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Abstract: DNA fingerprinting was used to com- 
pare levels of genetic variability within and among 
eight colonies of Cory’s Shearwater (Calonectris di- 
omedea borealis) in the Madeira, Azores, Canarias, 
and Berlenga archipelagoes in the Northeast Atlantic. 
Fingerprint diversity, as measured by one probe and 
two restriction enzymes, showed very little correlation 
with population size, suggesting that genetic diversity 
reflects historical rather than current population sizes. 
Mean band sharing between pairs of colonies did not 
show any relation with between-population geographic 
distance. However, all between-population similarity 
indexes were lower than the corresponding within-pop- 
ulation similarity index, a trend that suggests a small 
degree of population structure across the breeding 
range of this subspecies. Despite banding records sug- 
gesting high levels of philopatry, gene flow seems suf- 
ficient to prevent considerable divergence at these loci. 
Alternative and equally plausible explanations for the 
results also are discussed. 
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Avian populations are often considered an enigma with 
regard to degrees of geographic structure and magni- 
tudes of gene flow. On the one hand, birds migrate 
long distances between breeding and wintering 
grounds providing substantial opportunities for admix- 
ture of populations. On the other hand, many species 
show a strong philopatry to breeding localities and 
even nest sites, and populations often exhibit geo- 
graphic variation in morphological and behavioral 
traits, suggesting some degree of differentiation be- 
tween them (Bitt-Friesen et al. 1992). 

Cory’s Shearwater Calonectris diomedea is a so- 
cially monogamous species and, as most Procellari- 
iforms, exhibits extreme demographic characteristics; 
it has low reproductive rates coupled with high life 
expectancy. The adults (over 5 years old) breed on 
isolated islands (the only time they come to land) 
sometimes in dense colonies but more often in smaller 
and more scattered groups (Cramp and Simmons 
1977). Two subsoecies are currentlv recognized, C. d. 
borealis breeding in the Northeast-Atlank and C. d. 
diomedea in the Mediterranean Sea. As for Cape 
Verde’s taxon (C. d. edwardsii), there is increasing ev- 
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FIGURE 1. Locations of the sampled colonies of Cory’s Shearwater (estimated colony sizes in parentheses). 
I-Berlenga (n = 200 pairs), 2-Farilhao (n = 40 pairs), 3-Sta Maria, &Graciosa, 5-Corvo (for the Azores 
n = 49,500-89,000 pairs; Monteiro et al. 1996), 6-Alegranza (n = 8,000-10,000 pairs; Martin et al. 1991), 
7-Selvagem (n = ca. 13,000 pairs), 8-Desertas (n = 1,500+ individuals; Zino and Biscoito 1994). 

idence for its full species status (Hazevoet 1995, Porter 
et al. 1997). 

The degree of genetic differentiation among popu- 
lations may be determined, in part, by the magnitude 
of philopatric behavior exhibited by a species because 
it will affect the amount of gene flow between colonies 
and hence their degree of isolation. Recapture data of 
banded birds suggest that in Cory’s Shearwater there 
is not a significant level of exchange of birds among 
colonies (i.e., populations) of the same subspecies (Lo 
Valvo and Massa 1988, Granadeiro 1991) and indi- 
viduals of this species exhibit strong philopatry to their 
colony and even nest site (Mougin et al. 1985). Mou- 
gin et al. (1985) showed that nest fidelity of adults 
returning to the same colony the following year may 
be as high as 91%, and mate fidelity among partners 
returning to the colony in successive years is usually 
also very high (Swatschek et al. 1994). Furthermore, 
significant morphological differences were found with- 
in the nominal and borealis races (Massa and Lo Valvo 
1986, Granadeiro 1993). 

Multilocus DNA fingerprinting (Jeffreys et al. 1985) 
has proven to be an informative method to address 
population level questions (Triggs et al. 1992, Degnan 
1993). This approach reveals restriction fragment 
length polymorphisms (RFLP) at hypervariable mini- 
satellite loci that are dispersed throughout the genome 
(Jeffreys et al. 1985). Minisatellite DNA is not tran- 
scribed and so far no clear function has been described 
at the phenotypic level, thus it is reasonable to assume 
neutrality of the variation observed (Jarman and Wells 
1989). The high rate of mutation makes minisatellites 
potentially of great use in addressing questions of ge- 
netic relationships among and within related popula- 

tions (Degnan 1993), although the difficulty of assign- 
ing band, locus, and allele identities compromises the 
use of minisatellites in all but first order comparisons 
(Burke and Bruford 1987). In the present study, we 
used DNA fingerprinting to compare the genetic di- 
versity among and within colonies of Cory’s Shear- 
water (Calonectris diomedea borealis) over its breed- 
ing range in the Northeast Atlantic and to infer how 
genetically isolated its populations are. 

METHODS 
STUDY AREA AND SAMPLE COLLECTION 
During the summer of 1994, 148 blood samples were 
collected from eight colonies comprising the breeding 
area of this subspecies (Fig. 1). Except for Alegranza, 
where only 6 samples were taken, 20 or 21 samples 
were collected from each colony, from either chicks 
and/or adults. Birds were caught by hand and blood 
samples of up to 1 ml were taken from the tarsus vein 
and immediately eluted into a lysis buffer. 

LABORATORY PROCEDURES 
DNA was extracted with phenol : chloroform and eth- 
anol precipitated (Sambrook et al. 1989). For the DNA 
fingerprinting comparisons, 5 kg of DNA of each sam- 
ple were digested overnight with excess of Pal I or 
Hinf I restriction enzymes, and DNA fragments were 
resolved in 0.8% agarose/TAE gels. Ten samples from 
two different populations were run in each gel along 
with a AHind III molecular weight marker and a con- 
trol to confirm consistency of banding patterns. Gels 
were depurinated, denatured, and neutralized. The 
DNA was transferred in 20X SSC (Sambrook et al. 
1989) by Southern blotting onto a nylon membrane 
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FIGURE 2. Mean within-population similarity indexes (S,,) for the eight colonies of Cory’s Shearwater, for 
each enzyme (Hinf I and Pal I). The colonies are as follows: des-Desertas, berl-Berlenga, far-Farilhao, 
crv-Corvo, grw-Graciosa, sel-Selvagem, stm-Santa Maria. can-Canarias Islands. 

(Hybond-N+, Amersham), then fixed in 0.4 M NaOH, 
and UV crosslinked. To generate the fingerprints, we 
used the radioactively-labeled pV47-2 probe (Long- 
mire et al. 1990). Membranes were washed and ex- 
posed to X-ray film with one intensifying screen. 

GENETIC ANALYSES 

Gels were digitized and compared using BioImage 
Systems’ software (version 3.2, BioImage Systems 
Corp., Ann Arbor, Michigan). Bands of the same size 
but of clearly different intensities were considered dif- 
ferent alleles. Band intensity and a 1 mm criteria were 
used to differentiate the bands. Two bands were con- 
sidered identical in two different individuals if they 
had migrated less than 1 mm apart. Only bands larger 
than 2.3 kb were considered in the analysis and were 
assumed to be unlinked. Because the control showed 
there was some variability associated with the migrat- 
ed distance of each of its bands across gels (S,, values 
for the same sample ran in the different gels were sig- 
nificantly different from 1, one sample t-test, t, = 5.2, 
P < 0.002 and t, = 5.9, P < 0.001 for Hinf I and Pal 
I, respectively), only within-gel comparisons were con- 
sidered. For each gel, we calculated similarity coeffi- 
cients (S) within and between populations and ob- 
tained measures of population subdivision (F,,) follow- 
ing Lynch (1990). To avoid pseudoreplication prob- 
lems arising from covariation among interdependent S 
values, we used a subsampling routine (Danforth and 
Freeman-Gallant 1996) to estimate the standard error 
associated with each S. Statistical procedures followed 
Zar (1996). 

RESULTS 

The average number of bands per individual among the 
different populations was 12.3 2 3.4 (n = 140 individ- 
uals) with Hinf I, and 13.9 ? 3.2 (n = 126 individuals) 
with Pal I enzyme; Pal I gave slightly higher similarity 
indexes over all gels (Fig. 2 and Table 1). 

The overall mean within-population similarities are 
presented in Figure 2. The values ranged between 0.23 
and 0.33 with Hinf I and between 0.26 and 0.42 with 
Pal I. No relation was found between the size of the 
populations and the similarity coefficients among their 
individuals (r = 0.35, n = 5, P > 0.5 and r = 0.67, 
n = 5, P > 0.2 for Hinf I and Pal I, respectively). 
Despite mean differences, the band sharing frequency 
distributions overlapped considerably in all colonies 
(data not shown), a level of resolution which does not 
allow assignment of individuals of unknown origin to 
a specific population. 

Similarity indexes for the different populations are pre- 
sented in Table 1. Between-population similarity indexes 
were consistently lower than the corresponding within- 
population similarity indexes, a trend which was signifi- 
cant for both enzymes (two-tailed paired t-test: t, = 5.9, 
P < 0.001, t, = 2.6, P < 0.04 for Hinf I and Pal I, 
respectively). No relationship was found between genetic 
similarity and geographic distances separating the differ- 
ent populations, for either of the enzymes (I = 0.22, n 
= 8, P > 0.5 and r = 0.11, n = 8, P > 0.5 for Pal I 
and Hinf I, respectively). This apparent genetic homo- 
geneity among colonies as far as these loci are concerned 
is reinforced by the F, values (Table 1), suggesting re- 
duced population subdivision. 
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DISCUSSION 

The observed variation in the number and distribution 
of bands and resulting band sharing coefficients, using 
different restriction enzymes, reflects variation in the 
frequency with which different restriction sites occur 
(Hanotte et al. 1992). Nonetheless, the two enzymes 
suggest, independently, similar conclusions. 

Mean band sharing values among individuals from 
each colony are comparable to the highest levels of 
similarity reported for outbred avian populations, 0.2- 
0.3 (Triggs et al. 1992), but similar to the ones reported 
for a population of Cory’s Shearwater in the Mediter- 
ranean (Swatschek et al. 1994). This fact may be ex- 
plained by the highly philopatric behavior described 
for this species (Mougin et al. 1985, Swatschek et al. 
1994) which must, to some extent, increase the pro- 
portion of matings among closely related individuals, 
thus decreasing the overall genetic diversity. 

Genetic similarity among Cory’s Shearwater popula- 
tions is comparable to that found within populations of 
other species of birds (Burke and Bruford 1987), sug- 
gesting that between population divergence in this sub- 
species is low. Moreover, the band sharing coefficients 
revealed no correlation between the genetic divergence 
among populations and geographic distance. This lack of 
population structure is further supported by the F, values 
which are similar to those obtained by Randi et al. (1989) 
in their study with the nominal subspecies, and well with- 
in the limits expected for avian species that show no 
strong population subdivision (Evans 1987). 

There are four possible explanations for our results. 
First, there could be enough gene flow to prevent sig- 
nificant differentiation. This does not necessarily con- 
tradict the observation of significant biometric differ- 
ences among colonies of Cory’s Shearwater in the At- 
lantic (Granadeiro 1993). Slatkin (1987) suggests that 
natural selection can act differentially on distinct loci, 
causing substantial differences at a few loci which are 
important for local adaptations, while other loci, either 
neutral (as minisatellite loci) or only weakly selected, 
stay relatively uniform throughout a species’ range. 
Randi et al. (1989) also proposed an interaction be- 
tween selection and gene flow to explain the genetic 
differences between the nominal and C. d. borealis 
races. Therefore, if the morphological differences in 
Cory’s Shearwater have a genetic basis, those loci 
should show a more extensive differentiation, provided 
that they are under substantial selection pressure. If, 
however, the morphological differences in this subspe- 
cies result from different ecological constraints being 
present in each colony, then one should not expect 
such a pattern. Nevertheless, this hypothesis does not 
agree with indirect evidence of banding data available 
for this subspecies (see Introduction). Moreover, we 
found a significant trend of lower between-population 
similarities in relation to the corresponding within- 
population similarities, which provides a hint for some 
genetic differentiation in Cory’s Shearwater. Such an 
incongruence between an apparent lack of genetic 
structuring and indirect evidence for population differ- 
entiation has been previously described in colonial wa- 
terbirds (Friesen 1997 and references therein). In those 
studies, the movement of individuals among colonies 
was used as a likely explanation for lack of population 
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structuring (e.g., Heidrich et al. 1996). Although the 
sampled colonies are separated by distances of up to 
1,900 km, it is still conceivable that low rates of gene 
flow, undetected with banding programs, are sufficient 
to maintain minisatellite alleles homogeneously spread 
throughout the breeding range of the subspecies. 

Second, gene flow may be absent but not enough time 
has elapsed to allow the fixation in each colony of poly- 
morphisms present in the ancestral population, as it has 
been proposed in other studies (Bitt-Friesen et al. 1992, 
Wink et al. 1993, Heidrich et al. 1996). The recency of 
founder events is a less likely explanation in our case 
because, although these islands were affected indirectly 
by the climatic changes of Pleistocene, records show 
that there always was breeding habitat available for this 
subspecies throughout its range. Randi et al. (1989) ac- 
knowledged this possibility as well, although coloniza- 
tion of Mediterranean islands occurred only after the 
end of the last glaciation period. It is therefore more 
probable that C. d. diomedea populations have not 
achieved genetic differentiation due to recency of col- 
ony founding than for the C. d. borealis studied here. 

Third, minisatellite loci may be evolving too rapidly 
and in a biased fashion, possibly resulting in conver- 
gence of minisatellite repeat number, as it has been 
shown for minisatellite loci of the human germ line 
(Jeffreys et al. 1994). If that is the case, our similarity 
indexes could be due to mutational biases coupled with 
low levels of gene flow. This possibility becomes more 
likely given the long divergence time of these popu- 
lations on the scale of minisatellite mutation rates. 

It is important to note that although mutation is a 
strong force shaping levels of population genetic var- 
iability, the F,, formula proposed by Lynch (1990) does 
not incorporate mutation rates. This fact may become 
important because if mutation rates are high, estimates 
of F,, may be underestimated given that these param- 
eters are inversely correlated. Therefore, the fourth ex- 
planation may be that the low levels of population sub- 
division found result from the differentiation index we 
used. This hypothesis is less likely because other DNA 
fingerprinting studies looking at population structure 
of avian species (Triggs et al. 1992, Degnan 1993) 
showed that it is possible to find population differen- 
tiation when using Lynch’s formula. 

Other loci should be screened in order to measure 
comprehensively the levels of genetic variability and 
gene flow among Calonectris diomedea borealis pop- 
ulations. The spatial distribution of a single class of 
genetic markers often leads to incomplete “species sto- 
ries” because they may retain an idiosyncratic record 
of evolutionary events that may differ from those of 
other loci. 

The authors are very grateful to Michael Hammer 
for allowing all the genetic analyses to be performed 
at the Laboratory of Molecular Systematics and Evo- 

A. Camara, R. Furness, L. Monteiro, A. Teixeira, A. 
Bruxelas, and R. Bonner were very helpful in different 
stages of this work. Scott Edwards, Joana Silva, two 
anonymous reviewers, and the editors provided very 
useful comments on the manuscript. This work was 
partly financed by research grants from Fundacao para 
a Ciencia e a Tecnologia to MCS (BD/9356/96), and 
Junta National de Investigacao Cientifica e Tecnolo- 
gica to JPG (BD/1283/95). 

LITERATURE CITED 

BIRT-FRIESEN, V. L., W. A. MONTEVECCHI, A. J. GAS- 
TON, AND W. S. DAVIDSON. 1992. Genetic structure 
of Thick-billed Murre (Uris lomvia) populations 
examined using direct sequence analysis of am- 
ulified DNA. Evolution 46:267-272. 

BURKE, T., AND M. W. BRUFORD. 1987. DNA finger- 
- printing in birds. Nature 327:149-152. 

CRAMP, S.. AND K. E. L. SIMMONS 1~0s.l. 1977. The 
birds of Western Palearctic: handbook of the birds 
of Europe, Middle East and North Africa. Vol. I. 
Oxford Univ. Press, Oxford. 

DANFORTH, B. N., AND C. R. FREEMAN-GALLANT. 1996. 
DNA fingerprinting data and the problem of non- 
independence among pairwise comparisons. Mol. 
Ecol. 5:221-227. 

DEGNAN, S. M. 1993. Genetic variability and popula- 
tion differentiation inferred from DNA finger- 
printing in Silvereyes (Aves: Zosteropidae). Evo- 
lution 47:1105-1117. 

EVANS, l? G. H. 1987. Electrophoretic variability of 
gene products, p. 105-162. In E Cooke and I? A. 
Buckley [eds.], Avian genetics: a population and 
ecological approach. Academic Press, London. 

FRIESEN, V. L. 1997. Population genetics and the spa- 
tial scale of conservation of colonial waterbirds. 
Colonial Waterbirds 20:353-368. 

GRANADEIRO, J. I? 1991. On a Cory’s Shearwater 
ringed at Selvagem Grande, Madeira (30”09’N, 
15”52’W) and recovered on Berlenga island, Por- 
tugal (39”24’N, 9”3’W). Bocagiana 145:1-4. 

GRANA~EIRO, J. I? 1993. Variation% measurements of 
Cory’s Shearwater between populations and sex- 
ing by discriminant analysis. Ring. and Migra. 14: 
103-I 12. 

HANOTTE, O., M. W. BRUFORD, AND T BURKE. 1992. 
Multilocus DNA fingerprinting in gallinaceous 
birds: general approach and problems. Heredity 
68481-494. 

HAZEVOET, C. J. 1995. The birds of the Cape Verde 
Islands. BOU, Checklist 13. British Omitholo- 
gists’ Union, Tring, UK. 

HEIDRICH, P., D. RISTOW, AND M. WINK. 1996. Molec- 
ular differentiation of Cory’s and Manx Shear- 
waters (Calonectris diomedea, PufJinus pujj5nr.u 
and P. yelkouan) and the Herring Gull comnlex 

lution, University of Arizona. Many thanks are due to 
Robert Sheehy for invaluable laboratorv help, and B. 

(Larus hrgentat&, L. fuscus, L. -cachinnansj. J. 
Omithol. 137:281-294. 

N. Danforth for making his program available. Thanks 
are also due H. Costa Neves and L. Vicente for per- 

JARMAN, A. I?, AND R. A. WELLS. 1989. Hypervariable 

mission to collect samples in the Parque Natural da 
minisatellites: recombinators or innocent bystand- 
ers? Trends Genet. 5:367-371. 

Madeira and Reserva Natural da Berlenga, respective- JEFFREYS, A. J., V. WILSON, AND S. L. THEIN. 1985. 
ly. E. Mujica and J. Godoy kindly sent us blood sam- 
ples from the Canarias Islands. T. Pacheco, A. Oliveira, 

Hypervariable “minisatellite” regions in human 
DNA. Nature 3 14:67-73. 



SHORT COMMUNICATIONS 179 

JEFFREYS, A. J., K. TAMAKI, A. MACLEOD, D. G. 
MONCKTON, D. L. NEIL, AND A. L. ARMOUR. 1994. 
Complex gene conversion events in germline mu- 
tation at human minisatellites. Nature Genet. 6: 
136-145. 

LONGMIRE, J. L., l? M. KRAEMER, N. C. BROWN, L. C. 
HARDEKOPF, AND L. L. DEAVEN. 1990. A new mul- 
ti-locus DNA fingerprinting probe: pV47-2. Nucl. 
Acid Res. 18:1658. 

LO VALVO, M., AND B. MASSA. 1988. Considerations 
on a specimen of Cory’s Shearwater ringed at Sel- 
vagem Grande and recovered in the central Med- 
iterranean. Bocagiana 124:1-5. 

LYNCH, M. 1990. The similarity index and DNA fin- 
gerprinting. Mol. Biol. Evol. 7:478-484. 

MARTIN, A., M. NOGALES, V QUILIS, G. DELGADO, E. 
HERNANDEZ, AND 0. TRUJILLO. 1991. La colonie 
de Puffin Cendre (Culonectris diomedea) de l’ile 
d’Alegranza (Lanzarote/Iles Canaries). Bol. Mus. 
Munic. Funchal 43: 107-120. 

MASSA, B., AND M. Lo VALVO. 1986. Biometrical and 
biological considerations on the Cory’s Shearwa- 
ter Calonectris diomedea, p. 293-3 13. In M. Med- 
maravis and X. Monbailliu [eds.], Mediterranean 
marine avifauna nopulation studies and conser- 
vation. NATO AS1 -Series, Ecological Sciences. 
Vol. XII. Sorinaer-Verlag. Berlin. 

MONTEIRO, L. R., Jy A. RAI&, AND R. W. FURNESS. 
1996. Past and present status and conservation of 
the seabirds breeding in the Azorean archipelago. 
Biol. Conserv. 78:319-328. 

MOUGIN, J.-L., C. JOUANIN, AND E Roux. 1985. Don&s 
complementaires sur les annes sabbatiques du 
Puffin Cendri Calonectris diomedea borealis de 
l’ile Selvagem Grande (30”09’N, 15”52’W). Bo- 
cagiana 86:1-12. 

PORTER, R., D. NEWELL, A. MARR, AND R. JOLLIFFE. 
1997. Identification of Cape Verde Shearwater. 
Birding World 10:222-228. 

RANDI, E., E SPINA, AND B. MASSA. 1989. Genetic var- 
iability in Cory’s Shearwater (Calonectris diome- 
dea). Auk 106:411-417. 

SAMBROOK, J., E. E FRITSCH, AND T MANIATIS. 1989. 
Molecular cloning. A laboratory manual. Cold 
Spring Harbor Laboratory, Plainview, NY. 

SLATKIN, M. 1987. Gene flow and the geographic 
structure of natural population. Science 236:787- 
792. 

SWATSCHEK, I., D. RISTOW, AND M. WINK. 1994. Mate 
fidelity and parentage in Cory’s Shearwater Ca- 
Zonectris diomedea-field studies and DNA fin- 
gerprinting. Mol. Ecol. 3:259-262. 

TRIGGS, S. J., S. J. WILLIAMS, S. J. MARSHALL, AND G. 
K. CHAMBERS. 1992. Genetic structure of Blue 
Duck (Hymenolaimus malacorhynchos) popula- 
tions revealed by DNA fingerprinting. Auk 109: 
80-89. 

WWK, M., F? HEIDRICH, U. KAHL, I. SWATSCHEK, H.-H. 
WITT, AND D. RISTOW. 1993. Inter- and intraspe- 
cific variation of the nucleotide sequence of the 
cytochrome b gene in Cory’s Shearwater (Calo- 
nectris diomedea), Manx Shearwater (Pz&inus 
puffinus) and the Fulmar (Fulmarus glacialis). Z. 
Naturforsch. 48c:504-509. 

ZAR, J. 1996. Biostatistical analyses. 3rd ed. Prentice- 
Hall, Upper Saddle River, NJ. 

ZINO, E, AND M. BISCOITO. 1994. Breeding seabirds in 
Madeira archipelago, p. 172-185. In D. N. Nettle- 
ship, J. Burger, and M. Gochfeld [eds.], Seabirds 
on islands: threats, case studies and action plans. 
Bird Life International, Cambridge. 

The Condor 101:179-185 
0 The Cooper Ornithological Society 1999 

SYNCHRONOUS UNDERWATER FORAGING BEHAVIOR IN PENGUINS’ 

YANN TREMBLAY AND YVES CHEREL~ 

Centre d’Etudes Biologiques de Chiz.4, Centre National de la Recherche Scienti$que, 
F-79360 Villiers-en-Bois, France, 

e-mail: cherel@cebc.cnrs.fr 

Abstract. We used electronic time-depth recorders chrysocome moseleyi dove in synchrony over seven 
to examine the synchronous foraging behavior of pen- 
guins both at the surface and underwater. During a 

consecutive hours during which they performed to- 

daily foraging trip in the chick guarding stage, two 
gether 286 dives between 3 and 60 m, and fed on the 

females of the Northern Rockhopper Penguin Eudyptes 
same prey, the swarming euphausiid Thysanoessa gre- 
garia. Most of the synchronous dives began (7 1 W) and 
ended (59%) with a time interval of % 4 set between 
birds. Differences in the duration and maximum depth 

’ Received 20 April 1998. Accepted 15 September of dives were slight: 5 2 set for 44% and % 1 m for 
1998. 62% of the dives. Indirect evidence suggests that the 

2 Corresponding author. two birds were part of a larger flock of foraging pen- 


