
TOTAL OF 10 PAGES ONLY 

VICTORIA LOUISE BIRT-FRIESEN 









88bialhEquc nlmon7lr 
d" Canada 

acqu~sltronsand D~rn l~on  dm acqasl,o,~s LI 
Bbi8ographr;SeWce &-mch des sorvces blll8qraihIIqoOO 

I 5 W C l y m r n S , ~ I  
Ollara OllOlD 

XS llm Wclbluiun 

K I I O N I  
OllWnlOnlnlnl 
K IAONI  , ,,,, ,,,, ,... ,.., 

NOTICE AVlS 

The quality of this microform is La qualit6 de cette microforme 
heavily dependent upon the depend grandement de la qualite 
quality of the original thesis de la these soumise au 
submitted for microfilming. microfilmage. Nous avons tout 
Every effort has been made to fait pour assurer une quaiit6 
ensure the highest quality of superieure de reproduction. 
reproduction possible. 

i f  pages are missing, conlact the S'il manque des pages, veuillez 
university which granted the communiquer avec I'universite 
degree. qui a conf8re le grade. 

Some pages may have indistinct La qualit6 d'impression de 
print especially if the original certaines pages peut iaisser a 
pages were typed with a poor desirer, surtout si les pages 
typewriter ribbon or if the originales ont Ote 
;niversity sent us an inferior dactylographi&es A I'aide d'un 
whotocowv. ruban use ou si I'universite nous 

a fait parvenir une photocopie de 
qualite inferieure. 

Reproduction in full or in part of La reproduction, mCme partielle, 
thi; microform is governed by de cette microforme est soumise 
the Canadian Cowvrioht Act. a la Loi canadienne sur le droit . ,  - 
R.S.C. 1970, c. C-30, and d'auteur, SRC 1970, c. C-30, et 
subsequent amendments. ses amendements subsequents. 



POPULATION DIFFERENTIATION AND EVOLUTION AMONG 

TIIICK-BILLED IURIA LOMVIA) AND COMMON MURRES (U. AALCE) 

Q Viclaria Lauise Friapn (Birl), B.Sc, MSc. 

A lhwis whmitted to the S&ml of  Graduate Studiw in 

porlinl fullillmenl of the requirements for the degne of 

Doclor of Philosaphy 

Dcparlmcnts of Psychnlagv and Biology, 

Memorial University of Neafwndland, 

Sl. John's, Nwloundlond AIB 3x9, Canada 



i+i !;gnmyav RiMio!h$qu@ nalaMle 
du Canada 

Ac\cqu#sllans and Dlreclon des acqu8slI1m5 
Btblic~iaph~c serv8ces Brailen des seMces blbllwrapln9Ues 

JPSWsl8mglmSIrPB 
o,ts*s.onrm 

=I. NsWCllrnrnUn 

KIAONd 
O,,m,Onlnlo, 
*,,%ON< .,~,<, ,,.,,.,,,.,~, ~ , .  

, , , . , . A , *  ,.,, +,,".,. 

The author has granted an 
irrevocable non-exclusive licence 
allowing the National Library of 
Canada to reproduce, loan, 
distribute or sell copies of 
his/her thesis by any means and 
in any form o: format, making 
this thesis available to interested 
persons. 

L'auteur a accorde une licence 
irrbvocable et non exclusive 
permettant h la Bibliotheque 
nationale du Canada de 
reproduire, prQter, distribuer ou - 
vendre des copies de sa these 
de quelque manibre et sous 
quelque forme que ce soit pour 
mettre des exempiaires de cette 
these ii la disposition des 
personnes intbressees. 

The author retains ownership of Cauteur conserve la propriete du 
the copyright in hisfher thesis. droit d'auteur qui protege sa 
Neither the thesis nor substantial these. Ni la these ni des extraits 
extracts from it may be printed or substantiels de celie-ci ne 
otherwise reoroduced without doivent Qtre imorimes ou 
his/her permiision. autrement reproduits sans son - 

autorisation. 

ISBN 0-315-91622-2 



ABSTRACT 

The genetic smlcrure of :tninwl populations determines their potcnri.1 Ior luc;nl 

udnpwtion and specitation. Host b d r  are highly mobile m d  accodillgly hsve lilllc genetic 

smcruring, but some are s m g l y  phiioparric and exhibit substaslid diNcn'n~stiot>. In ~hr .  

present study, population differen#intian and evoludon were exnnined witlrin tu, rtmlgly 

philopaais seabird species. thick-billed (Urio lomv,~zl and common (0. ~rclhr) mums. 

using morphomsuics. prorein riecoopharssir and naclcotids seqclscc ias:llyrir of 

amplified mirochoodrial DNA (mrnNA). 

Four of  five morphological messurcmcnts diNcmd signilieulrly lwrlr sllung lhrec 

western Atlmdc edoniesof thick-billed mums, m d  krwern rdslcrn ixtld WE PIS^^ Allimlic 

eoianisr. Elecoophorerie analysis of I S  nuclcdr-encoded proleins indierrcd lillls genetic 

differentiadon either among western Atlantic colonies. or >!cross the Alkmlie. Eightun 

genotypes, defined by 16 variable nuclsotidc slter, wcre found withttt 253 ~ ! S C  pillm lhp) 

of c y m c h m  h .among 239 thick-billed mums from Flve Atlantis und two I'acific 

colonies. Significant genetic differentiation was found ktwccn Atlantic and Rcific Ihick- 

billed muno., canmrdant with geographic separation of  thc populdlianr. Liltls &cnclis 

differentiaion war found either among western Atlanric colanics, or across tho AtlanLic. 

The apparent genetic homogeneity of Atlantic colanicl is inconsislcnl wilh cv id~me 01 

strong nnral philopany and phenotypic diNerrntiillian of  caioniss, m d  may result from 

gene flow andlor recent colonilations by large founder populadonb. 



Common mums fmm Homgyd, Noway wee significantly larger lhan those from 

I'unk Ihland. Newlbundl&nd in all of five dimensions. Ten genolypes, defined by 13 

v;aiahis nusieotide ,tar, were found within 204 bp ofcytachmme b among 142 common 

mums rmm b u r  Atlandc and three Pacific eolonier. Significant genetic diffnencss wrrc 

round hrtwcen Atlantic and Pacific common mums, in  accordance with their geographic 

rsp:s:tnon. Gcnotypc frequencies also varied clinally within the Atlantic. Tnis cline is 

$imilitr lo a repnncd cline in !he incidence of  'bridlmg' (a white rye ring and auricular 

gwvt)  in common mums, and may have resulted from colonization af  the ABantic fmm 

two or more refugiui cenrm following the Pieistacene glndatianr. 

ILittlc differentiation was found using morphoms~cr or pmlein eiscuopharesis 

smong thick-billed mums breeding at different silcs within eacb of :hree colonies. 

Ilnwcvcr, cytwhmmr h genotype frequencies differed significantly both &tween two 

icdgcs !n onc -7 m d  among four wear at Homg).a. Noway. Differentiation in  mtDNA 

within liortloyv ts  consistent both with bnnd mum$, which indicate rhs mums aftcn 

lbrecd on thcir nav&l ledges, and with morpi~olagical evidence, which indicates that 

~>l~enolypic difrerentiation exists within wme colonicr 

An;llyses of cyraehrome h nucleotide sequencer of six Atlantic alcid species, two 

gull spccies. two shorebird species and a dove revealed a preponderance of msi t ions 

over transversions, and of  third position over fm or second position rubstinrtiono. 

Siitur~ston of msi r ions prevented phyio~egenelie analyses above the family level. 

Na~r~ l~c iers .  eladistic analysis of the aleid sequencer suppond previously suggcrled 

pi~ylogenics in> I )  grouping mum, rnrorbill (Alco lordo) and dovebe (AM* o111) 



sequences. 2) ciustering the black guillcmot sequence with the mams. r;worhdl and 

dovekie, and 3) placing the r\ll.mtic puflin (Fr~~tem.itiu arcflall ooeide t le otilrr slrid 

sequences. The phylogensttc positions of the nrorbil i  nnd dovelie wlaivc to the !nnmer 

muld not be resolved. 

A review d mlDNA rnaiyses indielted that genetic differecltiittion ol popubt#o$a 

a d  species is greater ~n freshwater 2nd tmstr in l  specler tbts ~n acnal nr nlzrinc 

animals. This a p e s  wilh general d i s p ~ ~ u l  eapabililics, und pmbkbly relates lo long~tcnn 

effective population sires. 

Key words: Aicidoe. ~ytoclrrotc b. morpl~omcrri~.s, a!,mr?, pmlcrn c l ~ ~ r n y l ~ ~ s ~ ~ . ~ ~ ~  

polymcrose chain raaciion, review, Urio 
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CHAPTER I 

GENERAL INTRODUCTION 

POPULATION DIFFERENTIATION AND SPECIATION 

Thc genetis structure of mimal ppulationr delemines their potential f a  local 

adapstion and xpecivtion (Map 1970). Genetic srmcmz is affected by many fastar. 

including wolulionury history. gene flow, effective population sire, mutation, rektion. 

geographical distribution, population age, and breeding biology. One of the mow 

imporrnn! of there influences is gene flow. and population genetic differenration appears 

lo k negatively c-lated wilh dispersal capabilities (reviewed in Avise a al. 1987a). 

Many mammuls, reptiles and fishes, especially those with low mobilities or extrinsic 

hitrricrs to dispcwal, exhibit pmnounccd gcneric srmctvring (e.g. blusgiil runlish Lepomir 

r?!ucnrckinrr. Avise a a/. 1984a; salamanders, L a M n  er 01. 1984; deer mice Peromysw 

aatio~/arr~~,  Ashley and Wills 1987). w h s m  tho% with greater dispersal ~apabilitie~ are 

gencrdlly #nore homogeneous (e.8. American eels Anguilla rmtrora. Avire er ol. 1986: 

domestic mice Mus don~cnticur. Ferris er 01. 1983; reviewed in Avix r t  nl. 1987a). 

Mosl birds are highly mobile and so have potential for extensive gme flow. 

Correspondingly, most nvinn populations exhibit littlc if any genetic srmcmring (reviewed 

in Uilrmwclot~gh 1983. Evans 1987. Bmwclough and Johnson 1988: e.g. red-winged 

blitckbirds Ayrloiur phoe,ricer~r. Ball er 01. 1988). However, many birds exhibit natal 

philapatry (i.e. they relum lo natal areas to breed), and smng natal philopatry, cqsially 

!f coupled with loeai v.uiation in relecbn pnrsures, may result in genetic differentiation 



of d m s  despite high dirpersd abilities. Accodingiy. ~enetic swcruring is subnautid 

wiUlin some avian species. For example. many wutcrfowl and senbirds itre slmngly 

philopaaic, and rignificanr genetic smctuting has been lotlnd nmong Cana&< geere 

(Bmaro conodrmir: Van Wagncrand Bnker 1990. Shields md Wilson 19871). bl;tck b m t  

(B. bemiclo: Shields 1990). Cory's rhcmnarr  (Cohnecrri,~ ri.rIiionrrlcn. Rnndi rr 01. 19891 

and f ~ r y  ptiprions (Pnclrypliio rurttcr, Ovenden rr al. 19911. 

Understanding of populadon genetic srmcmx is !hcoretici,lly impm;ml since tine 

evolution of spe~ies and higher laxu was considered classifillly to involvc it !cmpnn!l 

extension of pmcesas of population differentiation (Milyr 1970). liowcver. fharc 

pransrcs do nor satisfactorally crplvtn all sass  of rpcciulion, and malc~n ~ . s c m h s n  

sometimes invoke other explanations. Foreiumplc. most avian lropulnlions studied IO diw 

exhibit little genetic srmsuie, bur rates of morphological cvalution und spai;b!ion itppcinr 

to be higher in birds than in most vencbmtes (Wyles "1. 1983). Wylcs rr ul. (19x3) 

therefore suggested that evlturally tansmilled behaviour can provide i n  driving fonc 

('behnvioural drive') for morphological specialization and speciation (see :kl.w Ilafncr rr 

al. 1984, Wilson s ol. 1984). As another example. Civvln and Templaon (19841 

proposed founder induced genetic revolutims to anaunt fw the plelhoru or lluwuliun 

Drasophilo species. 

Population genetic swcture also is a focal concern for conrcrvaion biology. II 

populations differ genetically, then loss or dedmadon of a dcmc can xducc u spccicr' 

genetic resources, and lhus its longtm viability (Allendorf and Lwry 1986, Gilpin a d  

Saul6 1986). Genetic diffnenriarion is also inversdy anelated with geno flow, and 
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rwoloniution of depopulated arsar by geographically differentiated species may be dow 

or nil. Such spxier may require protection over most of their rangc. Con-ly, animals 

with littie or no population genetic diffnentiation may be more resilient to local 

~~tinct ionr  or decimations, and p m r i o n  of large pans of their rangc may be less 

critisul. 

THE MURRES 

Thick-billed and common mums (Uria lomvb and U. oolge, respecriveiy) ars 

coid-water eeablrds that may migrate hundreds m thousands of miles annually between 

breeding colonies and winlrring gmunds (Gaston 1980, Bmwn 1985a. Kmpp 19881, and 

may travel hundreds of miles daily between nesting and feeding sites (e g. Gaston 1985a, 

Citims eraf. 1987). Nonctheisss, hand ntvnrs indicate that mums are mngiy philopattic 

(Birkhead 1977, Kampp 1988. Noble cr 01. 1991). and morphomerric differences among 

colonies suggest Bat mionics may differ genetically (Storm 1952. Msyr 1970. B'uWlead 

and Nettleship 1981. Onstan a: of. 1984, Boag and van Nwrdwijk 1987). 

Ths two rpecicr of mums are very similar in most biological aspecu, and an 

uinuaiiy identical in biological parametea that affect population genetic srmctttre (Tuck 

1960. Nettisship and Birkhead 1985). Both have circvmpolardisaibutions and their world 

populations ars similar in sire (4.9--7.5 million pairs of thick-billed mums vs. 3.LL4.5 

million paia of mmmon mums in the Atlantic. Nettisship and Evans 1985: -5 million 

pain each in the PociSc, J.F. Pian, pen. convn.). Both breed in large colonies (tens to 

hundreds of thourrnds of pain), although colonies of common murrer tend m be rmallcr. 
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Adults ore monogamous and wil l  rerain mares for many ye.-. :ad breeding success 

(Rdglings/sgg, -70% i n  bnh species). survival to fin1 repduction (17-41% i n  

common mum% 19-53s in  thick-hilled mums). age of fist breeding ( L S  yean tach) 

and adult survivorship (87-9Wb in  common munes. 91% in  1hick.hilled toums) ;!re 

similar (&=wed in  Harris and Birkhead 1985. Hudson 1985). Not~cthrlsss, sufFleienl 

morphological diffwnees exist among Atlantic colonies of eomtnoln mums to result is  

taxonomic subdivision of this popuintion into between two ad fivc subspecies. whcrcrs 

Atlantic thick-billed m u m  ace regarded ns a single monolypie subrpeciss (kmmn: 

n v i e w d  i n  Tuck 1960, Bedard 1985). The canmsring patterns of morphological 

diffennliation between the species suggest that their population genetic swesres muy 

also differ. 

Population genetic informarion is also required for conservation polieics lor 

mumr. The Atlantic populations of bath species ar. presonlly declining k g .  Nsulcship 

and Evans 1985. Evans and Kampp 1991). Mums of both s p i e r  wintering olf 

Newfoundland, Labrador and Greenland are the object of m annual hunt, which is balh 

cultwally and economically imponant to coastal mmmunitics (Tuck 1960, Evanr and 

Watcnron 1976. Montevkehi and Tuck 1987). An estimaled 3001.lXUL725.IXU~ murres. 

mosdy thick-billed, are shot annually during winler off Newfoundland (Eliiatrrul. 1991). 

Luge n u m b s  of mumr ar. also shot near breeding colonies during summer in  Arctic 

Censda and Oncninnd (Evans and Watenon 1976. Oaton el 01. 1985. K m p p  1991). 

Due to their aquatic habiu and marine diets. mums are also higilly vulnerable la o i l  

contamination, and many are killed each year by ail spills and chronic low.love1 reicsscs 
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from cummsninl ships (Pint, crol. 1985). In addition, many m-r dmwn in gill nea in 

erstcm Caada and Greenland (Evanr and Waterston 1976, Nettleship and Evanr 1985, 

Filik m d  Durinck 1991; scc dro DEGangc andDay 19911, andlargs numberr of eggs me 

mkon from some breeding colonies each year (Nettleship and Evans 1985. V.L.F. per*. 

oh,~.). 'me combined annual manalily of mums, especially thick-bdlal fmm hunting, oil, 

cgging and gill nus in eastem Canada and Greenland appears to exceed the annual 

pnnluction or young, and many colonies in the western Atiantic hhae declined by at leas  

211-30% sincc the 1950s (Nenlerhip and Evanr 1985. Evans and Kampp 1991). Ths 

development ofoil fields in the Canadian Antic and on the G m d  Bank of Newfoundland 

pose :al itddicionul. direct t h a t .  If colonies differ genetically. then prokction of 

npnssntntivc colonies hom lhmughout the Atlantic will be mcial. 

MOLECULAR ANALYSTS OF FOPULATION STRUCTURE 

Although pwrin  c lecvophmsi~ pmvides genetic information for many nuclear 

lucz. il delwtr only those differences that pmduce eleemphmtie changw; silent 

nucleotide substiations, and amino acid substitutions that do not alter a protein's 

rlcctmphore!ic mobility ure not detected by conventional mahods. The method seldom 

uncovers significant genetic differentiation among local populations of birds 

(Barmwclough 1983. Evans 1987. Bamwciough and Johnson 1988). Munc colonics 

gcnrnlly occur within are&$ that were glaciated during the Pleirrannc, so an probably 

less than IO.W(1 years old (although nfugial colonies may have existed near polynyas. 

or w f r e e  was within the Amb). Gcnctic subdivision may therefore be too w e n t  to 
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bs dsrssxed using d i l i o n a l  protein ciectmphoretic teshniquer. 

Bccauscmitoehondrial DNA (mtDNA) is haploid. "at-recombining;md maternally 

inhnited, its effective population sire is expected lo be 114 that of nucle;u gents. MtDNA 

fhenfne is affected by founder effects, populaion bottlenecks and genclic ihoinlion rnusll 

more than m nuclear genes (Birky er 01. 1983. Wilson 01. l98Sa). P!mhcrmo*. 

mtDNA evolves 5 - 4 0  times more quichly on avenge than do single-copy nuclctr gcnrr 

(Bmwn el ol. 1979. Wilson era!. 1985a). so r ~ ~ U i ~ l i 0 n  endonuelwsc (RKP) l o l l y r i l  of 

mtDNA h a  often pmven urcful for detecting popuiaion ruMivirion m m:my ;mimals. 

panlcuiariy b i i r  1e.g. Zink 1991: see also Quinn and While 1987). However. reruicl io~~ 

analyses miss m y  mutations. such ar; resaicrion sitestha1 are close logtlter or mulliph 

subtitutions within single sites (Aquadm and Greenberg 1983. Cum m d  Muskt l l  1991, 

T.P. B in  unpdl. dam). 

The polymerase chain reaction (PCR), or DNA amplification, pmvides I! powerftll 

new t w i  with polendal applications that span flclds fmm fannris xisnss lhmugh 

medicine to rheoreticai biology (Saiki cr ol. i98R: e.g. Kochrr a "1. 1989, Piilbo 1989, 

Barrlen and Davidson 1991). PCR involves synthesis o f  millions of mpisr of I chosen 

DNA regme From as few as one template copy. Basically, shon pieces of ringie- 

~ m n d e d  DNA ('primas' typically 2&30 base pairs [bpl long), mmplrmsnrnry to 

sequences flanking a regmcnl of intcresr, an combined with o tiny amount of rcmpliltc 

DNA. A thmarrabie DNA polymerase and the four nucleoddc viphorphalos on added. 

The mixture is healed to denature the template DNA, cmled to allow anncaliing of 

primers to templatc smnds, then hated slighlly to pmmote repliceion of the target 
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rrgmcnt by primer extension. This lemperawre cycle pmduces two wpies of the chosen 

s~gnicnt fmm each lemplnle copy. I f  the cycle is repeated, the number of copies is again 

doubicd (although the reaction is not LOWb cflicicnt de; to such factors as reannealing 

ktwcen DNA smndr and enzyme kinetics). Repetition of the cycle 30 to 40 times 

praluccs up to a billion eopics d the target segment. The DNA pmducl is sufficiently 

pure ~ O I  nppliclionr such as cloning. RFLP analysis and nucleotide sequencing. 

Beeausc nucleotide sequence analysis of amplified DNA enables the primary 

nucleotidc sequences of specific genes to be compared among individuals, populauons or 

species, i t  has grvs potential for population genetics and systematics. It has several 

dv;m!rges over wnvcndonai popul~eon genetics techniques. A l l  nwlsotide xqumce 

diWmnccs within 0 given region are detected: this cimumvmts many assumptions 

nacsrwy for cdleulrtion~ of genetic divergenee using RFLPorpmtein data, and increases 

:m~ly~ieal power over conventional tmls. The analydeal sensitivity can be adjusted by 

c l rmgin~ the svgec segment: regions with high evolutionary rare$ such as the 

mitocho~>drisl D-loop, may be compared among rrcmdy diverged populations (e.g. 

Vigilant n 01. 1989). whereas highly conserved segments, such as genes for nuclear- 

sncaded pweins or ribommul RNAs, may be used for higha lws l  phylogsnetics (e.g. 

B in  cr of. 1992). Sequence nwlyser pmvidc direct insight into the evolution not only of 

papula!ions m d  s,mies, but also of the gcnedc material. Finally, field pmtacols are 

sinlpler than far either pmlcin elecmphonsis or RFLP analyses, and laboratory 

pmcedurer :ire simpler than for RFLQ nnalyses. 
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OBlECTlYES 

In the present study, morphomerricr, pmlein cln'lmphorcri~ and dimct squrncc 

analysis of amplified m0NA were used to investigate population dilfemnliiltio$~ ad 

walution within the Holmtic popultrians of Ihick-billed and cornnlon mum.s. '11,ree 

levels of analysis were involved: I) phenotypic md genclic differcndutian within color~cs 

of thick-billed mums (Chapter IV). 2) phenotypic and genetic srn~eturing nnmtxg colaniss 

of thick-billed (Chapter 11) and mmmon mums (Chapter 111). and 3) phylugcnais 

rslntionships among Atlantic alcids (Chapter V). Because the prexnl rludy znulrtlres 

population genetic differentiation within two closely rnl;acd rpcclss. it l~rnuidcs insight 

into mechanisms d avian popul;llion differentiation :ad spcciatioll. It also prclvidcs 

population gensdc information critical to conrcwation policies for two dccli!ning mahird 

populations. 



CHAPTER ii 

(;ENE'rlC STRUCTURE OF THICK-BILLED MURRES 

INTRODUClTON 

Thisk-hilled mums (Olio lornvio) are di~mihuted continuously h u g h o u t  the 

h r i e ,  with one subspecies (U. I. orm) described from the Pacific, ovo fmm the &tic 

1U. I ulerrrtoruc Cram Siberia md U. I. heckn' fmm the Chukchi Sea) and one fmm the 

Atlantnc (U. 1. lomvio, revicwed in Tuck 1960. Btdard 1985). Although t!lick-billed 

lnuncs may miputs thousands of kilnnctsrs annually between nesting colonies and 

winaring grounds (Oaston IWO. Brown 1985a. Kampp 1988). all of more than 600 

!mums that were b~nded as chicks and subrqucntly sighted as adults during the b d i n g  

reason wen worded in or near their natal colonies (Nob:e sr 01. 1991. AJ. Gaston 

~mnpihl. rloro: see also Kampp 1988). In addition. Storer (1952) reponed a nonh-south 

clillc in wing length. hill length and biii depth Gmong wsr tm Atlantic m1w:lss. and 

Birkhesd md Nettleship (1981) and Gaston er of. (1984) reported significantdiffsnn~ss 

i n  Invilsr. wing length and bill dimensions among thick-billed murrcs fmm neighbwing 

Cmrdim colonies. These doto suggest that eolonier may be geneticaily isolated. 

In tile present chapter, momhnmetrics, protein eleemphorear and ddireet sequence 

:~s:tlyrisof p m  of the mitaehondrial cytoehmme b gene were used toexamine phenotypic 

:md genetic relationships among thick-billed mums fmm five Atlantic and ouo Pacific 

colollies. Genetic isolation was predicted to pmduce gennic diffcnnesr 1) betwen 
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Atlantic and Pacific subspeeler of thick-hilled "runes. 2) begween e;rlcm ilnd wrsrenn 

Atlantic popularionr, and 31 among westem Atlnnde mloniss. 

MFIHODS 

SAMPLING 

Thick-billed munrs were vunpled from four colonies in  the ~nunhwertcnn huai~ttc 

(Coats. Akpatok and Coburg Islands in  nmheilslem C:mldr. :and Kipiko in wcstent 

Greenland). one in  the #nonheas!em Allantic (Hom9y;t i n  #m l>em Norwry) ;and IWO in 

the nanh Pacific (Ssmidi undBvldir Islaads. Alaska; Table 2.1; Pig. 2.11. A1 ;,I1 Atl;mlis 

colonies except Coburg Island. adult mums wrre noosed on breeding lcdgsr. scvcni 

morphological measuremends were made (see below) 2nd -I mL  h l m l  was skcn rmm 

a brachial vein. Bewusc h n d  returns indtcste that mums obn return la nntul cl!Nledgcr 

to breed (Noble ern!. 1991: Chapter IV), adults wrr: collerred rrom scvcml hiar within 

each mlony lo  obtain a bmnd representalion of  intra-colony vurii8lion (Tdhlc 2.1). At 

Coburg Island, b l w d  was taken fmm nestlings utught by hand in onc are:, only. U l d  

collccled at Kiprko was added lo 14 mL  of lysis buffer contnininl IIXhnM 'Tril-IICi 

(pH18.0). IOOmM EDTA, l h n M  NaCl andO.55 SDS (Longmix a: uf.I9XX), a d  stared 

at ambient rcmpnarunr. All other nnmplcs were mllected inlo VacuwincrbY md ?!wed 

at - TI'C afw relum to the laborawy. Muscle sampler were also ohwined rmru,n mums 

that were banded as adultsorehicks at colonies and rubsqucn~ly sholoff Nswroundlilnd 

during the winfa mume hunt. Samples fmm the Pacific conristsd or livsr fmm mums 

shot "car breeding colonies. 



TABLE 2.1: Colony lae~tions and sires, ilnd dates and sites of sample collc~tions fa 
thick-bill~d mums. 

Colony Colony Sampline 
( h a i o n )  Sire Dater Si ts  

(pairs) 

Sample 
Sirc 

Coaa ! ilund 24,MN)' 07.87 Site S 
I6Z'Sl'A. X2W'W) Site D 

Sitc L 
Other breeding adults 

08.90 Sitc T 
Sire Z 

Ledge I 
L d g e  2 
Ledge 3 

87-89 Winter mum huot 

Coburg lrlund I60.0W 07.87 Fledglings 
(7.5'48'N. 7Y25'W) Breeding adult 

87-89 Winter mum hunt 
TOM 

Akpalok Island 4W.00@ 07.87 Breeding adults 
tNonh Colony) 
(6lP32'N. hW0'W) 

Kiprko 18.OW' 07.89 Southeancoma 
(73"42'N. 5635'W) Top ledge 

Bot~om ledge 
Northeast comer 
Nonh end 
West end 
Other bmding adula 
Told 
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Table Z.1.Cont'd. 

Colony Colony Samnlins 
(Lacation1 Sire Dates Siler 

(pairs) 

Siluqrle 
Sire 

Scmidi Islands I W , W  05.W OfW!on: 
(56W0'N,150°445'W) 07.90 

Buldir Island 231X)V 05.90 OffsfsLore 
(52"20'N.I75'55'E) 06.90 

I )  Oasron rr of. (1987). 
2)  G. Chapdclainc (Canadian Wildlife Scnricc. Sle-Foy, per.,. rr>tt!,,a#.l. 

31 1. Durinek (Omis Consult. Cooenhaeen. "err. crmm I. " .  
?I R T Ram11 (Cnocrs8:y of 'rmrn<.,, per\ rr,nrm ) 
51 Id,r~doa's coun!rd on cltfis. Haten and l lxrn 1l'r)ll: 
61 I d ~ v ~ d ~ t a I <  ea~ntrd  on eltfl\. Souls .,I 01. I I )7X, 



FIG. 1.1: Threk-billed m u m  breeding range. Do8 npnsenr colonies. A = Akpatak 
Irlmd. B = BuMir hlund. CB = Coburg Wand. CT = Cmrs Island, H = Ham#ya, 
K = Kipa6.o and S = Scrnidi Islands. Rednwn fmm Tuck (1960). 



Morphological measurements wcre m d c  on mums cnptsrcd for b i d  srlnpltng 

a most colonies (Table 2.21. Measurements included msr. wing lcngllt (flltlmed chord). 

cuimen Lengrh (culmen to bill tip), bill depth (depth a gonys yerpr~~dioulnr lo eultittg 

edge), nosail (distal end of  nosmil lo bil l  tip) and hcudtbill lcnglil (bdck of  rktnli lo hill 

lip). Masses wcre measured to the nearest IOg using spring h.almncs; wing were 

measured lo the n c m t  imm using ;l stopped wing-rule; bi l l  mcssurcnlents we= m:de 

lo the nearest O.imm with v a i e r  calipers: and head+bill lengths wen  ~mersunul lo ,he 

nearerr imm uring 'head calipers' (Couison rt 01. 19R3). 

Bscause cansistenr measurement biases ohen exist anlong rcsc;8rchers (c.g. l l i m t l  

er 01. 1989, V.L.F. ttnpubl. data), md becaurc several reremhe#s were ~nvolvcd i n ?  ~ h s  

present colleelionr (Table 2.21, each rescarcherllso measured I 0  thick-hilled mune skins 

obtained fmm Ihs Royal Onolrio Museum (Toronto, Ontario) to derive uomclion lnclors 

(Table 2.3). A.1. Gnrtan's bil l  depth mwsunmenls were slightly smaller th;m R.'l'. 

Bamrt'r (subject x meatment ANOVA. unhlancsd design. F,, = 5.76, P = 0.114); hi l l  

depth :nsnsuremenls from Coals Island were therefore increased by the mcan dillcxnce 

between A.I. Ganon's and R.T. Barrett's rkinr mwurcments (+O.llmm). No other 

differences wcre found among these researchers (P > 0.10). J. Durinck's mcasunmcnts 

a Kipako wen adjusted by the mean difference between his and R.T. Ramtt's 

mensurerents on eight dead and eight live auks (wing length, -2mm; eulmrn Icngth. 

-4.2mm: headcbill length +O.lmm; Bamtt n nl. 1989). Measunmenls made by G. 

Chnpdelaine at Akpatok were corrected by the mcm differences betwen his and A.J. 



TABLE 2.2: Morphological mcasursmenlr made on thick-billed mums at four Allantic 
coianas. See ~ert for rnm~a~rement deflnilions. 

Colony Year Mcasurementr Meas-' 

Coitts Island 1987 Mass, Wing EDE 
1990 Mass. Wing. Culmen, Depth, Nmrril AJG 

Akpltok Islmd 1987 Mass, Wing, Culmen, N m d l  GC 
Kiplko 1989 Mass, Wing. Culmen. Depth, Head JD 
Hamnyu. 1989 & 

1990 Masr, Wing, Culmen. Depth. Head RTB 

I )  RDE = R.D. Elliot, AJG = A.J. Gaston, GC = G. Chapdeiainc, JD = I. Durinck, RTB 
= R.T. Bamtt. 

TABLE 2.3: Mcnn kSD) measurements made by three researchen on 10 thbk-billed 
Inurn rkinr. All meaurrmentr are in  mm. 

Measure? Wing Culmcn Depth 

AJG 209+h.2 13.99.45 33.4i1.65 
RDE 209k6.9 
RTB 21025.6 14.W.55 33.221.78 

1) A10 = A.I. Gastan: RDE = R.D. Ellio!: RTZ = R.T. B m t t  
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Garmn's measurements on 40 d a d  thick-billed mums (wing length. +Jmm: lnosvil r0.4 

mm: Gaston a, ol. 1984). Although eomctionr obtnined on skins and frcshiy kiiied birds 

may nor be identical to those for live birds. B m t !  et nl. (1989) reported no sonriaent 

differences in mearuremeors made by 4 resemherr on live vs, reccntiy kiiied auks. No 

effon was made to correct for morphological differences between sexes. 

Adjusted measurements were empared among colonics by andlysis of vnriancs 

(unbalanced design) using Banfemnni comerions for numhor of com~hsons. The anwng- 

population component of mnphoiogicd vnriation (tmorphologicid eqaivrlclll to Wright's 

11965. 19781 among-population cmponent of genelic vurintion, F,w) was etlculibled fn,m 

the ratio of the sum of squares for lrrarmenlr (populations) to ~ h c  toell sum of ulurrcr. 

averaged actors measurernears: 

F, = i ln  F (SSP, / SST,) 

where n is rhs number of measurements. SSP, is the sum of squi tr  for popuhlions hr  

measurement i and SST, is the total sum of s q u m  for mersurcmcnt i IBdnowclaagh 

1991). 

PROTEIN ELECTROPHORESIS 

PNlcin pmducn carresponding to 20 prerumptivc nuclcur I w i  could k rcliably 

resolved from h i d  samples on cciblo~c ;ucctate (Richidson a ol. lY8fi. Tilblc 2.4). 

Elcemmorphs far a given protein wen a s s u d  lo represent alleles for thccolresponding 

locus. Samples ~oilcetsd at Hom~ya in 1989 were e o d  for all 20 pmmins Vabie 2.41; 

those fmm Coae. Coburg and Akpatok Islands were not worcd for ALD or OhPD due 

to rampie degradation. Lmpies collected s HomLya in 1990 were sorul for two 
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TABLE 2.4: Nuclear pmtcins resolved in thick-billed mums, and clece~rmphoretic 
conditions employed. E.C No. = enzyme commission numbers. 

Pmtein E.C. No. A b k v .  Running Running 
Buffef Time 

(min) 

Adenosine 
Deminav 3.5.4.4 ADA T 7.4 20 

Adsnylate 
Kinuse 2.7.4.3 AK T 7.4 20 

Albumin ALE TO 8.5 35' 
Aldalure 4.1.2.13 ALD CC 7.5 20 
Erylhracyle Acid 
Phosphatase 3.1.3.2 EAP TBE 8.8 30 

Encrase 3.1.1.1 EST TBE9.1 I5 
Esternse D 3.1.1.1 ESTD TBE9.1 LO' 
Gltrose-(,-Phosphate 
Dehydmgenasc 1.1.1.49 G6PD TBE8.8 3(r 

Glueosc-Phosphate 
lsom~nse 5.3.1.9 GPI CT 7.5 @ 

Wacmoglobin HB TBE 9.1 40 
lswitrste 
Dehydmgcnme 1.1.1.42 IDH ~ ~ 7 . 5  40 

LPEI~IO 
Dehydmgennsc 1.1.1.27 LDHl T7.4 20 

Milittl~ 
Dchydmgennrr 1.1.1.37 MDHl CT7.5 40 

MDH2 CC 7.5 40 
Mmnose-Phosphate 
Dchydrogsnase 5.3.1.8 MPI -7.5 40 

Prpiidasc A 3.4.11113 PEPA TBE 8.8 10 
Peplidale B 3.4.11113 PEPB CI 7 5  4(r 
h-Phosphoguiconalc 
Dehydmgenase 1.1.1.44 6FQD TBE9.1 40 

Phosphoglucom~W~ 2.7.5. I PGM TBE 8.8 30 
Tliln!f~dn TF TG 8.5 35' 



I8  

TABLE 2.4, Cont'd. 

1) T 7.4 = IOOmM Ttis, IWmM NaH2W,, pH=7.4 (Haminis and Hapkinson 1976): 
T O  8.5 = 25mM Ttis. 192mM glyeinc pH=R.S [Richardson a '11. 1 9 R a  
CT7.5 = 40mM ciaif acid, limted to pH=6.0 with N-(3-aminapmpyl)-morphoIinc and 

to pH=7.5 with 1.3-bisdcmshylamino-2-propmol (Clayton and Tmtiuk 1972); 
TBE 8.8 = l30mM Ttis. 2.2mM N4EDTA. 6mhl NnOH. 71.3mM boric acid. pH=X.H 

(Richardson a dl. 1986); 
TBE9.1 = 130mMTtir. 2.2mM N%EDTA. 6mM NnOH. 71.3mM Mtic acid, pH.').! 

(Richardson cr 01. 1986). 
2) Blaad diluted 1:10 with water. 
3) 5jL $ample loaded. 
4) 0.5pL b l d  incubsrcd 10--15min a 3 7 T  with 0.5pL hpshly prcpvred b d k r  

containing lWmM Tris, lOmM dithiathreiiol. pH=h.O. 
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variable proteins only (ALB and 6POD). Rotein elcemphnesis was not conducted on 

rumples ~oi l f f led  at Kipako due to Ihc mllectian buffer. 

Blo~uophorstic data wcm analyzed using the computer package BIOSYS-1 

ISwofford and Selmder 1981). Genotype frequencies w m  emnpared with Hmiy- 

W e i n k g  expce!arionr using mntingency X1statistics (with and without pwlingofcclk). 

Ths oxtcnr of generic differentiation among colanicr was delermined by I) comparison 

of allele hrquencies among colonies using X2 analysis (with pmling of rare allelw), 2) 

ediculaion of the amount of geneticvariation due to populatirm nuMivision (Wright ' sF~ 

Wright 1965, 1978. Kirby 1975). and 3) calculation of Nci's (1978) and Roger's (1972) 

generic distances. 

ANALYSIS OF THE CYTOCHROME B GENE 

DNA was extracted from tissue samples by digesting I&-2OpL blood or -10mg 

muscle with 50pg proteose K at 50--WC for at least 6 hr in 75011L of I f f i d  Tris-HCI 

(pii=R.O). l h n M  ETDA, lMhnM NaCi and 0.1% SDS. Roreinase K was added dirsstly 

to the storage buffer for hlwd collected at Kipako. Digested pmtcins w m  exmeted nuice 

wirh an equal volume of phenol (sa tmud wirh lWmM Tris-HCI, pH=8.0) and once with 

;an ~rlur l  volume of chlarofm:ironmyl alcohol (24:l). 

A 307 hp (376 bp including the priming sites) repon of Ihemimhondrial cytochmme 

6 gene war amplified using the polymerase chain w t i o n  and primm L14841 (5'- 

AAAAAOCITCCATCCAACAT~CAGCATGAEAAA~3') and HI5149 (5'- 

AAACTGCAGCC~AGAATOATAmGTCCTCA-3')  lrom K o e h a  er a/. (1989). 

This regmen, was chosen bssouse tho primem had proven useful in a wide variety of 
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vertebrates. and because its variability appmxinwtcs or slightly erswda, the nrm for the 

drwhondrial gsnms (Fmis erol. 1983. Wayne oo l .  1990, Edwadsi%nd Wilwn 1990. 

Irwin et 01. 1991, Quinn a 01. i991. T.P. B in  rmnpuhl, doto). It h;!d also hecn used 

successfully todiffenntiab populations of deer (Cm and Hughes 1992. Hnghcs and Carr 

1992). Double-stranded pmduct was obtained by amplifiealion of il i/16--1/i00 diiwion 

of DNA in 25pL of a solution of 67mM Tris-Ci (pH=II.R), 2mM MgCi,, each dCFl'P 01 

0.2mM, each primer at 0.4pM m d  0.5 units AmpliToq DNA polymectsc (Perkin- 

ElmrlCslus). Thiny eydcs of PCR were eanducted in :I Perkin-Eimer/Ceams 

thermacycicr. Each cycle involved denaturaion of DNA a 9bC lor 30s. znncsiiing o l  

primers w template DNA at 5PC for 30s. and extension of primrrs its 72°C for 60s. 

Ten pL of the reaction mixlure wen subjected .o elamphamsir in 2% NuSlav 

(FMCI agamrc gels containing ipglmL sthidium bromide. 89mM Tris-bomw :rind 2mM 

EDTA (pH=R.3). A gel plug containing the daubie-swndcd pmduct was melted in 10011 

water at 7ODC for Ilhnin, and 2pL w m  used as template in the gcns~~tion of singlo 

stranded DNA. Single-swnded nmplilications were conducted under rr:rtion conditions 

similar to those for doubl~rtranded umpiificationr except that hltflcr volume tatalicd 

IOOpL, one primer was diluted I:iW, I unit AmpliTnq wor used, and 40 cyclss of PCR 

wcn conducted. Either of two methods was used to remove buffer rdlts and 

unincorporated primer from sing:c-smnded pmduct and to mneenmte the DNA: I )  lhno 

cycles of uimfiimtion were conducted in Cenoicon-30 micmconccnlrotors (Amison); 2) 

DNA was precipitated with 1 volume 4M ammonium acelate and 2 valvmcr irapmpanol. 

washed with 5WpL 70% ethanol (-20.C). dessicated and muspendcd in 15-50pL H,O. 
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Scvm pL of purified dngle-$sanded pmduct wen squenced with the primer that was 

ilmi~ing in the rinpb-strimded ampiifisarion, uring a-"S-dATP and the didcox? chain 

tsrminltion method (Snnger cr nl. 1977; ~ e q u e n a d  United States Bioehemid). 

For mast mums, only the heavy smnd was sequenced. However, b e c a w  

rcplic~tion e m s  may be i n d u c e d  during amplification (e.g. Dunning er ol. 1988, 

Tindirli and Kunkel 1988). DNA From birds with rare genotypes (N-13) was amplified 

and x ' l u e n d  twice for confirmation. An additional 25 snmpies wme amplified and 

a~lucnccd wise to determine rrpmducibility. 

Nueleotide sequences werc aligned and m r i a l e d  vong the ESEE computerpmgram 

ICnbot and Beekcnhauh 1989). Cytochmme b genotype frequencies were cornparedamong 

coioniss "ring Chi-yuun (XI) tests. Bwaux many expscted cell frequencies were less 

clvm 5. 1 computerized rvndamiution ten was nm (Roff and Bentren 1989). For each 

mndomizrtion, r Xz value was calculated for an anitrsial data set in which indivld. ,., 

werc rdndomly assigned to genotypes and colonies, with lomls for each genoryps and 

colony (column nnd row towls) kept constant. The probability that the observed value of 

X* exceeded the X'vdues for IWO randomizations was determined. 

lntrrdemc gmeic  variation (G,) was cnlculated uring the equation 
- 

G.w = (HT - Ho) / Hr 

whcm 1% is mean genetie diversity over d l  subpopuialions. calculated as 

I f n = , ,  ( i - y ) / ( , , - l )  

,I is the number of birds sampled, and .r, is the proponion of birds with genotype i. The 

losi or species diversity. H ,  war calculvtcd ns 



where y, is the mean frequency of the ith genotype ;cross d l  subpopuh!tonr (TRkahata 

and Palumbi 1985, Rand nnd Hmlson 1989. Ovenden and White IPNII. Bcc:~!se 

estimates of G, tend to decline as numberr of genotypes und sampics illcrease (Slrtkiu 

and Maddison 1989. Lynch 1991. V.L.F. per.& nhs.). population suMivi~lnll war 11s 

deermined using the equation 

Y = 1 

where I, is the mean aver all colony pairs of Fj,,,,, and I .  is the !mean O V C ~  ill1 

popuialions of fi: (Law 1973. Lynch 1991). 

Pucent scqvsnce divcrgsnsc within papulations ws c i t l s~ l a~d  :IS 

n = %PO 

where%, is the product of the frequencies of genotypes i md j, and p,, is penxn! sequence 

divergence (p) between genotypes i and j (Nri and Li 1979). Genetic disancc k:wmn 

popularions war eakulated as 

D = 4" - 0.5 '3rX + n") 

where n, is percenL sequence divergence between papulatrons X and Y, and ny md n, are 

percent sequence divergence within X and Y rerpwlively (Nei and Li 1979). 

Slatkin (1989) and S i a l n  and Maddison (1989) argued the more infurmution is 

contained in genolyp genmlogier than in fqucncy dnw alone. Subslitrionai 

relalionships m r l g  genotypes were therefore airo eompurcd mong populaioos. 

Ail means arc reprmcd+l standard deviation. A significvnce level lu) of 0.05 was 

used for all rtatinical lestr. 
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RESULTS AND Dl?CUSSION 

MOIlPHDMETRICS 

Analysis of variance =waled significant differences in mass, wing length, euimcn 

length and herd+bill ipnglh between thick-billed mums fmm easlcrn and w e r m  Atlantic 

coionit:r, with those from HomBya being larger (Table 2.5). No differences were found 

in nostril. The pmponion of morphological variation distribulcd among populations 

(B;mowclough's 119911 Fm) averaged 0.1Xfl.14, (n = 5 measurements; Table 2.5). 

Murres rmrn the three western Atlmtie colonies alsodiffered significantly in m a s ,  

wing, sulmrn length and bill width CTabie 2.5). Birds from Akpamk were smaller than 

thosc Imm the other two colonies in mass, wing length and cuimen length, and m u m s  

fmm Kip&o were lvger than tho% fmm Coats Island in bill depth. Fu averaged 

l).lXt1).W>6 (n = 5 meirsuremenrr; Table 2.5). No differenear m u m d  in bill depth. 

'These mul ts  should beinterpreted cautiously, sincecorrenionr dsriv~dfmm skins 

!ni!y no, ;~dcqumcly canmi for menrum differences on live bids. Mass is also highly 

subjuet to envimnmenirl variation, and ohen differs within individuals among years and 

sensons k g .  Cmll er "1. 1991). Flmhermore, mearurmentr were not independent, so 

ertinalcs of Fv may bc inflated. Nevenheiers. in #he present data set. most correction 

fncton mode intereolony comparisons mom conservative, and comparisons did not lose 

their ne is l ic~i  significance if c a m ~ t i a n s  were removed. Also, colony differences in wing 

and bill leagrhs. which are loss subject lo environmental variation than ir mass, were l q e  

itnd highly significant. These resuits are similar to lhose of Gaston a 01. (19841, who 

rrpaned thdr breeding mIIrreJ f m  Akpsok lslond had rmallermasrss, shone, wings and 
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