - Imereti, H - Javakheti, [ — Shida Kartli, J — Qvemo
Qartli, K - Tianeti, L - Thilisi, M - Kakheti), PAs (1 - Ritsa, 2 — Pskhu, 3 - Gumista, 4 - Miusera, 5 -
Kolkheti, 6 - Kintrishi, 7 - Mtirala, 8 - Machakhela, 9 - Sataplia, 10 - Ajameti, 11 — Borjom-kharagauli,
12 — Ktsia-Tabatskuri, 13 - Javakheti, 14 - Algeti, 15 - Liakhvi, 16 - Kazbegi, 17 - Tusheti, 18 -

Babaneuri, 19 - Mariamjvari, 20 — Iori-Chachuna, 21 — Vashlovani, 22 - Lagodekhi) and grid of 20X20
sq km cells
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Fig.2 Frequency distribution of range sizes of endemic species. Black bars — GE, Gray bars — CE.
Frequencies (Ordinate) is reported as a percentage of species numbers
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Fig.3 Scatter plots showing the relationships between of RR and WR for GE and CE species.
Abbreviations: WRG - weighted richness of Georgian endmeics, RRG - raw richness of Georgian
endmeics, WRC — weighted richness of Caucasian endmeics, RRC — raw richness of Caucasian
endmeics. All relationships are positive and highly significant (P<0.0001)
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Fig.4 Scatter plots (left panel for GE and right panel for CE species) showing relationships between
range size (RS) and species specific protection status (PSS). PSS is significantly (P<0.001) and
negatively related to the range size. 11 and 7 species are outside of PAs (i.e. their PSS equals to zero)
for GE and CE species respectively. Several of them have the same value of RS and PSS and hence are
overlaid (see Table 1)
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sites. a — RR-CE (in this case there are 14 black square instead of 12 as the least three richest square
contains the same number (26) of endemic species), b — WR-CE, ¢ — RR-GE, d — WR-GE. Green
shapes represent existing PAs. The number in each cell indicates numbers of endemic species
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Appendix

Endemic Land Molluscs in Georgia (Caucasus): how well are they protected by

Levan Mumladze, Robert A.D. Cameron, Beata M. Pokryszko

existing reserves and National Parks?

Biodiversity and Conservation

Correspondence, Levan Mumaldze: levan_mumladze@iliauni.edu.ge

Institute of Ecology, Ilia State University, Tbilisi, Georgia. Kakutsa Cholokashvili st. 3/4, 0162 and

Invertebrate Research Centre (IRC), Thbilisi, Georgia. Agladze st. 26, 0119

Supplementl. Georgian and Caucasian endemic species list with range size (RS), protection

status (PSS) and protected areas (PA) where species does occurs (the number indicates PAs

which are described in the main text in Figure 1). Troglobiont species are underlined, and

species not recorded from any protected area are named in bold font.

Species Endemism RS PSS PA
Acicula moussoni O. Boettger, 1879 GE 78 0.29 2,3,4,10,11,14,15,16,17,18,20,22
Acrotoma baryshnikovi Likharev and Schileyko, 2007 GE 2 0 -
Acrotoma claussi Nordsieck, 1977 GE 2 0.5 1
Acrotoma gegica Suvorov, 2002 GE 1 1 1
Acrotoma juliae Suvorov, 2002 GE 2 1 1
Acrotoma komarowi (O. Boettger, 1881) GE 31 0.29 1,2,3,4
Acrotoma laccata (O. Boettger, 1881) GE 12 042 2,3
Adzharia renschi Hesse, 1933 GE 2 0 -
Akramowskiella andronakii (Lindholm, 1913) CE 6 0.63 6,7,8
Akramowskiella umbrosa (Kobelt, 1902) CE 26 0.37 10,11,14,18,19,22
Andronakia catenulata (Lindholm, 1914) CE 2 1 7,8
Armenica gracillima (Retowski, 1889) CE 3 0.6 7,8
Armenica griseofusca (Mousson, 1676) GE 26 0.35 6,7,11,12,14
Armenica unicristata (O. Boettger, 1877) CE 2 0 14
Boettgerilla compressa Simroth, 1910 GE 10 0.3 2,3,9,10
Caspicyclotus sieversi (L. Pfeiffer, 1871 CE 12 0.42 17,18,20,22
Caspiophaedusa perlucens (O. Boettger, 1877) CE 24  0.36 17,20,21,22
Caucasicola raddei (Kobelt, 1880) CE 20 0.4 1,2,3,4
Caucasigena abchasica (Lindholm, 1927) CE 6 0.33 2,4
Caucasigena armeniaca (L. Pfeiffer, 1846) CE 3 1 16
Caucasigena eichwaldi (L. Pfeiffer, 1846) CE 30 0.34 15,16,17,18,22
Caucasigena thalestris (Lindholm, 1927) CE 24  0.38 2,3,4,9,10
Caucasocressa dasilepida (Mabille, 1881) CE 2 0 -
Caucasocressa ibera Hausdorf, 2003 GE 4 0.75 11
Caucasocressa joannis (Mortillet, 1854) CE 6 0.56 6,7,8
Caucasolimax caucasicus (Simroth, 1898) GE 11 0.46 16,22
Caucasotachea atrolabiata (Krynicki, 1833) CE 11 0.36 1,2,3,4
Caucasotachea calligera (Dubois de Montpereux, 1840) CE 88 0.29 6,7,8,9,10,11,14,17,18,19,20,21,22
Chondrula sunzhica Steklov, 1962 GE 9 0.22 18,19
Circassina frutis (L. pfeiffer, 1859) CE 156  0.22 1,2,3,4,6,7,8,9,10,11,12,14,15,16
Circassina pachnodes (O. Boettger, 1884) CE 2 0 -
Circassina pergranulata Hausdorf, 2001 GE 1 0.5 4
Circassina stephaniae (Hudec et Lezhawa, 1970) GE 1 0 -
Clausilioides filifer (Lindholm, 1913) GE 2 0.5 7,8
Conulopolita cavatica (Riedel, 1966) CE 13 0.47 1,2,3,4
Conulopolita raddei (O. Boettger, 1879) GE 15 0.4 1,2,3,4
Conulopolita sieversi (O. Boettgeri, 1879) CE 39 0.36 2,4,6,11,14,16,17,18,19
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Daudebardia nivea
Deroceras osseticum
Discoxychilus lindholmi
Drilolestes retowskii

Elia derasa

Elia ossetica

Elia somchetica

Elia tuschetica

Euchondrus acutior
Eumilax brandti

Eumilax intermittens
Euomphalia appeliana
Euomphalia aristata
Euxinastra hamata
Euxinolauria caucasica
Euxinolauria glomerosa
Euxinolauria honesta
Euxinolauria nemethi
Euxinolauria paulinae
Euxinolauria pulchra
Euxinolauria rectidentata
Euxinolauria silicea
Euxinolauria sinangula
Euxinolauria superstructa
Euxinolauria tenuimarginata
Euxinolauria zonifera
Filosa filosa
Fruticocampylaea kobiensis
Fruticocampylaea narzanensis
Georginapaeus hohenackeri
Gibbulinopsis interrupta
Gigantomilax koenigi
Gigantomilax lederi
Gigantomilax monticola
Helix buchii

Helix goderdziana
Hyrcanolestes velitaris
Imparietula brevior
Inguria wagneri

Kalitinaia crenimargo
Kalitinaia perspectiva
Kalitinaia tiflisiana
Kazancia lindholm
Kokotschashvilia eberhardi
Kokotschashvilia holotricha
Kokotschashvilia makvalae
Kokotschashvilia tanta
Lesticulus nocturnus
Lindholmia christophi
Lindholmia nordmanni
Ljudmilena sieversi
Ljudmilena tricolis
Mentissoidea rupicola
Metalimax elegans
Metalimax varius
Micropontica closta

Milax caucasicus

Monacha perfrequens
Monacha roseni

Monacha subcarthusiana
Mucronaria acuminata
Mucronaria duboisi
Mucronaria index
Mucronaria pleuroptychia
Mucronaria strauchi
Oscarboettgeria euages
Oxychilus andronakii
Oxychilus birsteini

Schileyko, 1988

(Simroth, 1901)

Reidel, 1966

(O. Boettger, 1884)
(Mousson, 1863)
(Mousson, 1863)

(L. Pfeiffer, 1846)
Likharev et Lezhawa, 1961
(Lindholm, 1922)
(Martens, 1880)

(O. Boettger, 1883)
(Mousson, 1876)
(Krynicki, 1836)

(O. Boettger, 1888)

(L. pfeiffer, 1857)
Suvorov et Schileyko, 1991
Suvorov et Schileyko, 1991
(Hausdorf, 1996)
(Lindholm, 1913)
(Retowski, 1883)
Schileyko, 1975
Schileyko, 1975
Schileyko, 1975
Mousson, 1876)

Pilsbry, 1922)

Pilsbry, 1934)

Mousson, 1863)

O. Boettger, 1883)
Krynicki, 1836)

L. Pfeiffer, 1848)
Reinhardt in Martens, 1876)
Simroth, 1912)

O. Boettger, 1883)

O. Boettger, 1881)
Dubios de Montpereux, 1839)
Mumladze et al., 2008
(Martens, 1880)
(Mousson, 1876)

(Rosen, 1911)

(L. Pfeiffer, 1848)
Hausdorf, 1993
(Lindholm, 1913)

(Kobelt in Lindholm, 1912)
Schileyko, 1978

(O. Boettger, 1884)
(Hudec et Lezhawa, 1969)
Schileyko, 1978
Schileyko, 1988

(O. Boettger, 1881)
(Mousson, 1854)
(Mousson, 1873)
(Mousson, 1876)
(Mortillet, 1854)

Simroth, 1901

(O. Boettger, 1884)

(O. Boettger, 1881)
Simroth, 1912

(Hesse, 1914)

(Hesse, 1914)

(Lindholm, 1913)
(Mousson, 1876)
(Chrapentier, 1852)
(Mousson, 1863)

(O. Boettger, 1878)

(O. Boettger, 1878)

(O. Boettger, 1883)
(Lindholm, 1914)
Tzvetkov, 1940

(
(
(
(
(
(
(
(
(
(
(
(
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GE
CE
CE
CE
CE
CE
CE
GE
CE
CE
CE
CE
CE
CE
GE
GE
GE
CE
CE
GE
GE
GE
CE
CE
CE
CE
CE
GE
CE
CE
CE
CE
CE
CE
CE
CE
CE
CE
CE
CE
CE
CE
CE
CE
CE
GE
GE
GE
CE
CE
CE
GE
CE
GE
CE
GE
CE
CE
CE
CE
GE
CE
GE
CE
GE
CE
CE
GE

168
35
42

80
49
57

14
225
27
53

AN

20
10

N =

14
11
147

0.25
0.5
0.47
0.32
0.39
0.38

0.33
0.25
0.28
0.67
0.36
0.5
0.5
0.5

0.4
0.42
0.18

9
2,4,7,8,10
1,1,1
2,4,9,10,14,22
2,4,9,10,11
11,14,16,17,18,20,22
11,14,16,17,18,20,22
17
8
1,2,3,4,11,18,19,22
2,4,17,18,20,22
3
9,10,11,16
6,7,8
16,17,18,20
6,7
2,4
6,7,8
5,6,7,8
7,8
22
4,7
6,7,8,11,12,22
5,6,7,11
2,3,4,5,6,7,8
6,7,8
16
2,3,4,9,10,11,12,14,15,16,17,18,19,20,21,22
11,14
11,14,18,19,20,21
6,7,8
1,2,3,4,6,7,8,10,11,14
6,7,8,11,12,13,14
6,7,8,9,10,11,14,22
9,10,11,14
1,2,3,4,6,7,8,10-22
2,34
14,18,19,20,21
16
8,22
16
2,3,4

9
1,1
11,13
6,7,8
7,11,12,13
1,2,3,4,6,7,8,9,10,11,12,13,14,18,19,22

1,2,3,4
4
11
1,2,3,4,6,7,9,10
1,2,3,4
12
1,2,3,4,6,7,8,9,10,11,14,15,16,17,18,19,20,22
5,6,7,9,10,11
9,10
14,18,20
2,4
6,7,8
2,3



Oxychilus crenimargo
Oxychilus decipiens
Oxychilus difficilis
Oxychilus discrepans
Oxychilus duboisi
Oxychilus imperator
Oxychilus Koutaisanus
Oxychilus lederi

Oxychilus oschtenicus
oxychilus retowskii
Oxychilus suaneticus
Oxychilus sucinaceus
Peristoma boettgeri
Peristoma lanceum
Pilorcula aspinosa
Pilorcula pusilla
Platytheba mingrelica
Platytheba prometheus
Poiretia mingrelica
Pontophaedusa funiculum
Pravispira semilamellata
Pseudochondrula lederi
Pseudochondrula sinistrosa
Pseudochondrula tetrodon
Pseudochondrula tuberifera
Pupilla inops
Quadriplicata aggesta
Quadriplicata dipolauchen
Quadriplicata lederi
Quadriplicata pumiliformis
Quadriplicata quadriplicata
Quadriplicata subaggesta
Retowskia schlaeflii
Schileykula batumensis
Scrobifera taurica
Selenochlamys pallida
Serrulina sieversi
Shileykoia daghestana
Sieversia heydeni
Stenomphalia maiae
Stenomphalia selecta
Strigileuxina lindholmi
Strigileuxina reuleauxi
Szuchumiella jetschini
Toffoletia lederi
Trigonochlamys imitatrix
Trochovitrina lederi
Vertigo sieversi

Vitrea contortula

Vitrea praetermissa

Vitrea rhododendronis
Vitrea sorella
Vitrinoxychilus subsuturalis
Vitrinoxychilus suturalis
Euchondrus acutior
Improvisa pupoides
Serrulinella senghanensis
Teberdina flavolimbata(O.
Caucasigena rengarteni
Caucasigena schaposchnikovi

(Retowskii, 1889)
(O. Boettger, 1886)
(O. Boettger, 1888)
(Retowski, 1889)

(Charpentier in Mousson, 1863)

Reidel, 1966
Mousson, 1863)
0. Boettger, 1880)
O. Boettger, 1888)
Lindholm, 1914)
O. Boettgeri, 1883)
0. Boettger, 1883)
(Clessin, 1883)
Schileyko, 1984
Hausdorf, 1996
Hausdorf, 1996
(Hesse, 1921)

(O. Boettger, 1883)
(O. Boettger, 1881)
(Mousson, 1863)
(Mousson, 1863)
(O. Boettger, 1883)

(
(
(
(
(
(

Kokotschashvili et Schileyko, 1984

Mortillet, 1854)
O. Boettger, 1879)
Reinhardt, 1877)
O. Boettger, 1879)
(O. Boettger, 1881)
(O. Boettger, 1879)
0. Boettger, 1881)
A. Schmidt, 1868)
Retowski, 1887)
Mousson, 1863)
Retowski, 1889)

L. Pfeiffer, 1848)
O. Boettger, 1883
Likharev, 1962
(Kobelt, 1877)

0. Boettger, 1879)
Hudec et Lezhava, 1969)
Klika, 1894)
Lindholm, 1912)
O. Boettger, 1887)
A. Wagner, 1895)
(O. Boettger, 1881)
O. Boettger, 1881
(O. Boettger, 1879)
(o. Boettger, 1879)
(Krynicki, 1837)
Reidel, 1988
Reidel, 1966
(Mousson, 1863)
O. Boettger, 1888)
O. Boettger, 1881)
Rossmassler, 1859)
Krynicki, 1833)
Germain, 1933)

0. Boettger, 1883)
Lindholm, 1913)
Rosen, 1911)

(
(
(
(

(
(
(
(
(
(

(
(
(
(
(
(
(
(

CE 2
CE 12
CE 13
CE 19
GE 34
GE 30
CE 75
GE 1
CE 44
CE 20
CE 24
CE 25
GE 19
GE 1
GE 2
GE 7
GE 18
GE 27
GE 41
CE 21
CE 93
CE 3
GE 1
CE 12
CE 7
CE 6
CE 12
GE 6
GE 73
CE 18
CE 58
CE 5
CE 8
GE 4
CE 136
CE 17
CE 6
CE 12
CE 25
CE 2
CE 89
CE 4
CE 6
GE 33
CE 44
CE 25
GE 9
CE 6
CE 84
GE 3
GE 1
GE 5
CE 5
CE 26
Not included
Not included
Not included
Not included
Not included
Not included

0.5

0.5
0.59
0.29
0.35
0.34
0.33

0.29
0.14
0.12
0.27
0.32

0.86
0.11

0.17
0.32
0.3

0.5
0.43

0.47

0.19
0.26
0.2
0.5
0.38

0.26
0.12
0.33
0.33
0.2
0.5
0.29
0.5
0.43
0.11
0.2
0.28
0.7

0.31
0.6

0.2
0.4
0.25

7,8
7,8,11
1,2,3,4
6,7,8
2,3,6,7,9,10,11,14
1,2,3,4
1,2,3,4,7,9,10,11,14,18,19,22
17,18
2,3,4,6,7,8
11,13
2,4
10,11,14
2,3,9,10,11
4
11,17,18
2,3
2,3,4,9,10
2,3,4,6,7,8
2,4,6,7,8,9,10,11,12,14,17,18,19,20
2,4,11,12
11
9,10,11
11,16
11,17,18
1,2,3,4
2,3,9,10,11,14
2,3,4
6,7,15,16,17,18,19,20,22
6,7,8
2,4,11
6,7,8
1,2,3,4,9,10,11,12,14,15,16,17,18,19,20,22
9,10
22
17,20,22
2,4,11
7,8
2,4,7,9,10,11,12,14,16,17,18,19,20,21
6,7,22
6,7,8
2,3
1,2,3,4,9,10
6,7,9,11
11,16
2,4,6,7,8,9,10,11,14,17,18,20,22
6,7,8
11
2,34
6,7,8,11
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Sympatry without co-occurrence: exploring the pattern of the distribution of

two Helix species in Georgia using ecological niche modeling approach
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Two species of the genus Helix (Mollusca: Gastropoda) are widespread in Georgia. One species
Helix lucorum has Mediterranean distribution whereas the other — Helix buchii is Caucasian
endemic typically associated with broadleaf forest. In spite of their sympatry within Georgia,
they never co-occur. Furthermore, in contrast with H. buchii, H. lucorum is manly found in areas
subject to human disturbance. With these two con-generics there is another large helicoid species
(C. calligera) which also is widespread in Georgia. C. calligera is usually found with both
species of Helix. Based on the pattern of distribution these three species it can be assumed that
interspecific competition might play a pivotal role in shaping the distribution of two Helix
species. In order to test this hypothesis, | used predictive ecological niche models (ENM) based
on the Maximum Entropy algorithm. ENMSs showed that the niches of these species in Georgia
are significantly different but not fully separated (~15-36% overlap). The distributional pattern
of H. lucorum should not be considered truly natural in Georgia and may be a synanthropic
phenomenon. The fact that these two Helix species never co-occur could be a result of
competitive relationship and the lack of natural habitats for H. lucorum whereas H. buchii
usually avoids anthropogenic disturbance. However the competition remains most useful

informative assumption to explain the distributional pattern of H. lucorum.
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INTRODUCTION

Two large helicid (Mollusca: Gastropoda) species - Helix lucorum Linnaeus 1758 and Helix
buchii Dubios De Montpereux, 1839 are common in Georgia. H. lucorum is typical circum
Mediterranean snail (probably coming from the areas around the Adriatic Sea), and approaches
the Caspian Sea in its eastern range. H. lucorum is slowly expanding its range to Northern and
Western parts of Europe, previously unoccupied by this species. It is usually one of the most
common and abundant snails within its native distribution area (Yildirim et al., 2004). H.
lucorum is widespread in Georgia as well. According to Lubel (2004a, b) this species is probably
introduced by human and occupied Caucasian region during the late last glaciations or even in
Holocene. H. lucorum is found in almost all kinds of habitats near or within human modified
landscapes and can be considered as synanthrop species (Salgado et al., 2010; Henk & Rittner,
2010; Peltanové et al., 2012; Mumladze, 2013).

In contrast to H. lucorum, the second species - H. buchii is typical Caucasian species mainly
attributing humid broadleaf (mainly beech) mountain forests between the Black and Caspian
Seas (except north-western Georgian mountains). It also occurs (but is not common) in some
subalpine and anthropogenic areas (Mumladze et al., 2013 and this study). In fact, these two
species are distributed sympatrycaly, and the boundary of their distribution ranges are almost
completely overlapped within Georgia (Fig.1). Several years of personal observation showed that
in Georgia H. lucorum avoids pure natural habitats, which are mostly selected by other large
helicoid species (H. buchii, Helix goderdziana Mumladze, Tarkhnishvili et Pokryszko, 2008, H.
albescens Rossmassler, 1839, Lindholmia nordmanni (Mousson, 1854), L. christophi (O.
Boettger, 1881) and Caucasotachea calligera (Dubios De Montpereux, 1840)). The most
intriguing fact in the distribution of Helix spp. in Georgia is that they never co-occur (i.e. they
have prapatric spatial pattern within sites) whereas e.g. C. calligera is frequently found together
with both Helix species. Similar sympatric distribution of another Helix pair (Helix pomatia
Linnaeus, 1758 and Helix lutescens Rossmassler, 1837) without co-occurrence was reported
from Poland, however, without attempt to explain the mechanisms underlying the pattern
(Koralewska-Batura, 1999). The pattern described above arise a question about the possible role
of interspecific interactions and species specific ecological requirements as possible drivers of
the distribution of con-generic Helix species in Georgia. It is clear and well documented that the

distributions of snails are heavily depended on the environmental factors whereas the role or



even existence of competitive relationships as a factor affecting the snail species distribution is
questionable (for reviews see Cameron, 2013)

One increasingly used approach for characterization of species distribution pattern is ecological
niche modeling (ENM) approach (Guisan & Zimmermann 2000). In General, ENM is an
approach which generates the probabilistic distribution of a given species by the constructing the
distribution of the species specific suitable multidimensional niche space (defined by the input
variable). ENM can be useful in delimiting the species specific ecological requirements and
finding other potentially acting factors (such as interspecific interaction) shaping the species
distribution (Soberon, 2005; Tarkhnishvili et. al., 2010; Lawing et al., 2012). Georgian Heilx
species are almost equal in size (more than 40 mm in diameter) and there are no known
differences in their ecological requirements (particularly food and space requirements, life
history characteristics). All above mentioned leads to hypothesize that there may be a strong
interspecific competition between this con-generics by which, they avoid co-existence in the
same environmental patches. Alternatively the ecological requirements (or ecological niches)
must be different enough to provide complete separation of the distributional ranges. If the
former is true, than ENM must result in highly similar distribution patterns for both species and
the opposite in later case (i.e. modeled potential distributions could be sufficient alone to explain
the observed pattern without considering interspecific interactions). C. calligera is frequently co-
occurring with both Helix species. Hence the prediction here is that competition between C.
calligera and Helix spp. is not an important driver of their distribution and the ecological niche
model should not be strongly differentiated. Here, | test these alternatives by constructing and
comparing ecological niche distribution models susceptible for the two Helix species and C.
calligera using ecological niche modeling approach.

MATERIALS AND METODS

Distributional data

In order to investigate the distribution pattern of the con-generic species of Helix in Georgia, |
used the distributional data for both species recorded by myself during last 7 years (Fig 1;
Appendix 1). In constructing ENMs, | used localities for which exact geographic coordinates are
available; thus, in total | collected 49, 36 and 37 localities for H. lucorum, H. buchii and C.
callugera respectively.

Envirnmental variables



The distribution of snail species is strongly affected by climate, vegetation and soil types (Dunk
et al., 2004; Horsak, 2006). Hence it might be important to use the variables of each type in order
to ensure the accuracy of ENM approach. Unfortunately, the information about soil variables
important for snails (soil type, calcium content, PH and others) is either unavailable or in
unacceptable resolution for Georgia. | used climate variables, vegetation data, land cover and
geographic information, which are free to access. Specifically, | used 19 bioclimatic variables
(with the resolution of 1 km?) presenting biologically meaningful climatic information which is
derived by the combinations of monthly temperature and rainfall (data and its detailed

description are available at: http://www.worldclim.org/) (Hijmans et al., 2005). The composition

of vegetation and its density are strongly depended on the climate (Woodward, 1987;
Stephenson, 1990), however the distribution of vegetation is also affected by the temporal factors
(such as harvesting, grazing and other anthropogenic and non-anthropogenic factors (Chuine &
Beaubien, 2001; Palmer et al., 2005). By this reason 1 also include vegetation data with the
climate variables in model building. SPOT Vegetation ten daily synthesis data (available at

http://free.vgt.vito.be/) where used to extract monthly Normalized Difference Vegetation Index

(NDVI) as a proxy of monthly vegetation cover. | used ten daily time series data from 2004 to
2010 to generate average monthly NDVI grids (12 variables in total) of 1 km resolution (using
the free extraction software VGT Extract V2.0.1 available with the data). Together with the
climate and vegetation data physical geographic variables such as elevation, aspect and slope
(last two derived from the elevation data using Arc GIS 9.3) were also included in modeling.
Besides these continuous variables, | also acquired land cover categories (includes 17 class)
derived from MODIS land cover data (MCD12QL1 - Friedl et al., 2002; Friedl et al., 2010). This
variable describes different types of land covers such is forest, grassland, cropland, settlements
and others and can be useful in understanding of species distribution (more details about the land
cover categories can be found in Appendix 2). In total 34 continuous and one categorical variable
were acquired to build SDM (Table 1).

Distribution modeling

There are many algorithms available to model the potential distribution of species (Anderson et
al., 2006). The choice of the modeling techniques depends on several factors. If true absence
localities within the range of snail species are hard to define, the algorithms relied solely on

presence data is the best choice (Pearson, 2007). Within the array of presence only modeling
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techniques Maximum Entropy (MAXENT) approach (Philips et al., 2004) seems to outperform
significantly over the others (Gaston & Garcia-vinas 2011; Tognelli et al., 2009; Pearson et al.,
2007; Hernandez et al., 2006, Elith et al., 2006). It uses information contained in presence
localities to compare those from background data (randomly collected points sometimes named
as pseudo absence localities) and calculates percent contributions of each input variables. There
are several advantages by which MAXENT is frequently chosen. One of the most important of
them is its powerful capability to analyze piecewise linear response of species on the explanatory
variable (“hinge” feature) (Elith et al., 2011). In all modeling experiments | used MAXENT with
the “hinge” function to calculate logistic model which returns a probabilities of occurrence for
each grid cell ranging from 0 to 1. For each run 25 % of occurrences were randomly selected as
test data and the remaining as training. | also calculate jackknife statistics for input variables to
weight their significance in model building. Evaluation of model performance was assessed
using the Areas Under the ROC (Receiver Operating Character) Curve (AUC) (Fielding and
Bell, 1997). Models with AUC value more than 0.75 were considered as good.

In spite of the fact that MAXENT algorithm is one of the most robust method against multi co-
linearity and high dimensionality in input data (Elith et al., 2011), prior to the final modeling |
performed filtering of highly correlated variable as suggested by Wisz et al. (2013). For that |
extracted values for all the localities using ArcGIS v9.3 (ESRI, Redlands, CA) and then
subjected them to the pair-wise linear correlation (SPSS Inc., Chicago, IL, USA) to identify
highly correlated pairs (R*>0.75). One of the partner variables of highly correlated pair was
removed by judging to which variable can be more important over its pair based on practical
knowledge. In order to make two niche models comparable it is essential to generate models
based on same input data. For this reason | removed only variables that are unimportant for both
species. In this manner, | reduced variables to the 15, which were then subjected to model in
MAXENT (Table 1).

The computation of the overlap between the two distribution models based on MAXENT output
can be done either by direct calculation of probability values containing ASCII grids or by
applying threshold to derive presence-absence potential distribution maps. In the first case | used
ENMTools v3.1 (Warren et al., 2010) which calculates niche overlap using Hellinger’s metric - |
(Warren et al., 2010). This measure is simply similarity measure which is calculated after

normalizing each model so that the sum of all the grid cell values in each model is 1. After



calculating niche (model) overlap, | performed niche identity test (using ENMTools). That is, the
occurrence data of both species is merged and then randomly divided into two new subsets (same
number occurrence points for each species) for 100 times. For each replicates MAXENT runs are
performed and overlap values are calculated. As the MAXENT model produces none zero
probabilities (but close to zero if suitability is very low) for each grid cell, I index may be
somewhat over estimation. To avoid this difficulty, | applied Maximum training sensitivity plus
specificity threshold rule (Jiménez-Valverde & Lobo, 2007) to produce presence — absence

suitability models and then simply calculated overlap percentage using ArcGIS (i.e. overlap =
a/(b+c-a) where a is a number of overlapped pixels, b — number of presence pixels of first

species and c - number of presence pixels of second species).

RESULTS

For all species MAXENT distribution models had very good performance measured by AUC
value (training = 0.9, test = 0.82 for H. buchii, training = 0.96, test = 0.94 for H. lucorum and
training = 0.91, test = 0.9 for C. calligera). Overall, models correctly predicted all known
territories for both Helix species. Particularly, western part of the Gaucasus where H. buchii is
absent was also excluded by MAXENT as well as Colchis lowland and dry eastern Georgian
belt. For H. lucorum, west Georgian humid lowlands and most of the high mountainous forests
were also correctly excluded by the model (Fig. 2). Highly susceptible area for C. calligera is
intuitively somewhat smaller than expected. Specifically, all the high mountainous regions where
excluded from the model. C. clligera is more widespread than any Helix species; however it is
not known if this species finds high mountain forests optimal. Colchis lowland where C.
calligera does occur (but with very low densities) is predicted as low susceptible.

The percent contribution of some input variables is very different between models. For H. buchii
elevation, forest (Land cover — category 5 and 8) and vegetation density in August are most
important variables that determine 60% of its distribution. Same factors are also most
informative for the distribution of H. lucorum (68 %contribution in total) but in contrast to H.
buchii categories 8 and 13 (savannas and urban areas respectively) have higher loadings (Table
1). For both species having the highest contribution of single variable is an elevation; however
both have similar response along that variable. Altitude and slope were most important
determinants for the distribution of C. calliger (89 % contribution). With increasing altitude and

slope probability of occurrence (and model performance) of this species decreases (Appendix 3).



The distinctness of Ecological niches between all the pairs are significant (P< 0.01 after 300
randomized replication — Fig. 3) however the overlap between models of Helix species calculated
using row output (i.e. each cell containing probability values) showed that Hellinger’s similarity
measure | = 55 % whereas the overlap between presence - absence models is much low (15 %).
The overlap between C. calligera and Helix species is higher (C. calligera and H. lucorum
(62%); C. calligera and H. buchii (69%)). Overlap calculated by presence absence maps were
36% between H. buchii and C. calligera, and 21% - between H. lucorum and C. calligera (Fig.
2). These statistics indicate that the suitable niche of all the pairs significantly differs as from
each other but there are no absolute differences and the sympatric co-occurrence is expected in
the contact zones.

DISCUSSION

The concept of species’ niche is more complex by its original definition (Hutchinson, 1957,
1978) than it is used frequently in modern ecology. l.e. species distribution modeling which is
one of the hot topics in ecology is entirely based on simplified niche concept determined by
environmental factors alone. However, species actual distribution (realized niche) is proved to be
strongly affected by biotic interactions (Chase & Leibold, 2003; Bascompte, 2009; van Dam,
2009) and dispersal limitations (Allouche et al., 2008; Tarkhnishvili et al., 2012). Hence,
modeling the distribution of realized niche requires incorporation of this factors as well (Wisz et
al., 2013; Kissling et al., 2012; Aradjo & Luoto, 2007). In contrast to this, distribution pattern
generated based only on environmental variable refers to the potentially susceptible areas were
particular complex of environmental conditions are met (Pearson, 2007; Miller, 2010). If two
closely related species have similar ecological requirements and are in sympatry, then there is
expected a competitive relationships and vice versa — if the ecological niches are distinct, no
competition is expected. However this pattern is something like an egg and chicken dilemma.
The distinctness of ecological niches can probably be a function of competitive relationships as
well (Whittaker et al., 1973). Since the modeled distributions represents the potentially
susceptible areas of environmental requirements, this kind of analysis can be considered as a
useful way to test whether species have similar environmental requirements. The distribution
modeling results of H. lucorum and H.buchii showed that the ecological niches they occupy are
significantly different than expected from the null distribution. There are significant differences

in ecological niches of the remaining pairs - H. lucorum vs. C. calligera and C. calligera vs. H.



buchii as well. Apart of these significant differences, there is also some overlap between all three
pairs meaning that theoretically they are able to live in sympatry in some areas. C. calligera co-
exists with both species in many areas and hence the modeled overlap is in accordance with the
actual situation, but this is not the case for H. buchii and H. lucorum. Why they do not co-occur?
In order to pull out from that vague situation some additional information should be considered.
First, the pattern described above can be assumed as an evidence of existence of some other
limiting factors (e.g competition) in distribution of H. lucorum and H. buchii rather than simple
difference in ecological niches. Indeed, if no such kind of limiting factors exist than all three
species are expected to co-exist in contact zones. This is true in case of C. calligera. However
this species is more distinct species phylogeneticaly than con-generic Helix and there might be
ecologically well differentiated life strategies or other means of limiting similarity by which they
avoid competitive relationship in the same habitat patch (Abrams, 1983). In spite of the fact that
occupied ecological niches of H. buchii and H. lucorum are significantly different, the
distinctness of ecological requirements is not gross enough to provide such a pattern. Specifically
in two localities populations of both Helix species are so close to each other (several meter
between the population edges) that there is no distinctness in environmental conditions. First
locality is situated near Tsodoreti Lake (8 km west of Thilisi). There is the road and the small hill
above the lake; South exposition of that hill is occupied by both species of Helix. However H.
lucorum is occupying areas along the road and H. buchii is found just above the population of H.
lucorum. Another locality is around the Ananuri village where both Helix have mosaic spatial
distribution (Fig. 1). Hence closeness of the populations is in accordance with the predictions of
the modeling results and it is clear that something other than ecological niche differentiation is
limiting these two species to mix up. Clearly it is not possible to talk about the strong
interspecific competition confidently; however it seems that the competition is driving the
distribution of these two Helix species at least partly. In Georgia H. lucorum is distributed almost
everywhere around the anthropogenic landscapes (Mumladze, 2013). Until now, there is no any
recorded occurrence in truly natural forest or grasslands (the distribution of that species is one of
the best studied in Georgia (Lezhava, 1973; Mumladze, 2013)). Such a close relationship with
anthropogenic habitats may be the result of predators such as large Carabid beetles (e.g. Carabus
caucasicus) which are widespread in natural areas in the Caucasus and normally are scarce in

anthropogenic areas (Niemelé et al., 2002). This idea is interesting in the view of historical



distribution of H. lucorum which may be arrived in Georgia together with the human footprints
during last several thousands of years (Lubel, 2004a,b). However dispersal control by predators
alone is not enough to explain the local distributional patterns in above considered cases.
In conclusion, the analysis provided here shows that the distinctness of ecological niches cannot
be considered as the main reason in shaping local spatial pattern for H. lucorum and H. buchii.
Instead, other kind of factors like competition, predation, anthropogenic disturbance and etc.
seem to play the important role in the limiting the dispersal of both species. In spite of the
widespread consideration that the competition is unimportant or very week force in structuring
terrestrial snail communities (Huntley et al., 2009; Schamp et al., 2010), particular cases can be
showed opposite picture (Baur & Baur, 1990). In order to fully understand the mechanisms
underlying the local pattern of spatial distribution of Helix species in Georgia one must test the
importance of some potential limiting factors rather than ecological niche differentiation.
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Variable

Description

Percent contribution

H. buchii  H. lucorum  C. aclligera
biol Annual mean temperature 34 3.6 4.6
bio2 Mean diurnal range (monthly mean, T° max -T° min) 5.4 4.6 0
bio3 Isothermality (bio2/bio7) x 100 - - -
bio4 Temperature seasonality (standard deviation X 100) 19.4 4 2.9
bio5 Maximum temperature of warmest month - - -
bio6 Minimum temperature of coldest month 0 0 0
bio7 Temperature annual range (bio5-bio6) - - -
bio8 Mean temperature of wettest quarter - - -
bio9 Mean temperature of driest quarter 0 9.8 2.7
bio10 Mean temperature of the warmest quarter 2.4 16.8 0
biol1 Mean temperature of coldest quarter 0 0 0
bio12 Annual precipitation - - -
biol3 Precipitation of wettest month - - -
biol4 Precipitation of driest month - - -
biol5 Precipitation seasonality (coeffi cient of variation) - - -
biol6 Precipitation of wettest quarter - - -
biol7 Precipitation of driest quarter - - -
bio18 Precipitation of the warmest quarter 4.1 2.5 15
bio19 Precipitation of the coldest quarter - - -
ndvil Normalized Difference Vegetation Index for January - - -
ndvi2 - for February - - -
ndvi3 - for March - - -
ndvi4 - for April - - -
ndvi5 - for May 20 0.5 46.5
ndvié6 - for June 20.9 0 1.6
ndvi7 - for July 3.9 0.9 0.1
ndvi8 - for August 0 27.8 2.1
ndvi9 - for September - - -
ndvil0 - for October - - -
ndvill - for November - - -
ndvil2 - for December - - -
landcover Land cover categories 19 12.2 3.2
alt Altitude 0 14.2 22.2
Slope Slope 15 2.9 12.6
Aspect Aspect - - -

Table 1. Environmental variables used in the MAXENT modeling and the their percent contributions
for building final models. Bold and underlined variables (left column) were used in final modeling as
most informative and uncorrelated variables.
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Figure 1. The map showing the study are with the sampling points for the analyzed species.

Letters on the map stands for: a — Tsodoreti Lake; b — Ananuri (see the discussion section
for details).
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Figure 3. Histogram is showing the distribution of the overlap amounts between the predicted
ecological niche ranges. b-I stands denotes the overlap between H. buchii and H. lucorum, c-I —
between C. calligera and H. lucorum, b-c — between H. buchii and C. calligera. The right panel of
the graph represents the distribution of range overlaps generated after 300 times randomisation



Appendix 1. In the table there are showed GPS coordinates for all the localities used in ENM for all

three species

H. lucorum C. calligera H. buchii

N E N E N E

41.4243 46.3833 41.5961 43.1598 41.8563 46.2996
41.4651 46.0950 42.3941 41.8376 41.6814 44.7083
41.4896 45.9886 42.7103 42.1522 41.6706 44.6833
41.6952 45.0912 42.1489 43.3273 42.0776 44.7507
41.6306 44.9245 42.3038 43.2767 42.0948 44.7242
41.6764 44.8940 42.2554 42.9526 42.1641 44.7028
41.7071 44.8447 42.1521 41.7814 42.4072 44.6949
41.6841 44.7922 41.5656 41.6131 42.3900 44.6770
41.7161 44.7846 41.5043 41.7136 41.7680 44.6342
41.7113 44.7498 41.5144 41.7558 41.7616 44.6245
41.6520 44.7014 41.6510 41.7645 41.6640 44.5424
42.0344 44.7449 41.7680 41.9739 41.7568 44.5112
41.7662 44.6243 41.9465 42.3517 41.7821 44.5120
42.1633 44.7033 41.9058 42.3877 41.3373 44.3500
41.9182 44.5499 41.9186 43.2553 41.2668 44.3118
41.8465 44.5334 41.9621 43.4043 42.1048 43.6454
41.3752 44.4233 42.5478 42.9687 41.9155 43.2598
41.9800 44.4321 42.5400 43.1219 42.1498 43.2986
41.9648 44.2176 42.3817 43.0178 42.5129 43.3349
41.9045 44.0944 41.8561 46.2998 42.4360 43.3031
41.9839 44.0609 41.8596 46.2683 42.3114 42.6666
42.0652 44.0387 41.4946 46.0960 42.4079 43.0315
42.0578 43.8686 41.8230 44.7332 41.6913 44.6091
42.0207 43.5666 41.6963 44.7794 41.8902 42.3683
41.9154 43.4780 42.0819 43.1489 41.4659 42.4236
41.7975 43.4624 42.2923 42.7588 42.3163 43.1036
41.8118 43.4389 42.3228 42.6554 41.8647 43.5511
41.8700 43.4192 41.8724 42.8584 42.5260 43.2962
41.8420 43.3853 41.6869 44.3594 41.8490 46.3313
42.1748 43.3275 41.9645 44.1067 41.6834 42.6539
42.3008 43.2754 41.9162 44.4052 41.3697 44.3819
42.2670 43.2217 42.6553 42.7609 42.0396 43.7112
42.2847 43.2171 43.0607 41.0246 41.6572 42.6083
42.0974 43.1723 43.2910 40.2898 41.3752 44.4233
41.5961 43.1598 41.9097 45.4511 42.0571 42.2737
42.3279 42.9749 41.9686 45.8576 41.8846 42.1629
42.2539 42.9524 42.0325 45.7301



42.2151
41.5740
42.1209
41.4286
42.3336
42.2996
41.8637
42.2313
42.1281
42.0998
42.1192
42.0944

42.7987
41.5760
42.3315
45.0565
43.3913
43.3066
43.4097
43.1710
42.7929
42.8449
42.9854
43.1173

Appendix 2. Table represents Land Cover Categories used in MAXENT Modelling

Land Cover
Class Class Description
0 Water
1 Evergreen Needle-leaf forest
2 Evergreen Broad-leaf forest
3 Deciduous Needle-leaf forest
4 Deciduous Broad-leaf forest
5 Mixed forest
6 Closed shrublands
7 Open shrublands
8 Woody savannas
9 Savannas or very sparsely wooded area
10 Grasslands
11 Permanent wetlands
12 Grassland or Croplands
13 Urban and built-up
14 Cropland or Natural vegetation mosaic (e.g. Rhododendrin & Betula; subalpine forest)
15 Permanent snow and ice
16 Barren or sparsely vegetated

254

Unclassified
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sbsmo 2

3b®owdo  dmEgdnmos  Lods®mzgwmdo  2o3M3ggdwo  bdgagmol  dmerlizgdol bos Gglsdsdolo

Mmx5HgdoL Jomomgdom. dgbmmyg 1B3gE0 (o3MEIgds) 50b0dbagl o3gneo Lobgmdol ds3M39wgdol

LobE3MYOL, 39Mdm: GE - bogommzgguml 96gdo; CE - 30335b00b gbgdo; WS - gomom 4s36M3gmgds.

mxsbo 33500 Lobgmds 333100 29303990
Aciculidae Acicula Acicula limbata Reuss, 1860 WS
Aciculidae Acicula Acicula moussoni O. Boettger, 1879 GE
Agriolimacidae Deroceras Deroceras agreste (Linnaeus, 1758) WS
Agriolimacidae Deroceras Deroceras bacurianum (Simroth, 1912) WS
Agriolimacidae Deroceras Deroceras caucasicum (Simroth, 1901) WS
Agriolimacidae Deroceras Deroceras osseticum (Simroth, 1901) CE
Agriolimacidae Deroceras Deroceras reticulatum (Muller, 1774) WS
Agriolimacidae Deroceras Deroceras subagreste (Smiroth, 1892) WS
Agriolimacidae Krynickillus Krynickillus melanocephalus ~ Kaleniczenko, 1851 WS
Agriolimacidae Megalopelte Megalopelte simrothi Lindholm, 1914 WS
Boettgerillidae Boettgerilla Boettgerilla compressa Simroth, 1910 GE
Boettgerillidae Boettgerilla Boettgerilla pallens Simroth, 1912 WS
Bradybaenidae Fruticicola Fruticicola fruticum (Muller, 1774) WS
Carychiidae Carychium Carychium minimum Muller, 1774 WS
Carychiidae Carychium Carychium tridentatum (Risso, 1826) WS
Carychiidae Carychium Carychium lederi (O. Boettger, 1880) WS
Carychiidae Carychium Carychium schlickumi Strauch, 1977 WS
Chondrinidae Chondrina Chondrina clienta Ehrmann, 1933 WS
Chondrinidae Chondrina Chondrina granum (draparnaud, 1801) WS
Chondrinidae Chondrina Chondrina avenacea (Bruguiere, 1792) WS
Clausiliidae Acrotoma Acrotoma baryshnikovi Likharev and Schileyko, 2007 GE
Clausiliidae Acrotoma Acrotoma claussi Nordsieck, 1977 GE
Clausiliidae Acrotoma Acrotoma gegica Suvorov, 2002 GE
Clausiliidae Acrotoma Acrotoma juliae Suvorov, 2002 GE
Clausiliidae Acrotoma Acrotoma komarowi (O. Boettger, 1881) GE
Clausiliidae Acrotoma Acrotoma laccata (O. Boettger, 1881) GE
Clausiliidae Armenica Armenica gracillima (Retowski, 1889) CE
Clausiliidae Armenica Armenica griseofusca (Mousson, 1876) GE
Clausiliidae Armenica Armenica unicristata (O. Boettger, 1877) CE
Clausiliidae Caspiophaedusa Caspiophaedusa perlucens (O. Boettger, 1877) CE
Clausiliidae Elia Elia derasa (Mousson, 1863) CE
Clausiliidae Elia Elia ossetica (Mousson, 1863) CE
Clausiliidae Elia Elia somchetica somchetica (L. Pfeiffer, 1846) CE
Clausiliidae Elia Elia tuschetica Likharev et Lezhawa, 1961 GE
Clausiliidae Euxinastra Euxinastra hamata (O. Boettger, 1888) CE
Clausiliidae Filosa Filosa filosa (Mousson, 1863) CE
Clausiliidae Kazancia Kazancia lindholm (Kobelt in Lindholm, 1912) CE
Clausiliidae Mentissoidea Mentissoidea rupicola (Mortillet, 1854) CE
Clausiliidae Micropontica Micropontica closta (O. Boettger, 1881) GE
Clausiliidae Mucronaria Mucronaria acuminata (Mousson, 1876) GE
Clausiliidae Mucronaria Mucronaria duboisi (Chrapentier, 1852) CE
Clausiliidae Mucronaria Mucronaria index (Mousson, 1863) GE
Clausiliidae Mucronaria Mucronaria pleuroptychia (O. Boettger, 1878) CE
Clausiliidae Mucronaria Mucronaria strauchi (O. Boettger, 1878) GE
Clausiliidae Pontophaedusa Pontophaedusa funiculum (Mousson, 1863) CE
Clausiliidae Pravispira Pravispira semilamellata (Mousson, 1863) CE
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Clausiliidae
Clausiliidae
Clausiliidae
Clausiliidae
Clausiliidae
Clausiliidae
Clausiliidae
Clausiliidae
Clausiliidae
Clausiliidae
Clausiliidae
Clausiliidae
Cochlicopidae
Cochlicopidae
Cochlicopidae
Cochlicopidae
Cochlicopidae
Cochlostomatidae
Cyclophoridae
Daudebardiidae
Daudebardiidae
Daudebardiidae
Daudebardiidae
Daudebardiidae
Discidae

Enidae

Enidae

Enidae

Enidae

Enidae

Enidae

Enidae

Enidae

Enidae

Enidae

Enidae

Enidae

Enidae

Enidae

Enidae

Enidae

Enidae

Enidae

Enidae

Enidae

Enidae

Enidae

Enidae

Enidae

Enidae

Enidae

Enidae

Enidae
Euconulidae

Quadriplicata
Quadriplicata
Quadriplicata
Quadriplicata
Quadriplicata
Quadriplicata
Scrobifera
Serrulina
Serrulina
Serrulinella
Strigileuxina
Strigileuxina
Cochlicopa
Cochlicopa
Cochlicopa
Cochlicopa
Cochlicopa
Toffoletia
Caspicyclotus
Daudebardia
Inguria
Sieversia
Sieversia
Szuchumiella
Discus

Adzharia
Akramowskiella
Akramowskiella
Brephulopsis
Caucasicola
Chondrula
Chondrula
Chondrula
Chondrula
Chondrus
Clausilioides
Euchondrus
Euchondrus
Georginapaeus
Imparietula
Improvisa
Ljudmilena
Ljudmilena
Merdigera
Peristoma
Peristoma
Pseudochondrula
Pseudochondrula
Pseudochondrula
Pseudochondrula
Pseudochondrula
Retowskia
Andronakia
Euconulus

Quadriplicata aggesta
Quadriplicata dipolauchen
Quadriplicata lederi
Quadriplicata pumiliformis
Quadriplicata quadriplicata
Quadriplicata subaggesta
Scrobifera taurica
Serrulina serrulata
Serrulina sieversi
Serrulinella senghanensis
Strigileuxina reuleauxi
Strigileuxina lindholmi
Cochlicopa curta
Cochlicopa nitens
Cochlicopa lubrica
Cochlicopa lubricella
Cochlicopa lubricoides
Toffoletia lederi
Caspicyclotus sieversi
Daudebardia nivea

Inguria wagneri

Sieversia heydeni

Sieversia lederi
Szuchumiella jetschini
Discus ruderatus

Adzharia renschi
Akramowskiella andronakii
Akramowskiella umbrosa
Brephulopsis cylindrica
Caucasicola raddei
Chondrula caucasica
Chondrula microtraga
Chondrula sunzhica
Chondrula tridens
Chondrus zebrula
Clausilioides filifer
Euchondrus acutior
Euchondrus lamelliferus
Georginapaeus hohenackeri
Imparietula Brevior
Improvisa pupoides
Ljudmilena sieversi
Ljudmilena tricolis
Merdigera obscura
Peristoma boettgeri
Peristoma lanceum
Pseudochondrula lederi
Pseudochondrula seductilis
Pseudochondrula sinistrorosa
Pseudochondrula tetrodon
Pseudochondrula tuberifera
Retowskia schlaeflii
Andronakia catenulata
Euconulus fulvus

(O. Boettger, 1879)
(O. Boettger, 1881)
(O. Boettger, 1879)
(O. Boettger, 1881)
(A. Schmidt, 1868)
(Retowski, 1887)
(L. Pfeiffer, 1848)
(L. Pfeiffer, 1847)
Likharev, 1962

(de Morgan in Germain, 1933)
(O. Boettger, 1887)
(Lindholm, 1912)
Clessin, 1908
(Gallenstein, 1852)
(Muller, 1774)
(Ziegler in Porro, 1838)
(Potez et Michaud, 1838)
(O. Boettger, 1881)
(L. pfeiffer, 1871)
Schileyko, 1988
(Rosen, 1911)

(O. Boettger, 1879)
(O. Boettger, 1881)
(A. Wagner, 1895)
(Ferussac, 1821)
Hesse, 1933
(Lindholm, 1913)
(Mousson, 1873)
(Menke, 1828)
(Kobelt, 1880)

(L. Pfeiffer, 1852)
(Parreyss in Rossmassler, 1839)
Steklov, 1962
(Muller, 1774)
(Ferussac, 1821)
(Lindholm, 1913)
(Lindholm, 1922)
(Rossmassler, 1859)
(L. Pfeiffer, 1848)
(Mousson, 1876)
(Krynicki, 1833)
(Mousson, 1873)
(Mousson, 1876)
(Muller, 1774)
(Clessin, 1883)
Schileyko, 1984
(O. Boettger, 1883)
(Rossmassler, 1837)
Kokotschashvili et Schileyko, 1984
(Mortillet, 1854)
(O. Boettger, 1879)
(Mousson, 1863)
(Lindholm, 1914)
(Muller, 1774)

CE
GE
GE
CE
CE
CE
CE
WS
CE
WS
CE
CE
WS
WS
WS
WS
WS
CE
WS
GE
CE
CE
WS
GE
WS
GE
CE
CE
WS
CE
WS
WS
GE
WS
WS
GE
WS
WS
CE
CE
WS
CE
GE
WS
GE
GE
CE
WS
GE
CE
CE
CE
CE
WS
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Ferussaciidae
Ferussaciidae
Gastrocoptidae
Gastrodontidae
Helicidae
Helicidae
Helicidae
Helicidae
Helicidae
Helicidae
Helicidae
Helicidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Hygromiidae
Limacidae

Cecilioides
Cecilioides
Gastrocopta
Zonitoides
Caucasotachea
Caucasotachea
Helix

Helix

Helix

Helix
Lindholmia
Lindholmia
Caucasigena
Caucasigena
Caucasigena
Caucasigena
Caucasigena
Caucasigena
Caucasocressa
Caucasocressa
Caucasocressa
Circassina
Circassina
Circassina
Circassina
Euomphalia
Euomphalia
Fruticocampylaea
Fruticocampylaea
Hesseola
Kalitinaia
Kalitinaia
Kalitinaia
Kokotschashvilia
Kokotschashvilia
Kokotschashvilia
Kokotschashvilia
Monacha
Monacha
Monacha
Monacha
Monacha
Oscarboettgeria
Platytheba
Platytheba
Shileykoia
Stenomphalia
Stenomphalia
Stenomphalia
Stenomphalia
Stenomphalia
Teberdina
Xeropicta
Caucasolimax

Cecilioides acicula
Cecilioides raddei
Gastrocopta theeli
Zonitoides nitidus
Caucasotachea atrolabiata
Caucasotachea calligera
Helix goderdziana

Helix albescens

Helix buchii

Helix lucorum

Lindholmia christophi
Lindholmia nordmanni
Caucasigena abchasica
Caucasigena armeniaca
Caucasigena eichwaldi
Caucasigena rengarteni
Caucasigena schaposchnikovi
Caucasigena thalestris
Caucasocressa ibera
Caucasocressa joannis
Caucasocressa dasilepida
Circassina frutis

Circassina pachnodes
Circassina pergranulata
Circassina stephaniae
Euomphalia aristata
Euomphalia appeliana
Fruticocampylaea kobiensis
Fruticocampylaea narzanensis
Hesseola solidior

Kalitinaia crenimargo
Kalitinaia perspectiva
Kalitinaia tiflisiana
Kokotschashvilia eberhardi
Kokotschashvilia holotricha
Kokotschashvilia makvalae
Kokotschashvilia tanta
Monacha cartusiana
Monacha perfrequens
Monacha roseni

Monacha samsunensis
Monacha subcarthusiana
Oscarboettgeria euages
Platytheba mingrelica
Platytheba prometheus
Shileykoia daghestana
Stenomphalia maiae
Stenomphalia pisiformis
Stenomphalia ravergiensis
Stenomphalia selecta
Stenomphalia septemgyrata
Teberdina flavolimbata
Xeropicta derbentina
Caucasolimax caucasicus

(Muller, 1774)

(O. Boettger, 1879)
(Westerlund, 1876)
(Muller, 1774)
(Krynicki, 1833)
(Dubois de Montpereux, 1840)
Mumladze et al., 2008
Rossmassler, 1839
(Dubios de Montpereux, 1839)
Linnaeus, 1758

(O. Boettger, 1881)
(Mousson, 1854)
(Lindholm, 1927)

(L. Pfeiffer, 1846)

(L. Pfeiffer, 1846)
(Lindholm, 1913)
(Rosen, 1911)
(Lindholm, 1927)
Hausdorf, 2003
(Mortillet, 1854)
(Mabille, 1881)

(L. pfeiffer, 1859)

(O. Boettger, 1884)
Hausdorf, 2001
(Hudec et Lezhawa, 1970)
(Krynicki, 1836)
(Mousson, 1876)

(O. Boettger, 1883)
(Krynicki, 1836)
(Mousson, 1873)

(L. Pfeiffer, 1848)
Hausdorf, 1993
(Lindholm, 1913)
Schileyko, 1978

(O. Boettger, 1884)
(Hudec et Lezhawa, 1969)
Schileyko, 1978
(Muller, 1774)
(Hesse, 1914)

(Hesse, 1914)

(L. Pfeiffer, 1868)
(Lindholm, 1913)

(O. Boettger, 1883)
(Hesse, 1921)

(O. Boettger, 1883)
(Kobelt, 1877)
(Hudec et Lezhava, 1969)
(L. Pfeiffer, 1846)
(Ferussac, 1835)
(Klika, 1894)
(Mousson, 1876)

(O. Boettger, 1883)
(Krynicki, 1836)
(Simroth, 1898)

WS
WS
WS
WS
CE

CE
WS

WS
CE
CE
CE
CE
CE
WS
WS
CE
GE
CE
CE
CE
CE
GE
GE
CE
CE
GE
CE
WS
CE
CE
CE
CE
CE
GE
GE
WS
CE
CE
WS
CE
CE
GE
GE
CE
CE
WS
WS
CE
WS
CE
WS
GE
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Limacidae
Limacidae
Limacidae
Limacidae
Limacidae
Limacidae
Limacidae
Limacidae
Milacidae
Oleacinidae
Orculidae
Orculidae
Orculidae
Orculidae
Orculidae
Orculidae
Orculidae
Orculidae
Orculidae
Orculidae
Orculidae
Orculidae
Orculidae
Orculidae
Orculidae
Orculidae
Orculidae
Orculidae
Orculidae
Orculidae
Parmacellidae
Punctidae
Pupillidae
Pupillidae
Pupillidae
Pupillidae
Pupillidae
Pupillidae
Pyramidulidae
Succineidae
Succineidae
Succineidae
Succineidae
Trigonochlamydidae
Trigonochlamydidae
Trigonochlamydidae
Trigonochlamydidae
Trigonochlamydidae
Truncatellinidae
Truncatellinidae
Truncatellinidae
Truncatellinidae
Truncatellinidae
Valloniidae

Eumilax
Eumilax
Gigantomilax
Gigantomilax
Gigantomilax
Limax
Metalimax
Metalimax
Milax
Poiretia
Euxinolauria
Euxinolauria
Euxinolauria
Euxinolauria
Euxinolauria
Euxinolauria
Euxinolauria
Euxinolauria
Euxinolauria
Euxinolauria
Euxinolauria
Euxinolauria
Lauria
Pilorcula
Pilorcula
Pilorcula
Pilorcula
Pilorcula
Schileykula
Sphyradium
Parmacella
Punctum
Gibbulinopsis
Gibbulinopsis
Pupilla
Pupilla
Pupilla
Pupilla
Pyramidula
Oxyloma
Oxyloma
Succinea
Succinella
Drilolestes
Hyrcanolestes
Lesticulus
Selenochlamys
Trigonochlamys
Columella
Truncatellina
Truncatellina
Truncatellina
Truncatellina
Acanthinula

Eumilax brandti

Eumilax intermittens
Gigantomilax koenigi
Gigantomilax lederi
Gigantomilax monticola
Limax maculatus
Metalimax elegans
Metalimax varius

Milax caucasicus

Poiretia mingrelica
Euxinolauria caucasica
Euxinolauria glomerosa
Euxinolauria honesta
Euxinolauria nemethi
Euxinolauria paulinae
Euxinolauria pulchra
Euxinolauria rectidentata
Euxinolauria silicea
Euxinolauria sinangula
Euxinolauria superstructa

Euxinolauria tenuimarginata

Euxinolauria zonifera
Lauria cylindracea
Pilorcula aspinosa
Pilorcula pusilla

Pilorcula trifilaris trifilaris
Pilorcula trifilaris longior

Pilorcula trifilaris quadrifilaris

Schileykula batumensis
Sphyradium doliolum
Parmacella ibera
Punctum pygmaeum
Gibbulinopsis interrupta
Gibbulinopsis signata
Pupilla inops

Pupilla muscorum
Pupilla sterri

Pupilla triplicata
Pyramidula rupestris
Oxyloma elegans
Oxyloma sarsi

Succinea putris
Succinella oblonga
Drilolestes retowskii
Hyrcanolestes velitaris
Lesticulus nocturnus
Selenochlamys pallida
Trigonochlamys imitatrix
Columella edentula
Truncatellina claustralis
Truncatellina costulata
Truncatellina cylindrica
Truncatellina callicratis
Acanthinula aculeata

(Martens, 1880)

(O. Boettger, 1883)
(Simroth, 1912)

(O. Boettger, 1883)
(O. Boettger, 1881)
(Kaleniczenko, 1851)
Simroth, 1901

(O. Boettger, 1884)
Simroth, 1912

(O. Boettger, 1881)
(L. pfeiffer, 1857)
Suvorov et Schileyko, 1991
Suvorov et Schileyko, 1991
(Hausdorf, 1996)
(Lindholm, 1913)
(Retowski, 1883)
Schileyko, 1975
Schileyko, 1975
Schileyko, 1975
(Mousson, 1876)
(Pilsbry, 1922)
(Pilsbry, 1934)

(Da Costa, 1778)
Hausdorf, 1996
Hausdorf, 1996
(Mousson, 1863)
Hausdorf, 1996
(Rosen, 1905)
(Retowski, 1889)
(Bruguiere, 1792)
Eichwald, 1841
(Draparnaud, 1801)
(Reinhardt in Martens, 1876)
(Mousson, 1873)
(Reinhardt, 1877)
(Linnaeus, 1758)
(Voith in Furnrohr, 1840)
(Studer, 1820)
(Draparnaud, 1801)
(Risso, 1826)
(Esmark in Esmark et Hoyer, 1886)
(Linnaeus, 1758)
(Draparnaud, 1801)
(O. Boettger, 1884)
(Martens, 1880)
Schileyko, 1988

O. Boettger, 1883

O. Boettger, 1881
(draparnaud, 1805)
(Gredler, 1856)
(Nilsson, 1822)
(Ferussac, 1807)
(Gredler, 1853)
(Muller, 1774)
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Valloniidae
Valloniidae
Vertiginidae
Vertiginidae
Vertiginidae
Vertiginidae
Vertiginidae
Vertiginidae
Vertiginidae
Vitrinidae
Vitrinidae
Vitrinidae
Zonitidae
Zonitidae
Zonitidae
Zonitidae
Zonitidae
Zonitidae
Zonitidae
Zonitidae
Zonitidae
Zonitidae
Zonitidae
Zonitidae
Zonitidae
Zonitidae
Zonitidae
Zonitidae
Zonitidae
Zonitidae
Zonitidae
Zonitidae
Zonitidae
Zonitidae
Zonitidae
Zonitidae
Zonitidae
Zonitidae
Zonitidae
Zonitidae
Zonitidae
Zonitidae
Zonitidae
Zonitidae
Zonitidae
Zonitidae

Vallonia
Vallonia
Vertigo
Vertigo
Vertigo
Vertigo
Vertigo
Vertigo
Vertilla
Phenacolimax
Trochovitrina
Vitrina
Aegopinella
Conulopolita
Conulopolita
Conulopolita
Discoxychilus
Eopolita
Oxychilus
Oxychilus
Oxychilus
Oxychilus
Oxychilus
Oxychilus
Oxychilus
Oxychilus
Oxychilus
Oxychilus
Oxychilus
Oxychilus
Oxychilus
Oxychilus
Oxychilus
Oxychilus
Oxychilus
Perpolita
Perpolita
Vitrea

Vitrea

Vitrea

Vitrea

Vitrea

Vitrea

Vitrea
Vitrinoxychilus
Vitrinoxychilus

Vallonia costata
Vallonia pilchella
Vertigo antivertigo
Vertigo moulinsiana
Vertigo pusilla

Vertigo pygmaea
Vertigo sieversi
Vertigo substriata
Vertilla angustior
Phenacolimax annularis’
Trochovitrina lederi
Vitrina Pellucida
Aegopinella pura
Conulopolita cavatica
Conulopolita raddei
Conulopolita sieversi
Discoxychilus lindholmi
Eopolita derbentina
Oxychilus crenimargo
Oxychilus decipiens
Oxychilus deilus deilus
Oxychilus difficilis
Oxychilus discrepans
Oxychilus duboisi
Oxychilus imperator
Oxychilus Koutaisanus
Oxychilus oschtenicus
Oxychilus suaneticus
Oxychilus subeffuscus
Oxychilus sucinaceus
Oxychilus translucidus
Oxychilus andronakii
Oxychilus birsteini
Oxychilus lederi
Oxychilus retowskii
Perpolita hammonis
Perpolita petronella
Vitrea angystropha
Vitrea contortula
Vitrea contracta’
Vitrea praetermissa
Vitrea pygmaea

Vitrea rhododendronis
Vitrea sorella
Vitrinoxychilus subsuturalis
Vitrinoxychilus suturalis

(Muller, 1774)
(Muller, 1774)
(Draparnaud, 1801)
(Dupuy, 1849)
Muller, 1774
(Draparnaud, 1801)
(0. Boettger, 1879)
(Jeffreys, 1830)
(Jeffreys, 1830)
(Studer, 1820)

(O. Boettger, 1879)
(Muller, 1774)
(Alder, 1830)
(Riedel, 1966)

(O. Boettger, 1879)
(O. Boettgeri, 1879)
Reidel, 1966

(O. Boettger, 1886)
(Retowskii, 1889)
(O. Boettger, 1886)
(Bourguignat, 1857)
(O. Boettger, 1888)
(Retowski, 1889)

(Charpentier in Mousson, 1863)

Reidel, 1966
(Mousson, 1863)
(O. Boettger, 1888)
(O. Boettgeri, 1883)
(O. Boettger, 1879)
(O. Boettger, 1883)
(Mortillet, 1854)
(Lindholm, 1914)
Tzvetkov, 1940
(O. Boettger, 1880)
(Lindholm, 1914)
(Strom, 1765)

(L. Pfeiffer, 1853)
(O. Boettger, 1880)
(Krynicki, 1837)
(Westerlund, 1871)
Reidel, 1988

(O. Boettger, 1880)
Reidel, 1966
(Mousson, 1863)
(O. Boettger, 1888)
(O. Boettger, 1881)
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Acanthinula aculeata Acicula limbata

Acicula moussoni

Acrotoma gegica

— N Acrotoma komarowi
ﬁ Acrotoma laccata Adzharia renschi

Aegopinella pura
Akramowskiella andronakii



Akramowskiella umbrosa

Arm

Am

Andronakia catenulata

. 1N~ ,

venica gracillima

menica unicristata

Boettgerilla pallens

Carychium lederi

Can

ychium schlickumi

Caspicyclotus sieversi

Caucasicola raddei

Amenica griseofusca

- Boettgerilla compressa

. Brephulopsis cylindrica

Carychium minimum

Carychium tridentatum

Caspiophaedusa perlucens

[ Caucasigena abchasica



Caucasigena armeniaca Caucasigena eichwaldi

Caucasigena thalestris aucasocressa dasilepida

Caucasocressa ibera Caucasocressa joannis

Caucasolimax caucasicus Caucasotachea atrolabiata

Caucasotachea calligera Cecilioides acicula

Chondrina granum | Chondula caucasica

Chondrula microtraga Chondrula sunzhica

Chondrula tridens Chondrus zebrula



Circassina frutis Circassina pachnodes

Circassina pergranulata - Circassina stephaniae

Clausilioides filifer Cochlicopa curta

‘ Cochlicopa lubrica Cochlicopa lubricella

Conulopolita raddei . Conulopolita sieversi

Daudebardia nivea Deroceras agreste

Deroceras caucasicum
Deroceras bacurianum

Deroceras reticulatum

Deroceras osseticum




=

Deroceras subagreste

Discus ruderatus

- m

Elia derasa

Elia somchetica

Eopolita derbentina

Euchondrus lamelliferus

Eumilax intermittens

Discoxychilus lindholmi

Drilolestes retowskii

Elia ossetica

Elia tuschetica

Euchondrus acutior

Euconulus fulvus

Eumilax brandti

H »



Euomphalia appeliana

Euxinastra hamata

Euxinolauria glomerosa

Euxinolauria honesta

Euxinolauria paulinae

Euxinolaunia rectidentata

Euxinolauria sinangula

Euxinolauria tenuimarginata

Euomphalia aristata

Euxinolauria caucasica

Eumilax brandti

[

Euxinolauria nemethi

Euxinolauria pulchra

Euxinolaurnia silicea

Euxinolauria superstructa

Euxinolauria zonifera



Filosa filosa

Fruticicola fruticum

Fruticocampylaea kobiensis Fruticocampylaea narzanensis

apaeus hohenack
Georginapaeus hohenackeri Gibbulinopsis interrupta

Gibbulinopsis signata Gigantomilax koenigi

Gigantomilax lederi
Gigantomilax monticola

Helix goderdziana
Helix albescens

Helix buchii
Helix lucorum

Hesseola solidiof
lidior Hyrcanolestes velitaris




Conulopolita cavatica
Columella edentula

Imparietula Brevior

Inguria wagneri

Kalitinaia crenimargo Kalitinaia perspectiva

Kalitinaia tiflisiana Kazancia lindholm

Kokotschashvilia eberhardi Kokotschashvilia holotricha

Kokotschashvilia makvalae

Kokotschashvilia tanta

Krynickillus melanocephalus
Lauria cylindracea

Lesticulus noctumus Limax maculatus




Lindholmia christophi

Ljudmilena sieversi

Megalopelte simrothi

Metalimax elegans

Micropontica closta

Monacha cartusiana

Monacha roseni

Monacha subcarthusiana

Lindholmia nordmanni

Ljudmilena tricolis

Mentissoidea rupicola

Metalimax varius

Milax caucasicus

Monacha perfrequens

Monacha samsunensis

Mucronaria acuminata



Mucronaria duboisi

Mucronaria pleuroptychia

1 Oscarboetigeria euages

. Oxychilus birsteini

Oxychilus deilus

Oxychilus discrepans

Oxychilus imperator

Oxychilus lederi

Mucronaria index

Mucronaria strauchi

Oxychilus andronakii

Oxychilus crenimargo

Oxychilus difficilis

1 Oxychilus duboisi

Oxychilus Koutaisanus

Oxychilus oschtenicus




oxychilus retowskii

Oxychilus subeffuscus

o k)

Oxyehilus translucidus

Parmacella ibera

Peristoma lanceum

Perpolita petronella

Pilorcula aspinosa

Pilorcula trifilans

=

Oxychilus suaneticus

Oxychilus sucinaceus

Oxyloma sarsi

Peristoma boettgeri

Perpolita hammonis

Phenacolimax annularis

Pilorcula pusilla

Platytheba mingrelica




Platytheba prometheus Poiretia mingrelica

Pontophaedusa funiculum

Pravispira semilamellata

Pseudochondrula lederi
Pseudochondrula tetrodon

Pseudochondrula tuberifera

Punctum pygmaeum

Pupilla inops

Pseudochondrula seductilis

Pupilla muscorum

Pupilla sterri

Pupilla triplicata

= Pyramidula rupestris

Quadriplicata aggesta

Quadniplicata dipolauchen



Quadriplicata pumiliformis Quadriplicata quadriplicata

Quadriplicata subaggesta

|| Retowskia schiaeflii

Schileykula batumensis
Scrobifera taurica

Selenochlamys pallida

Serrulina

- g gy

Shileykoia daghestana

errulata

Serrulina sieversi

Sieversia heydeni Sieversia lederi

Sphyradium doliolum
Stenomphalia maiae



Stenomphalia pisiformis
‘ Lol Stonomphahs ravergonsi

1 Stenomphalia selecta Stenomphalia septemgyrata

Strigileuxina lindholmi Strigileuxina reuleauxi

Succinea oblonga Succinea putris

w o

Szuchumiella jetschini Toffolettia lederi

Toffolettia lederi Trigonochlamys imitatrix

Truncatellina claustralis
Truncatellina costulata

Vallonia costata

Truncateliina cylindrica




Vallonia pilchella . Vertigo antivertigo

4 ==

Vertigo moulinsiana Vertigo pygmaea

Vertigo sieversi Vertila angustior

Vitrea angystropha
Vitrea contortula

Vitrea contracta Vitrea pygmaea

Vitrea praetermissa

Vitrea sorella

Vitrina Pellucida

Vitrea rhododendronis
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Vitrinoxychilus suturalis
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Zonitoides nitidus
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