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Low genetic diversity is predicted to negatively impact species viability and has been a central concern for
conservation. In contrast, the possibility that some species may thrive in spite of a relatively poor diversity has
received little attention. The wandering and Amsterdam albatrosses (Diomedea exulans and Diomedea
amsterdamensis) are long-lived seabirds standing at an extreme along the gradient of life strategies, having
traits that may favour inbreeding and low genetic diversity. Divergence time of the two species is estimated at
0.84 Myr ago from cytochrome b data. We tested the hypothesis that both albatrosses inherited poor genetic
diversity from their common ancestor. Within the wandering albatross, per cent polymorphic loci and
expected heterozygosity at amplified fragment length polymorphisms were approximately one-third of the
minimal values reported in other vertebrates. Genetic diversity in the Amsterdam albatross, which is
recovering from a severe bottleneck, was about twice as low as in the wandering albatross. Simulations
supported the hypothesis that genetic diversity in albatrosses was already depleted prior to their divergence.
Given the generally high breeding success of these species, it is likely that they are not suffering much from
their impoverished diversity. Whether albatrosses are unique in this regard is unknown, but they appear to
challenge the classical view about the negative consequences of genetic depletion on species survival.
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1. INTRODUCTION
Theory predicts that species with higher genetic diversity
may enjoy a lower risk of inbreeding depression, increased
fitness through heterozygote benefits and better evolution-
ary potential than species with more limited diversity
(Sherwin & Moritz 2000; Frankham ez al. 2002). While
these predictions have received empirical or experimental
support (e.g. Saccheri er al. 1998; England er al. 2003;
Spielman ez al. 2004), they have also contributed to the
spread of the idea that having low genetic diversity is
necessarily bad. Such a perception is widely acknowl-
edged, explicitly or implicitly, in both scientific and
popular publications, and perhaps strengthened by the
frequent attribution (rightly or wrongly) of low levels of
genetic diversity to population bottlenecks (O’Brien 1994;
Hoelzel er al. 2002; Russello et al. 2004; Zhang et al.
2004). Since a bottleneck is a period of severe demo-
graphic contraction where a species or a population may
approach extinction, this might reinforce the idea that
exhibiting low genetic diversity cannot be a normal state in
a ‘healthy’ species. Hence, while conservation concerns
regarding genetically depleted populations have been
widely discussed, the possibility that some species may
thrive in spite of relatively poor genetic diversity has
received little attention from empirical investigations.

A number of studies that examined both historical
(prior to known bottleneck) and contemporary samples,
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or that compared closely related species or populations,
showed that bottlenecks can reduce genetic diversity to
different extents in different species (e.g. Groombridge
et al. 2000; Wisely et al. 2002; Bellinger ez al. 2003).
However, claims about the role of bottlenecks in depleting
genetic diversity are not always realistic with regards to
theoretical expectations (Amos & Balmford 2001). For
example, to actually have its heterozygosity decrease
substantially, a population must usually experience an
extreme contraction over a large number of generations.
Even species notoriously depleted, such as the African
Cheetah (Acinonyx jubatus), might not have experienced
such conditions (Merola 1994; Amos & Harwood 1998;
Amos & Balmford 2001).

Alternatively, life-history traits might cause some species
to retain little genetic variability. Demographic patterns
associated with life history (e.g. low fecundity or metapo-
pulation dynamics) may result in a small effective population
size (N.) and associated loss of genetic diversity over long
evolutionary times (Frankham er al. 2002). Likewise,
recovery of genetic diversity following a bottleneck or a
founder event will depend upon the specific demography of
each species. For instance, the dating of the cheetah’s last
bottleneck as 6000-20 000 years ago (Menotti-Raymond &
O’Brien 1993) is evocative of the species’ slowness to
re-establish its genetic diversity.

As the build up of genetic variability is time-bound by the
lifespan of each species, it may be that some are unlikely to
ever reach the level of genetic diversity observed in others.
This might apply to the wandering albatross (Diomedea
exulans). This long-lived seabird is positioned at the ‘slow’
end of the gradient of life strategies, characterized by a very
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low reproductive output (rearing one chick every other
year), extensive overlapping generations (lifespan may
exceed 50 years), natal and breeding philopatry and small
colony size (from less than 10 to less than 2000 pairs for most
colonies; Weimerskirch & Jouventin 1987; Tickell 2000;
Inchausti & Weimerskirch 2002). Inbreeding and genetic
drift within colonies may be more prevalent under the
influence of these traits. Actually, a moderately low level of
genetic variation was uncovered at microsatellite loci in that
species, as well as a rather shallow mitochondrial DNA
(mtDNA) phylogeny (Burg & Croxall 2004; Alderman ez al.
2005). In addition, in a pilot study conducted with amplified
fragment length polymorphism (AFLP) markers, we found
an extremely low genetic diversity.

In this study, we compared AFLP variation in two sister
species, the wandering and the Amsterdam (Diomedea
amsterdamensis) albatrosses, to test the hypothesis that they
have had impoverished genetic diversity since their
divergence, which began some 0.8 million years ago
according to cytochrome b sequence data and molecular
clock calibration (Nunn & Stanley 1998; Penhallurick &
Wink 2004). While the wandering albatross is widespread
across the Southern Ocean, the Amsterdam albatross is
recovering from an extreme bottleneck (Weimerskirch
et al. 1997). Support in favour of our hypothesis would
suggest that, despite quite different population histories,
these albatrosses never reached levels of diversity observed
in other vertebrates.

We chose AFLPs because they generate a larger
number of loci (100s, compared to typically 5-20 loci
for microsatellites or 1 locus for mtDNA) and do not
specifically target sequences evolving neutrally (Campbell
& Bernatchez 2004). Thus, they integrate variation in
genetic diversity within a species’ whole genome, unlike
microsatellites markers which target a specific type of
DNA (tandem repeats) and are generally selected on the
basis of their level of polymorphism. Moreover, AFLPs
will always exhibit a maximum of two alleles, thus
ensuring that interspecific comparisons of diversity are
not flawed by large variation in the number of alleles
between loci and between species, as such variation not
only reflects intraspecific diversity, but also contingencies
(chance and effort invested) during marker development.
Thus, AFLPs allow for more straightforward interspecific
comparisons of genetic parameters.

So far, empirical studies of the relationship between life-
history traits and genetic diversity have provided an
ambiguous picture (Amos & Harwood 1998). Here,
comparison between wandering and Amsterdam albatrosses
helped disentangle the two main factors (bottleneck, life-
history traits reducing N.) potentially responsible for the
genetic diversity observed today in albatrosses.

2. MATERIAL AND METHODS

According to a recent, albeit still debated, taxonomical revision,
the wandering albatross (D. exulans) breeds on four archipela-
gos and one isolated island throughout the Southern Ocean
(Robertson & Nunn 1998; Burg & Croxall 2004; Alderman
et al. 2005; see electronic supplementary material). Formerly,
the species also included two subspecies from islands nearby
New Zealand (now referred as Gibson’s albatross, D. Gibsoni
and Antipodean albatross, D. antipodensis) and one from the
Tristan da Cuhna archipelago (now the Tristan albatross,
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D. dabbenena). In this study, we examined genetic variation in
D. exulans as defined according to this new taxonomy. This
species numbers approximately 8500 annual breeding pairs
(Gales 1997). In contrast, Amsterdam albatrosses were
represented by only 38 pairs in 2004—2005 (H. Weimerskirch,
unpublished), all breeding on Amsterdam Island in the Indian
Ocean, but were down to five pairs in 1984 (Weimerskirch
etal. 1997).

(a) Sampling and AFLP amplification

Samples of 400 wandering albatrosses were collected at nine
breeding colonies from four archipelagos across the species’
range (see electronic supplementary material for colony
locations and sizes). Altogether, these archipelagos are home
to more than 99% of the world population of D. exulans, while
more than 60% of all couples breed in the colonies sampled for
this study. Thirty-four Amsterdam albatross samples were
collected in the sole existing colony. Since this species is
critically endangered, this study has been approved by the ethics
committee of Institut Polaire Francais Paul-Emile-Victor and
received permission from the French Ministry of Environment
for handling protected species. Samples consisted of blood
except for Marion Island birds and Amsterdam albatrosses for
which feathers were plucked off chicks. DNA was extracted
using either the QIAamp DNA blood mini kit (blood samples)
or by isoamyl alcohol extraction and ethanol precipitation
(feathers; Bello ez al. 2001).

The AFLP procedure followed the method of Vos er al.
(1995). Restriction enzymes EcoRI and Msel were used for
digestion of whole genomic DNA. Six EcoRI/Msel primer
pairs were used in the selective PCR, with each primer ending
with three selective nucleotides: AAC/CAT, AAG/CCG,
AAG/CGT, ACA/CAC, ACC/CGT and ACT/CCG. PCR
products were loaded into an ABI Prism 3100 capillary
sequencer and DNA fragments were analysed with GENE-
MARKER V. 1.4 (Softgenetics). Only clear peaks in the range of
50-500 bp were retained as markers. Negative controls were
included at each step to make sure that no contamination
occurred. To test the repeatability of AFLP fragments, DNA
was re-extracted for 47 individuals and the whole AFLP
procedure was repeated for these individuals.

(b) Polymorphism and genetic diversity

The proportion of polymorphic loci (expressed in per cent) in
the two albatross species was calculated as the proportion of
loci for which the frequency of the most common allele was
less than 0.95 (herein Pso,). Pso, is the parameter reported for
all organisms to which we compared albatross data, except
one (table 2). Markers with a frequency of more than 0% and
less than 5% are considered monomorphic. This 5%
threshold is intended to buffer for unequal sample sizes
among studies. Fragments present in a single individual were
excluded from the dataset, because a single genotyping error
(e.g. due a slightly incomplete digestion) would create a false
marker and therefore artificially increase the number of
monomorphic loci under the 5% criterion.

We estimated allele frequencies with two methods
accounting for the dominant nature of AFLPs. The first
method simply uses the square root of the recessive genotype
frequency as a maximum-likelihood estimator of the
frequency ¢ of the non-amplifying allele (assuming random
mating), but is statistically biased particularly for small values
of ¢ (Lynch & Milligan 1994). The Bayesian method
proposed by Zhivotovsky (1999) provides better estimates
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of ¢ when the number of null-homozygotes is small or zero, as
found in several of our markers. Parameters a and & for the
prior beta distribution of genotype frequencies were com-
puted from eqn (13) in Zhivotovsky (1999) using data from
the 400 wandering and 34 Amsterdam albatrosses for the
estimates of ¢ within each species, respectively. Expected
heterozygosity was obtained from He=2¢(1—g). Within-
colonies values of Pso, and He were calculated for six out of
the nine colonies for which sample size was greater than or
equal to 20 (the minimal size for detecting polymorphism at
the 5% threshold). Sampling locations with N <20 were used
to increase geographical coverage when measuring global
genetic diversity.

(¢) Stmulations to estimate ancestral polymorphism
To test the hypothesis that both albatross species have
retained a set of AFLP markers which were already fixed in
their most recent ancestor, we ran simulations in MAPLE v. 9.0
(Maplesoft) to estimate the total number of ancestral loci
(AL,oap) from which the loci presently fixed in both species
are derived, and the number of these ancestral loci which were
already fixed for the dominant genotype (ALgyq) at time of
speciation (see Appendix A for details). We define Lpso, as the
number of polymorphic loci in the current sample of 400
wandering +34 Amsterdam albatrosses. An estimate for the
number of the ancestral polymorphic loci among those loci
that gave rise to the currently observed fixed loci is AL g0 —
ALg,.q and so an estimate for the total number of ancestral
polymorphic loci from which all observed loci were derived
(both fixed and polymorphic) is (ALota1—ALgxed +Lpse)-
Similarly, (ALowa1+ Lpse,) is an estimate for the total number
of ancestral loci (fixed and polymorphic) from which all
observed loci were derived. This leads to the following
ancestral polymorphism estimate:

P5q, = 100 X (ALgra1 —ALgyeq + Lpsg)/(ALiorar + Lpsg,)-

Hence, currently polymorphic loci were assumed to have
been polymorphic at the time of speciation. This means that
state transformations from fixed (ancestral) to polymorphic
(current) due to mutation are not accounted for. Therefore,
the above estimate is conservative, given our perspective
which is to test whether polymorphism was already low in the
ancestral albatross.

3. RESULTS

(a) Polymorphism and heterozygosity in

the wandering albatross

The six primer pairs used to generate AFLPs led to the
amplification of 234 loci that could be unambiguously
scored as present (peak) or absent (no peak). Geno-
typing errors and homoplasy were unlikely to affect our
conclusions (see electronic supplementary material for
details). Per cent polymorphic loci (Ps¢,) averaged for six
colonies of wandering albatrosses was 5.4+1.7% (s.d.)
and global polymorphism across the species was similar
(P59, =5.1%; table 1). Such a low level of polymorphism
is roughly one-third of the minimum value reported
in vertebrate populations for which AFLP data are
available (table 2).

Since methylation tends to reduce the relative
frequency of CGs in the genome (Beutler er al. 1989),
AFLP primers containing this dinucleotide at their
selective 3’-end were found to amplify a lower number
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of bands but a higher proportion of polymorphic
fragments than other primers (Bensch & Akesson
2005). This variation has the potential to confound
interspecific comparisons when primers differ among
studies. Our four primer pairs containing a ‘CG’
dinucleotide amplified a higher proportion of poly-
morphic fragments than the two ‘non-CG’ pairs (one-
tailed pair-sample test on arcsin transformed data:
t=4.82, d.f.=6, n=7 colonies (six wandering +one
Amsterdam albatrosses), p<0.003; table 1). The
difference between ‘CG’ and ‘non-CG’ primers varied
with colony and reached a maximum of ten times at
Howe and islets. However, Pso, values always remained
well below those reported for other vertebrates.

Heterozygosity (He) in albatrosses was also much smaller
than that found in other species (table 2). However, this
comparison is limited to five vertebrate species for which He
was estimated in a comparable way from AFLP data. Global
square root and Bayesian estimates were identical (0.028;
table 1), but the second method gave consistently higher
estimates of intra-colony heterozygosity (one-tailed pair-
sample test on arcsin transformed data: 1= —4.53, d.f. =6,
n="7 colonies, p<0.003), likely reflecting the bias of
the square root estimator when sample size is smaller
(Zhivotovsky 1999). However, the magnitude of difference
between the two methods was not significantly correlated
to within-colony sample size (Spearman’s v, =0.214, n=7,
p>0.5). Likewise, correlation between He and sample size
(re=0.639, n=7 colonies, 0.2>p>0.1) or colony size
(r¢=—0.473, n="7 colonies, p>0.2) was not significant
(results here are for He from Bayesian estimates but are alike
for square root estimates). Thus, heterozygosity was very
low for all colonies regardless of sample sizes or the number
of breeding couples they count.

(b) Comparison between wandering

and Amsterdam albatrosses

Genetic diversity was more than twice as low in
Amsterdam than in wandering albatrosses (table 1).
When genotypes from the two species were grouped,
Ps., remained identical to that measured in the wandering
albatross alone, while heterozygosity slightly increased.
Therefore, the pooled genetic diversity of albatrosses is
much lower than that uncovered in any other, single,
vertebrate population. This last observation did not follow
from the unequal sample sizes between the two species. In
fact, the Amsterdam albatross has only five polymorphic
loci (5% threshold), two of them being also polymorphic
in the wandering albatross. The pooled genetic diversity
thus shows that both species almost share the same set of
fixed markers. Indeed, out of 234 markers, 184 were fixed
for the dominant phenotype in both species while only one
was differentially fixed (i.e. present in one species and
absent in the other species). Among the remaining
markers, 15 had a frequency between 0.05 and 0.95 in
at least one species, and 34 markers were considered as
fixed for null-homozygotes because their frequency was
less than 0.05 in both albatrosses.

Simulations supported the hypothesis that the large
proportion of fixed markers shared by the two albatross
species was already fixed in their most recent ancestor.
Under a pure drift model, the likelihood that ALy
ancestral loci, among which ALg..q were fixed prior to
speciation, led to the current pattern of fixation within the
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Table 1. Within-colony and global genetic diversity at AFLPs in wandering and Amsterdam albatrosses.

% polymorphic loci expected heterozygosity
sample all CG loci non-CG  square root Bayesian
species archipelago colony size loci  only loci estimator estimator
wandering Kerguelen Pointe Morne 44 4.7 8.1 0.9 0.017 0.073
albatross Howe & islets 28 6.0 10.5 0.9 0.015 0.066
Crozet Baie du Marin 83 4.3 4.0 1.8 0.018 0.075
Baie Américaine 23 3.0 6.4 1.8 0.015 0.075
Pointe Basse 152 6.8 11.3 1.8 0.026 0.080
Ile aux Cochons 20 7.7 12.1 2.7 0.016 0.024
all® all colonies 400 5.1 8.1 1.8 0.028 0.028
Amsterdam St-Paul & Amsterdam 34 2.1 2.4 1.8 0.010 0.011
albatross Amsterdam island
two species 434 5.1 7.3 2.7 0.030 0.031
pooled

2 Global genetic variation also includes samples from Baie Larose (n=9), Courbet (z=9), Marion island (n=17) and Bird island (n=16;
see electronic supplementary material).

Table 2. Genetic diversity at AFLPs in albatrosses and other vertebrates in the literature. Data is representative of the range
found in vertebrates.

extensive
coverage
region/area of species’ sample number % polymorphic expected
species covered range? size ofloci  loci® heterozygosity  source
wandering Indian and yes 400 234 5.1 0.028 this study
Albatross Atlantic
Oceans
Amsterdam Amsterdam yes 34 234 2.1 0.010 this study
Albatross island (Indian
Ocean)
SNOwW goose Bylot Island no 745 191 17 0.10 Lecomte er al.
(in preparation)
willow flycatcher Southwestern no 290 708 27.8 0.221-0.348°  Busch ez al. (2000)
(1 subspecies) United States
horned grebe Yukon, Québec, yes 90 96 29.2 n.a. M. Boulet
Iceland (2006, personal
communication)
house finch North America  yes 163 269 29.9¢ 0.10° Wang et al. (2003)
and Hawaii
bluethroat Northwestern no 162 232 34.9 n.a. Questiau ez al.
(1 population) France (1999)
warblers (2 sub- Pyrenees no 30 251 56.2 n.a. Bensch ez al. (2002)
species)
wild turkey (5 sub- North America  yes 379 n.a. 37-58, 54-73¢ n.a. Mock er al. (2002)
species) and Mexico
American eel US Atlantic coast yes 193 373 51.7 n.a. V. Albert, (2006,
personal
communication)
European eel Northeast no 186 186 50.7 n.a. V. Albert, (2006,
Atlantic and personal
Mediterranean communication)
Sea
mole-rats Israel/<1 ha no 20 729 59.9 0.097-0.159 Polyakov ez al.
(2004)
Anolis lizards (two  Caribbean’s/ no 4890 310-31- 61.9-62.9 n.a. Ogden & Thorpe
species) transects less 3 (2002)
than 7 km
giant salamander Southern British no 20-28 n.a. 53.7-97.6° 0.192-0.386°  Curtis & Taylor
Columbia (2004)
(Canada)

# 5% criterion except for giant salamander for which it was close or equal to 5% as sample sizes within populations ranged 20-28.
® Range of values for 20 sampling sites

¢ Average of values within sampling localities.

4 Range of confidence intervals within defined subspecies.

Proc. R. Soc. B
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Figure 1. Likelihood that a set AL, of ancestral AFLP loci,
among which a number ALg..q are fixed, leads to the
observed pattern of fixation in the two albatross species
after their divergence. The current pattern is 184 loci fixed in
both species and one locus fixed differentially (i.e. present in
the wandering Albatross and absent in the Amsterdam
Albatross). Results are from 10 000 simulations for each
starting values of AL, and ALg..q. Note that the maximum
number of fixed ancestral loci cannot exceed its current
number (184) since pure drift will maintain monomorphic
loci as monomorphic. In addition, the number of ancestral
loci has to be at least as large as the number of loci found in
the dataset (185) since loci subjected to pure drift can only
disappear through drift, i.e. after fixating for absence in both
species (see the worked out example in Appendix A).

two species was maximal for values of AL, =185 and
ALg,..q=184 (figure 1). Moreover, the likelihood value
decreases very quickly as one is moving away from these
two values (99% CI for ALgy.q: 179-184 loci). Ancestral
polymorphism based on lower and upper bounds of this
confidence interval was 8 and 12.8%, respectively. Since
this estimate does not account for monomorphic loci with
frequencies between 0 and 5%, it likely represents an
overestimate of ancestral polymorphism.

The interpretation of a shared impoverished genetic
diversity that was inherited from an ancestral species
implicitly assumes negligible gene flow between the two
derived species. Despite their overall high similarity, these
species nonetheless exhibited pronounced genetic
differences at a few loci. One locus was diagnostic, being
present in all wandering, but absent in all Amsterdam
albatrosses. Among polymorphic loci, several exhibited
sharp frequency differences among species. Assignment
tests performed with ArLropr software (Duchesne &
Bernatchez 2002) excluding the diagnostic locus sup-
ported a much greater differentiation between the two
species than between any pair of wandering albatross
colonies (see electronic supplementary material). More-
over, breeding phenology of the two species is distinct,
making the occurrence of hybridization events unlikely.

4. DISCUSSION

AFLP data revealed an extreme genetic uniformity in the
wandering albatross, a species widespread in the Southern
Ocean although with limited numbers. Among all
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vertebrates surveyed for AFLP to date, only the
endangered Amsterdam albatross has a lower diversity.
Admittedly, however, interspecific comparisons of AFLP
variation may be complicated by several factors. First,
among-studies differences exist in sample size and
proportion of species’ ranges covered. Nevertheless, we
believe that the reduced genetic diversity in albatrosses is
not a sampling artefact. Our sampling was extensive: all
archipelagos where wandering albatrosses breed were
sampled, except for the isolated Macquarie island which
housed only 19 pairs in 2004 (Terauds ez al. 2006). On the
other hand, only a fraction of the range was sampled for
several species included in table 2. Thus, any additional
sampling in those species with limited coverage would be
more likely to increase the difference observed with the
wandering albatross, not the opposite. Moreover, when
comparing within-colonies diversity—which represents
much smaller geographical coverage and sample sizes
similar to those for less extensively sampled species—
wandering albatrosses are still well below other
vertebrates. Second, scoring method may vary greatly
among studies or investigators (Bonin et al. 2004). One
way to ensure confidence in genotyping quality is to assess
levels of error and their potential effects on estimates of
genetic parameters (Pompanon ez al. 2005). In our case,
error rate was too low to have a significant effect on our
genetic diversity estimates.

Several studies did not report levels of polymorphism
and could not be included in our comparisons. In addition,
AFLPs have rarely been used in population genetic studies
of animals compared with plants (Bensch & Akesson
2005). These factors greatly limit the number of species to
which albatrosses can be compared with. Nevertheless,
given their present rank on the diversity scale, it appears
very unlikely that albatrosses do not in fact lie at the lower
bound of genetic diversity among vertebrates.

(a) Origin of impoverished genetic diversity

in albatrosses

Our results suggested that two species of albatross with
different population histories have inherited a poor genetic
diversity from their common ancestor. Given the available
estimate of time since divergence (which is ca 0.84 Myr
ago based on cytochrome b), N, must have been small over
long evolutionary times so that low levels of genetic
diversity have been maintained until the advent of
contemporary populations. This would not rule out the
possibility of bottleneck episodes as well. In particular, the
twofold lower heterozygosity in the Amsterdam compared
with the wandering albatross colonies may reflect the
current bottleneck in that species.

To understand how genetic diversity could remain at
low levels, one needs to consider both gains of mutational
variants and their eventual loss or fixation through genetic
drift (in this case the fixation of either AFLP allele).
Obviously, the low annual fecundity of wandering and
Amsterdam albatrosses, along with their limited numbers,
slow down the accumulation of mutations relative to
species with higher fecundity and/or population sizes (for a
given mutation rate). Moreover, Nunn & Stanley (1998)
found evidence for a slower rate mtDNA cytochrome &
evolution in larger Procellariformes. The mutation rate
was estimated at 0.62% per million year for albatrosses,
but 0.78 and 0.92% for intermediate-sized and smallest
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species of Procellariiformes, respectively. These results
were attributed to metabolic rates differences, which are
known to correlate with body size (Nunn & Stanley 1998).
Therefore, the extreme reduction in genetic diversity we
observed in these two albatrosses might be partly
attributable to a similar reduction in mutation rate at
nuclear loci relative to smaller species.

Small long-term population size thus appears as the
basic limiting factor in the accumulation of new poly-
morphisms, a phenomenon potentially accentuated by low
mutation rates within the albatross lineage. It is hard,
however, to identify a single basic factor that might explain
the rate of loss of diversity through drift, for it is influenced
not only by population size but also by a number of
specific life-history traits. Single-locus simulations showed
that the combined effect of generation overlap, life
expectancy and age at first reproduction of albatrosses,
lead to a rate of decay of heterozygosity per generation
between two and three times faster than that of an ideal
population of equal size (see electronic supplementary
material). This is consistent with the expectations from
theoretical population models for overlapping generations
and under random mating (Rogers & Priigel-Bennett
2000). On the other hand, annual drift rate as estimated
from simulations was 13 times slower than that of an ideal
population with a 1 year generation time (see electronic
supplementary material).

Other factors might have a large effect on the extent of
genetic drift. Namely, metapopulation dynamics involving
recurrent population extinction—colonization is known to
reduce N. compared to a classical island model of
population structure (Whitlock 2003). Indeed, such
dynamics represent a plausible alternative hypothesis for
the genetic depletion in cheetahs (Hedrick 1996). From
an analysis of 40 years of mark-recapture data, Inchausti &
Weimerskirch (2002) found evidence for metapopulation
dynamics in the wandering albatross. In addition, past
glaciations are likely to have provoked frequent coloniza-
tions and extinctions of albatross populations (Alderman
et al. 2005). On the other hand, assortative mating
according to age and partner fidelity (Jouventin ez al.
1999), along with the small variance in family size
(Weimerskirch ez al. 2005), may result in a maximal
number of effective breeders contributing to the next
generation, for a given census size. Therefore, alleles
might be retained for a longer period than expected under
a random mating scheme. In addition, Amos ez al. (2001)
reported a slight but significant negative relationship
between parental similarity and reproductive success in
the wandering albatross. As stated by Amos & Balmford
(2001), greater fitness of outbred pairs may provide
populations with ‘extra resilience against inbreeding
depression and genetic erosion’.

Another key factor influencing the rate of genetic drift
is temporal fluctuations in N,.. Sether et al. (2004) showed
that bird species located towards the slow end of the
‘slow—fast’ gradient of life histories (albatrosses represent-
ing the most extreme slow case) are better buffered against
the demographic stochasticity. In other words, the
amplitude of fluctuations in effective population size
should be less important. Thus, even if albatross
populations remained small, they might have been able
to limit further loss of genetic diversity that is expected to
be caused by the N, fluctuations.
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One scenario suggested by the above considerations is
that albatrosses may have a very low accumulation of
mutations coupled with a low rate of heterozygosity loss
per year as compared to most other vertebrates. However,
the hypothesis that the peculiar life-history traits of
albatrosses may result in the maintenance of a low genetic
diversity for the entire species lifespan will need to be
confirmed by means of thorough demographically and
spatially realistic simulations.

(b) Genetic diversity in other species

Poor genetic diversity has been uncovered in several top
predators and/or long-lived species. For some of them such
as Mauritius kestrels (Falco punctatus; Groombridge et al.
2000), data unequivocally point out to the effect of recent
bottlenecks. In contrast, bottlenecks have had little impact
on genetic diversity in fur seals (Arctocephalus gazella and
A. tropicalis; Wynen et al. 2000) and on a population of
box turtles (Terrapene ornata; Kuo & Janzen 2004), while
the cause of the low genetic diversity in several greater
Carnivores remain controversial (Merola 1994; Hedrick
1996; Amos & Balmford 2001). Impoverished genetic
diversity in North Atlantic right whales (Eubalaena
glacialis) was initially attributed to mass killing during
extensive whaling that took place from the seventeenth to
mid-twentieth centuries. But this interpretation has been
challenged by historical mtDNA samples and right whales
were possibly genetically depleted well before the seven-
teenth century (Rastogi er al. 2004). However, micro-
satellite variation in the more numerous South Atlantic
right whales (E. australis) was about twice as high as in the
E. glacialis (Waldick er al. 2002). Likewise, four micro-
satellite markers that were used in the wandering and in at
least one other albatross species showed that heterozygosity
is clearly lower in the former species for some of these
markers (see electronic supplementary material). These
observations indicate that comparable life histories do not
necessarily lead to similar levels of genetic diversity. Given
current knowledge, it is thus hard to tell whether the
wandering albatross represents a unique genetic case due
to a conjunction of particular life-history traits and
population history, or if such a scenario has arisen in
other species having similar traits.

(c) Surviving with a low genetic diversity

If species like albatrosses have thrived for nearly 1 Myr
despite an extremely poor genetic diversity, they must have
been able to avoid excessive inbreeding depression and
erosion of evolutionary potential. To date, we have no
clear indication that inbreeding depression may be
occurring in albatrosses. Average reproductive (fledging)
success of wandering albatrosses is generally high, even
higher than that of many other Procellariiformes
(Weimerskirch & Jouventin 1998). The quick recovery
of the Amsterdam albatross colony despite minute genetic
variation is also remarkable.

At least two mechanisms may contribute to the reduction
of inbreeding depression. First, a species may develop
inbreeding avoidance behaviours. Selection favouring
mating between partners with dissimilar genotypes might
be in action in wandering albatrosses (Amos ez al. 2001).
Whether these birds can recognize and avoid their kin is
unknown, but odour-based individual recognition exists
in other Procellariiformes (Bonadonna & Nevitt 2004).
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Sex-biased dispersal is generally the rule in birds
(Greenwood 1980), and may also limit the occurrence of
inbred mating. However, if the whole albatross population is
highly inbred owing to long-term small N, inbreeding
avoidance mechanisms might not be sufficient to explain
their reproductive success. Second, inbreeding depression
should be more severe in species having high genetic
variation, that suddenly decrease dramatically in population
size or become inbred for other reasons, as mutation load is
expected to be higher for populations of large effective size.
In small historically inbred populations, deleterious alleles
may be purged faster after their first appearance, thus
limiting the burden of mutational meltdown (Crnokrak &
Barrett 2002; but see Ballou 1997). For example, in
experimentally purged populations of Drosophila, inbreed-
ing depression was only one-third of that observed in the
original source population, after one generation of full-sib
mating (Swindell & Bouzat 2006). A striking finding
possibly attributable to purging was that genetic uniformity
in a small herd of cattle does not impair on animal fertility
and viability (Visscher ez al. 2001).

Albatrosses appear to challenge the classical view about
the negative impacts of genetic depletion on populations.
Still, our findings do not dispute the importance of
maintaining genetic diversity in natural populations.
Several studies, especially those regarding inbreeding
depression, have provided convincing evidence that
impoverished diversity may cause serious reduction in
fitness traits and increase extinction risk. Nonetheless, in
the context of interpreting the consequences of genetic
diversity with regards to conservation issues, our results
show that some species may behave differently that
previously appreciated.
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v. 109 (H.W.), the Canadian Research Chair in Genomics
and Conservation of Aquatic Resources (LL.B.), as well as a
NSERC scholarship to E.M.

APPENDIX A. ESTIMATING ANCESTRAL
POLYMORPHISM

Suppose we are provided with a sample of genotypes for
species A and B over some common set of AFLP loci.
Fixed absence or fixed presence at a given locus are
represented by scores 0 and 1, respectively. We consider
only those loci for which there is fixation within each of
species A and B, possibly to two different scores. We retain
the largest subset for which a single species shows fixation
for presence (1s) at all loci. For instance, from the
following arrays of frequencies:

speciesA: 025 1 0 1 1 047 1 012 1 0.73 0.17 1
speciesB: 025 1 1 0 1 047 0 O 11 0.19 1

—_

we would keep the subarrays:

species A: 1 1 1 1 1 1
species B: 1 0 1 0 1 1 1

—_

Proc. R. Soc. B

Assuming that these fixed loci in A and B are derived
from a set of ancestral loci, the goal is to estimate the total
number of ancestral loci (AL.,1) and, among the latter,
the number of loci which were already fixed (as 1s) at time
of speciation (A4Lgy.q). In the above two subarrays, species
A contains seven 1s while species B has five. Let us refer to
seven and five as the N1 and nl fixation statistics,
respectively. In other words, N1 and nl represent the
largest and the smallest number of loci fixed for presence
within the retained subarrays, respectively.

A Monte Carlo simulator was built to estimate the
probability that, given a pair of parameter values (4L qta1
ALg.q), the output random variables N1 and nl would
take on the observed values, i.e. 185 and 184, respectively
in the wandering and Amsterdam albatrosses.

The simulator produces fixation statistics for a range of
starting values of ALy, and ALg..q. The originally fixed
loci are scored as 1 in each species. The distribution of the
dominant allele frequency p among originally polymorphic
loci is assumed to be U [0,1], i.e. uniform over the (0,1)
range. For each of the two species, each polymorphic locus
is turned into a fixed locus, with probability of fixation for
presence (1) proportional to p and probability of fixation
for absence (0) proportional to 1—p. Note that even
though p is the same for both species, X may be fixed for
distinct values in the two species. More precisely, the
simulator performs the following algorithm:

For each species and each polymorphic locus X:

a frequency p is selected at random based on U [0,1]
based on U [0,1], a number x is selected at random
if x<p then X is allocated score 1

else if x> p then X is allocated score 0

Then N1 and n1 statistics are computed as above. This
completes a single iteration. The number of iterations for
which N1 and n1 match the observed values (185, 184) is the
likelihood of the pair of the parameter starting values
(ALota1s ALgyeq)- Standardized likelihoods are obtained by
dividing each likelihood by the sum of likelihoods. The
number of originally polymorphic loci for the set of currently
fixed loci is thus ALy —ALggeq- Polymorphism in the
ancestral species is estimated as described in §2. Confidence
intervals can be computed by considering most likely
continuous sets of (ALqta1, ALgxeq) values.

A.1 Worked out example of a single stimulation
iteration

Suppose ALyt =10, ALg.q=>5 and observed N1, nl are
8, 5, respectively,

(i) Since the number of originally polymorphic loci is
assumed to be AL;ga—ALggeqa=5, five poly-
morphic loci are made to drift until fixation:

U [0,1] randomly allocates ancestral p frequen-
cies for each locus
0.43 0.72 0.21 0.85 0.67
a fixation score is randomly allocated to each
species/locus following p
species A: 1, 1,0, 0, 0
species B: 0, 1,0, 1, 1
(ii) scores of originally fixed loci:
species A: 1,1, 1, 1, 1
species B: 1, 1,1, 1, 1
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(iii) complete scores for contemporary species from (1)
and (2):

species A: 1,1, 0,0, 0, 1

species B: 0, 1,0, 1, 1, 1,

subarrays:
1,0,0,1,1,1,1, 1
1,1,1,1,1,1, 1, 1
N1=8,nl1=6

Match the observed N1, n1? No, therefore the iteration
is scored a 0.
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