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Comprehensive long-term studies of isolated populations
provide valuable comparative data that may be used to
evaluate different methods for quantifying the relationship
between genetic diversity and fitness. Here, we report on
data collected from large and well-characterized cohorts of
the two numerically dominant species of Darwin’s finches on
Isla Daphne Major, Galápagos, Ecuador – Geospiza fortis
and G. scandens. Multilocus microsatellite (SSR) genetic
diversity estimates (heterozygosity and d̄ 2) and pedigree-
based estimates of the inbreeding coefficient (f ) were
compared to each other and to two fitness components:
lifespan and recruitment. In the larger sample of G. fortis,
heterozygosity (H ) was correlated with both fitness compo-
nents, but no relationship was detected in the smaller sample
of G. scandens. Analyses of the inbreeding coefficient
detected highly significant relationships between f and

recruitment, but no relationship between f and overall
lifespan. The d̄ 2 statistic showed no relationship to either
fitness component. When the two SSR-based estimators
were compared to f, d̄ 2 was correlated with f in G. fortis in the
predicted direction, while in G. scandens the relationship was
positive. Multilocus heterozygosity was correlated with f in G.
fortis but not in the G. scandens sample. A pedigree
simulation demonstrated that the variation in true autozyg-
osity can be large among individuals with the same level of
inbreeding. This observation may supplement the interpreta-
tion of patterns relevant to the local (locus-specific) and
general (genome-wide) effects hypotheses, which have been
proposed to explain the mechanism responsible for associa-
tions between genetic diversity and fitness.
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Introduction

The loss of genetic diversity and inbreeding depression
have been identified as the major potential intrinsic
threats to the health and survival of small populations
(Frankham, 1998; Vucetich and Waite, 1999). Small and
isolated populations are vulnerable to fitness decreases
resulting from a loss of genetic diversity, whether this
loss results from increased mating among relatives or, on
a longer time scale, through genetic drift and fixation of
deleterious genotypes (Hedrick and Kalinowski, 2000;
Hedrick, 2001). Reduced allelic diversity in a population
may be harmful in that it leads to a decrease in
individual heterozygosity and reduced reproduction or
survival. Two genetic mechanisms can account for the
short-term fitness consequences of decreased heterozyg-
osity of populations (and constituent individuals); (1)
heterosis, where heterozygous genotypes are superior to
any of the homozygous genotypes, and (2) partial
dominance, where decreased allelic diversity leads to

the expression of recessive or partially recessive deleter-
ious alleles (Houle, 1994). A longer-term consequence is
that the loss of alleles from a population reduces a
population’s capacity to adapt to changing environmen-
tal conditions (Lande, 1995; Frankham et al, 1999).

The relative levels of genetic diversity within popula-
tions and within individuals are of interest, but the most
practical and effective method of quantifying such
variation is not obvious. Nor is it clear as to which
index of genetic diversity is the best predictor of fitness-
related traits. When heterozygosity influences fitness, the
important quantity to determine is autozygosity, or the
total proportion of an individual’s alleles that are
identical by descent. The inbreeding coefficient (f ) is
one way to estimate this quantity, and it may be
determined by analyzing pedigrees (see review by Keller
and Waller, 2002). Alternatively, autozygosity may be
estimated through the use of biochemical or molecular
genetic markers. When allele sizes at microsatellite or
simple sequence repetitive (SSR) markers are used,
additional statistics that integrate information on the
putatively predominant stepwise mutation process may
also reflect relatedness (Coulson et al, 1998). If they
perform well, molecular alternatives to f are desirable
because measuring the extent of inbreeding throughReceived 29 July 2003; accepted 10 October 2003
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pedigrees in natural or disturbed populations is often
difficult because it requires repeated sampling and
observation over several generations.

Despite these difficulties, several studies have used the
inbreeding coefficient to document inbreeding depres-
sion in populations that are small, isolated, and well
enough studied for extensive pedigrees to be ascertained.
In a recent review, Keller and Waller (2002) identified 18
animal species where pedigrees were used to study
inbreeding in natural populations. Not surprisingly, 12 of
the species were birds and six were large, long-lived
mammals. In these cases, individuals could be tagged or
otherwise recognized. Where such intensive and long-
term sampling is not possible, snapshot methods using
molecular or biochemical markers may be the only tools
available to estimate the extent of inbreeding.

Correlations of heterozygosity and fitness have been
examined in a variety of organisms using both allozyme
and DNA markers. Study organisms include marine
bivalves, trees, crustaceans, amphibians, birds, and
mammals (Zouros and Foltz, 1987; Britten, 1996; Bierne
et al, 1998; Westemeier et al, 1998; Bierne et al, 2000;
Launey and Hedgecock, 2001; Myrand et al, 2002). It is
usually assumed that individuals (or populations) with
reduced heterozygosity are more inbred than related
populations with greater heterozygosity. Reduced indi-
vidual or population heterozygosity at a set of marker
loci is often, but not always (Booth et al, 1990; Savolainen
and Hedrick, 1995; Rowe and Beebee, 2001) associated
with a decrease in some fitness-related trait. In addition,
there are examples of genetically depauperate popula-
tions being ‘rescued’ by the introduction of new alleles
(Westemeier et al, 1998; Grant et al, 2001; Vila et al, 2002).

Heterozygosity–fitness correlations (HFC’s) are often
very weak, and their biological relevance has been
questioned. David (1998), for example, has asked
whether the published studies that demonstrate small
positive HFCs might simply reflect a publication bias in
favor of positive results (for a discussion, see Coltman
and Slate, 2003). It is difficult to generalize about the
prevalence of HFC’s from individual studies because the
strength of HFC’s and inbreeding depression may vary
with environmental conditions (David and Jarne, 1997;
Keller et al, 2002; Knaepkens et al, 2002; Myrand et al,
2002).

Since heterozygosity can sometimes predict fitness
even among siblings or other sets of identically inbred
individuals, it has been suggested that linkage between
marker and coding loci is responsible for HFC’s, a
pattern termed ‘local effects’ by David et al (1995). For
example, in great reed warblers, more heterozygous
siblings are more likely to become recruits (Hansson et al,
2001), and broods of the oyster Ostrea edulis become
increasingly heterozygous over time (Bierne et al, 1998).
Recently, Hansson and Westerberg (2002) have noted that
data sets that include information on f, H, and fitness are
especially helpful in differentiating between the local
effects hypothesis and the alternative ‘general effects’
hypothesis, which suggests that HFC’s are due to
genome-wide heterozygosity, and that both H and f act
as different but potentially complementary indices of
autozygosity (David, 1998).

In a multi year study on Daphne Major, Keller et al
(2002) have used pedigree data to show that inbreeding
depression is present in both G. scandens and G. fortis.

The severity of the effect is related to annual rainfall,
which in turn influences food availability. In this study,
we focus on a single generation of the birds studied by
Keller et al (2002), which allows us to deepen our
understanding of the relationship between pedigree
estimates of inbreeding and heterozygosity by directly
comparing the two estimators, and in turn determining
how well each of these estimators predicts fitness. We
examine the relationships between genetic diversity and
fitness by examining cohorts of birds hatched in 1991 in
two species of Darwin’s finches, the medium ground
finch Geospiza fortis and the cactus finch G. scandens. We
compare microsatellite heterozygosity, the stepwise
mutation model-based d̄2 statistic, and a pedigree-
derived estimate of the inbreeding coefficient taken from
Keller et al (2002) as predictors of lifespan and of
recruitment into the next generation. These two cohorts
were selected because they represent the first year in
which DNA samples are available for the majority of
individuals hatched in a long-term study on Isla Daphne
Major (Grant and Grant, 2002). Following a single cohort
has the advantage of comparing sets of individuals who
have shared a common environment since birth, thereby
eliminating differential effects of environmental varia-
tion during their lifetimes. Using this unique data set, we
are able to explore the properties of these estimators in a
natural population.

Methods

Field methods
Isla Daphne Major is a small (0. 34 km2) island about
7.5 km from the nearest larger island of Santa Cruz.
Almost every bird hatched in 1991 was banded either as
a nestling, or as an adult (Grant and Grant, 2002 and
references therein). Blood samples were obtained from
the two numerically dominant species, G. fortis and G.
scandens via brachial vein puncture usually from 8-day-
old nestlings, treated with EDTA and dried on filter
paper (Petren et al, 1999b). Hatching dates, social parents,
and sibships were recorded during the field season. G.
fortis hatched between mid-March and mid-June 1991
and G. scandens hatched between mid-January and early
June. Lifespan and recruitment were chosen as fitness
correlates because they could be unambiguously deter-
mined in the field, and each has a direct relationship to
fitness (Grant and Grant, 2000). Lifespan was determined
during annual surveys of marked birds each spring. For
the purposes of this study, recruitment was determined
by whether or not an individual was observed attempt-
ing to breed during its lifetime.

Laboratory
Microsatellite genotypes at 13 loci were obtained for 470
of the 782 G. fortis and 110 of the 138 G. scandens that
hatched during 1991. Fragment sizes were obtained
using previously reported PCR methods for the follow-
ing presumably unlinked loci that were developed from
a G. fortis library (Petren, 1998): Gf-1, Gf-3, Gf-4, Gf-5, Gf-
7, Gf-8, Gf-9, Gf11, Gf-12, Gf-13, Gf14, Gf-15, and Gf-16.
Genotypes were determined using the methods de-
scribed in Petren (1998). Fragment sizes were determined
on an ABI 377 DNA sequencer, an ABI 3100, or by
autoradiography.
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Data analysis
Standard indices of genetic diversity were calculated
from microsatellite genotypes for each species and
individual, including unbiased heterozygosity (H) (Nei,
1978), the effective number of alleles (ne) (Hartl and
Clark, 1989), and a count of the number of alleles present.
A stepwise mutation model-based estimator of genetic
diversity, d̄2 (Coulson et al, 1998), was also calculated and
is included here for comparative purposes. For many of
the individuals in this current study, pedigree-based
inbreeding coefficients were taken from Keller et al
(2002). To reduce the error that could be introduced by
using f values from birds with incompletely defined
pedigrees, we used a restricted data set for making
comparisons involving f. We included only those
individuals with four known grandparents and whose
fathers could be confirmed using microsatellite geno-
types. In these species, maternity can be reliably inferred;
however, 20% of G. fortis (Keller et al, 2001) and 8% of G.
scandens (Petren et al, 1999a) are not genetically related to
their social father. Restricted samples of 211 G. fortis and
75 G. scandens were available for comparisons between f
and either H or d̄2 and fitness-related traits. Correlations
between the inbreeding coefficient and either d2 or H
were determined using Spearman’s rank correlation (rs)
because f is heavily biased towards zero in these
samples. In contrast, the distributions of H and d̄2, while
not normally distributed, were less biased and were
analyzed using parametric statistics.

We used bootstrap resampling of individuals from the
large G. fortis sample to determine the effects of sample
size differences on correlations between H and lifespan.
In addition, 95% confidence intervals were calculated for
many parameters to determine whether the failure to
reject the null was likely to be a consequence of
inadequate sample sizes (Hoenig and Heisey, 2001). In
these analyses, family structure may complicate the
interpretation of results because broods are identical in
inbreeding and because fitness may be influenced by
parental effects. However, we analyze individuals
because our goal is to compare fitness, heterozygosity,
and autozygosity due to inbreeding and these are
individual properties that may vary among identically
inbred individuals (Hansson and Westerberg, 2002).

The mean values of f, H, and d̄2 were compared in
recruits and nonrecruits, where nonrecruits were defined
as birds who were never observed attempting to breed,
and includes birds who died before sexual maturity. The
Mann–Whitney U test was used to analyze inbreeding
data, while t-tests were used to evaluate H and d̄2 that are
closer to being normally distributed.

To isolate the effects of heterozygosity from those of
inbreeding, we compared H and fitness among indivi-
duals with the same f value in cases where more than 10
individuals shared the same inbreeding coefficient.

Finally, to understand the expected level of variation in
genetic similarity between an individual’s chromosomes
for a given level of inbreeding, a series of pedigrees were
simulated to generate individuals with theoretical
inbreeding coefficients of 0.25, 0.125, and 0.0625, and
the number of linkage groups was arbitrarily assumed to
be either 15, 40, or 60 in order to determine the effect of
linkage on variance in autozygosity. The starting gen-
eration consisted of two individuals that possessed four
different alleles at each locus, so that the starting

heterozygosity was always 100%. In total, 1000 replicates
for each of the nine conditions were generated. This
permitted the calculation of 95% confidence intervals
(the central 95% of synthetic individuals) for the mean
decrease in heterozygosity expected among individuals
for the three levels of inbreeding under conditions of no
linkage.

Results

Allelic diversity
In G. fortis, 150 unique alleles were observed at the 13
SSR loci surveyed, while in the smaller sample of G.
scandens 114 alleles were observed, for an average of 11.5
and 8.8 alleles, respectively. The 13 locus average
effective number of alleles (ne) – the number of equally
frequent alleles that would produce the expected
heterozygosity derived from the actual allele frequencies
(Hartl and Clark, 1989) – is 4.26 in G. fortis, and ranges
from a low of 1.79 at locus Gf 4 to a high of 6.29 at locus
Gf 11. In G. scandens, ne is 3.88 when averaged over all 13
loci and ranges from a low of 1.88 at locus Gf 4 to a high
of 7.42 at locus Gf 12. Values for d̄2 ranged from 9.1 to
488.2 in G. fortis, with an average of 202.98 and from 18.2
to 496 in G. scandens with an average of 155.53. Observed
heterozygosity is 0.65 in G. fortis with a SD of 0.14 and is
0.61 with a SD of 0.13 in G. scandens.

Inbreeding
The inbreeding coefficient could be reliably determined
for 211 G. fortis and 75 G. scandens. In G. fortis, 33% of
these individuals have a pedigree-based inbreeding
coefficient greater than 0, while in G. scandens 48% of
this subset had an f greater than 0. This fraction of
detectably inbred birds in both species is higher than that
reported in the multigeneration study of Keller et al
(2002), who observed that 19.8% of G. fortis and 16.7% of
G. scandens were detectably inbred. The mean level of
inbreeding observed in this study is f¼ 0.010 in G. fortis
and f¼ 0.042 in G. scandens.

Inbreeding and genetic diversity
To test the relationship between the inbreeding coeffi-
cient and heterozygosity, Spearman’s Rho (rs) was
calculated. Heterozygosity and f were negatively corre-
lated in G. fortis (rs¼�0.162, P¼ 0.019) and not corre-
lated in G. scandens (rs¼ 0.087, P¼ 0.45). The mean
heterozygosity and the number of individuals in the
sample for each inbreeding class are shown in Figure 1.
Several inbreeding classes are consistent with the
expected H in G. fortis, whereas all of the inbreeding
classes 4f¼ 0 are above expectation in G. scandens. Many
inbreeding classes contained small numbers of indivi-
duals in both species. In G. scandens, many individuals
are also outside the 95% confidence interval for
autozygosity derived from the pedigree simulation.

When the d̄2 statistic was substituted for H, an even
stronger negative correlation was observed in G. fortis
(rs¼�0.224, P¼ 0.0012). Surprisingly, a significant posi-
tive correlation was observed between f and d̄2 in G.
scandens (rs¼ 0.307, P¼ 0.0083). Thus, both diversity
indices are consistent with the basic prediction that
genetic diversity will decrease with increased inbreeding
in G. fortis, but in G. scandens the relationship between f
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and H may be undetectable for smaller sample sizes, and
the d̄2 statistic may even be misleading.

Fitness and genetic diversity
Correlations between either f, H, or d̄2 and lifespan were
calculated to determine how well the three indices of
genetic diversity predicted fitness. Lifespan and H were
correlated in G. fortis (r¼ 0.17, P¼ 0.001), but not in G.
scandens. Neither f nor d̄2 were correlated with lifespan in
either taxon. The results are shown in Table 1, along with
95% confidence intervals for r. Recruits had higher
average H and d̄2 values than nonrecruits in both G.
fortis and G. scandens; however, the only significant
difference involved H in G. fortis (H¼ 0.68 vs 0.63,
t468¼�4.3, Po0.0001). The Mann–Whitney U test results
for f show that recruits were on average significantly less
inbred than nonrecruits in both taxa (Table 2). Tsitrone
et al (2001) have shown that the predicted relationship
between fitness and d̄2 is nonlinear, and our results also
suggest a curvilinear relationship.

Average H or average f of survivors and nonsurvivors
was plotted for each year to reveal when genetic

diversity influences survival most strongly (Figure 2).
In the G. fortis cohort, the inbreeding coefficient
decreased and heterozygosity increased steadily during
the first 3 years as more inbred and less heterozygous
individuals died more frequently. The differential mor-
tality appears to be most strongly expressed during the
first 2 years of life. Survivors (closed squares) are clearly
distinguishable from nonsurvivors (open circles) with
respect to H during 1991 and 1992 in G. fortis (H¼ 0.66
and 0.62, t468¼�3.33, P¼ 0.0009 for 1 year survivors and
nonsurvivors, respectively), and become more similar in
subsequent years. Similarly, the mean inbreeding coeffi-
cient is higher in individuals who died during 1991,
1992, or 1993, although there is substantial overlap in the
distributions. The relationship changes in later years
when the number of individuals surviving in the sample
becomes smaller. Survivors and nonsurvivors were
essentially indistinguishable in G. scandens, which is
not surprising given the lack of an overall correlation
between genetic diversity and either lifespan or recruit-
ment.

Sample size limitations affect our ability to detect
temporal patterns of variation in fitness and correlations
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between genetic diversity indices and fitness, especially
in G. scandens. To investigate sample size effects on
correlations, we drew at random subsamples of 100
individuals 100 times from the larger G. fortis data set. In
all, 40% of these subsamples showed a significant
correlation between lifespan and H, suggesting there is
roughly a 60% chance of a type II error in G. scandens if
they actually have a HFC similar in magnitude to that
observed in G. fortis. An alternative comparison can be
made using the reasoning of Hoenig and Heisey (2001).
They suggest that when 95% confidence intervals are
clustered tightly around the null (in this case r¼ 0), then
failure to reject the null is not likely due to small sample
sizes. The confidence interval of r ranged from �0.14 to
0.2 in G. scandens, which is a rather broad distribution
around the null given the modest size of the effect
observed in G. fortis (r¼ 0.16). This suggests that the null
might be rejected if sample size were expanded. A
similar pattern was observed for the nonsignificant
difference between H in recruits and nonrecruits in G.
scandens (Table 2).

A more qualitative evaluation of the G. fortis data
shows that the small number of individuals in the three
most inbred classes have a decrease in lifespan, and the
most heterozygous individuals live longer than the least
heterozygous individuals (Figure 3a). In contrast, the
fitness effects of inbreeding are less evident in G.
scandens, although the most inbred birds survive less
well (Figure 3d). Similarly, no clear pattern or hint of a
trend emerges from an examination of the relative
lifespans of the different H classes in G. scandens
(Figure 3c).

The local effects hypothesis predicts that HFC’s should
be detectable among individuals with the same level of
inbreeding (David, 1998). In G. fortis, three levels of

inbreeding were represented by more than 10 indivi-
duals (an arbitrarily chosen minimum); f¼ 0, 0.031 and
0.156. In G. scandens, only f¼ 0 and 0.0625 were
represented by more than 10 individuals. No correlations
between H and lifespan were detected among the
individuals within these inbreeding classes. A difference
in mean H was detected between recruits and nonre-
cruits in G. fortis with an inbreeding coefficient of 0.031
where H in recruits was 0.69 compared to 0.56 in
nonrecruits (N¼ 33, t31¼�2.489, P¼ 0.018), although
this difference becomes marginally insignificant after
correcting for three comparisons (P¼ 0.056; Table 3).
However, all of the relationships are in the direction
predicted by the local effects hypothesis, and the 95%
confidence intervals suggest a lack of statistical power
due to small sample sizes.

Variation in the true level of autozygosity predicted by
f is a potentially important source of noise in compar-
isons of inbreeding and fitness. Pedigree simulations
revealed that mean values of autozygosity for groups of
individuals quickly converged on that predicted by f;
however, the variance in the expected decline in H
among individuals is high for all levels of inbreeding and
for each number of simulated linkage groups. For
example, the 95% confidence interval for heterozygosity
decline in individual offspring of full-sib matings
(f¼ 0.25) ranges from 6.7 to 47% when heterozygosity is
sampled at 15 unlinked loci. With 60 loci this range is
smaller, but still large (from 15 to 37%) (Table 4),
suggesting that there is a substantial amount of
autozygosity variance that is not accounted for by f.
This variance may affect the ability to detect fitness
associations when modest numbers of individuals are
sampled or when the amount of linkage disequilibrium
in a population is high as linkage would be expected to
further increase the variance in autozygosity (Franklin,
1977). To show the power to detect correlations between
H and f, we plotted confidence intervals for 15 loci
(Figure 1).

Discussion

Comprehensive long-term studies of isolated popula-
tions provide valuable comparative data that may be
used to evaluate different approaches to detect HFCs.
Using the current Darwin’s finch data set, we addressed
two distinct kinds of questions; (1) those involving the
relationship between the inbreeding coefficient (f) and
indices of genetic diversity derived from SSR loci; and (2)

Table 1 Correlation coefficients between f, H, or d̄2 and lifespan in
G. fortis and G. scandens

G. fortis G. scandens

f versus lifespan – rs (P) 0.004 (0.36) 0.006 (0.9613)
H versus lifespan: r
(P)[95% ci]

0.16 (o0.001)
[0.1,0.24]

0.03 (0.8051)
[�0.14,0.2]

d̄2 versus lifespan: r
(P)[95% ci]

0.02 (0.6388)
[�0.1,0.1]

0.07 (0.4462)
[�0.1,0.26]

P-values are shown in parentheses, and 95% CIs for r are shown in
square brackets. Spearman’s rank correlations were calculated for
comparisons involving f.

Table 2 Comparisions of genetic diversity between recruits and nonrecruits

G. fortis G. scandens

f H d̄2 f H d̄2

Recruits 0.007 0.68 207.6 0.028 0.6 149.8
Nonrecruits 0.011 0.63 200.6 0.045 0.62 128.5
Difference (95% CI) �0.004 0.056(0.032,0.081) 7(�29.9,38.4) �0.017 0.087(�0.021,0.196) 21.3(�64.3,21.7)
Rank recruits, nonrecurits 120.7,93.7 — — 66.6,33.1 — —
t — �4.3 �0.639 — �0.036 �0.98
P-value 0.012 o0.0001 0.5232 o0.0001 0.96 0.329

Mann–Whitney U tests were used to compare the ranks of recruits and nonrecruits with respect to f. Heterozygosity and d̄2 differences were
evaluated using t-tests. Ranks are shown for recruits and nonrecruits for comparisons involving f. The 95% confidence intervals are shown for
the difference in the mean for comparisons using parametric statistics.
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those concerning the relative abilities of f and the SSR-
derived estimators of autozygosity to predict fitness
declines resulting from inbreeding. These results under-
score the fact that both molecular estimates of auto-
zygosity (H & d̄2) and the inbreeding coefficient
calculated from pedigrees ( f ) are imperfect estimators
of expected individual autozygosity, a quantity that
represents the true proportion of loci which have the
potential to show heterotic effects. In summary, we find a
correlation between f and both H and d̄2 in the larger
sample of G. fortis, but heterozygosity is not correlated
with inbreeding in the smaller G. scandens sample. The
correlation of the d̄2 statistic with f in G. scandens was
opposite to the predicted direction, suggesting that H is a
more reliable index of SSR diversity than d̄2, a finding
consistent with recent studies of the behavior of this
estimator (reviewed by Goudet and Keller, 2002). With
respect to fitness, H is correlated with lifespan in G. fortis,
but not in G. scandens. The inbreeding coefficient is
significantly higher in nonrecruits in both species
sampled, whereas H is significantly higher in recruits
only in the larger sample of G. fortis. In G. fortis, the most
pronounced effect of H on lifespan was detected during
the first 2 years life. A closer examination of these

patterns can illuminate the behavior of these estimators
in natural populations.

These results may be compared with those of Keller
et al (2002). In contrast to the results presented here,
Keller et al (2002) found the strongest evidence of
inbreeding depression in G. scandens. One explanation
for this difference is that the expression of inbreeding
depression varies from season to season in response to
rainfall (Keller et al, 2002). The 1991 cohorts studied here
hatched during the first of 3 wet years (Grant et al, 2000),
which would likely have produced a different selective
environment as the majority of individuals surveyed in
Keller’s et al (2002) multiyear study experienced much
drier conditions.

Predicted heterozygosity and inbreeding
In G. fortis, the mean levels of observed heterozygosity at
the 13 SSR loci are close to the values expected for a
given decline in autozygosity for most levels of inbreed-
ing, although the variation around this mean is large. In
contrast, the observed heterozygosities in the smaller G.
scandens sample are not close to those predicted. One
potential source of this variation involves the fact that
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Figure 2 A year by year comparison of mean heterozygosity (72 SE) for individuals who die during a year (open circles) or who survive until
at least the next year (closed squares). G. fortis comparisons are shown in panels a and b, and G. scandens comparisons are shown in panels c
and d. The fraction of the total sample living at the beginning of an interval is shown below each graph. Starting sample sizes in G. fortis are
470 individuals for H and 211 individuals for f. In G. scandens, starting sample sizes are 110 for H and 75 for f. Confidence intervals of 0 reflect
identical f or H values within a subgroup.
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pedigree-based estimates of f are calculated relative to a
starting population whose members must be assumed to
be unrelated. When this occurs, variation in autozygosity
due to undetected inbreeding differences in this refer-
ence population leads to heterogeneity in the true level of
autozygosity among individuals who share an inbreed-
ing coefficient, although the influence of this variation is
expected to decrease with pedigree depth (Keller and
Waller, 2002). A second possibility is that increased
mortality of homozygous G. scandens prior to blood
sampling at day 8 could cause a similar pattern.

A third source of variation involves the sampling of
chromosomal regions during meiosis. If linkage groups
are large, then variance in autozygosity for a given level
of inbreeding is expected to be large (Franklin, 1977). If
so, then variance in the true level of autozygosity may
account for a large part of the discrepancy between
observed and expected heterozygosity in G. scandens, as
much of the observed individual heterozygosity values
fall within the 95% confidence intervals for autozygosity.
This variation in autozygosity is an important influence
on the number of heterozygous coding loci that are

visible to selection. Variation in actual identity by descent
among loci is expected to be high with a sample of 13
unlinked marker loci, as in this study. The results from
the simulation exercise allow us to conclude that this
kind of variation leads to considerable heterogeneity in
autozygosity within an inbreeding class. The effects of
this heterogeneity on the relationships between f and H
will be most pronounced when either sample size or the
true number of linkage groups is modest; however, the
variance is considerable even with 60 unlinked loci. Of
course the strength of the correlation between H and
fitness is also prone to other sources of error such as
environmental variation and parental effects, so it is not
surprising that HFC’s are typically weak (David, 1998).

Genetic diversity and fitness
From these data, it is unclear whether the inbreeding
coefficient or heterozygosity is a better predictor of
fitness. Ideally, multiple regression would be used to
directly compare the relative abilities of SSR heterozyg-
osity and the inbreeding coefficient to predict fitness.
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Figure 3 Indices of autozygosity as predictors of fitness showing 95% confidence intervals for lifespan for each observed level of either H or f.
The number of individuals observed in each class is shown on the graph. The light gray line indicates mean lifespan for the sample. G. fortis
results are shown in panels a and b, G. scandens results are shown in panels c and d. Confidence intervals of 0 reflect identical f or H values
within a subgroup.
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This is not practical because (as in most studies) the
inbreeding coefficient is biased with a median value of
f¼ 0 and few highly inbred individuals, whereas H is
closer to being normally distributed. Our analyses show
that, in general, more autozygous birds have shorter
lives than their outbred contemporaries. In G. fortis, this
pattern appears to be driven by differential mortality
early in life (Figure 2). The mean heterozygosity of G.
fortis that survive their first year is 4% higher than for
birds that do not. Those that survive also have a lower
inbreeding coefficient than those that do not. The most
inbred G. scandens have a reduced life expectancy
(Figure 3), although there is no difference in H between
those who die before their first year and those who live
for a year or more. In the case of G. fortis, it appears that
there is a threshold below which inbreeding has little
effect under the benign environmental conditions pre-
vailing early in the life of this particular cohort. Similarly,
G. scandens with f¼ 0.0625 and 0.25 survive less well than
individuals with lower levels of inbreeding. An excep-
tion to this pattern is the small number of individuals
with f¼ 0.125, who have a higher survival than average.
Three individuals survived less than a year, and the

other two (who were siblings) lived 5 years and were
recruited into the breeding population. Therefore, only
two individuals are having a large influence on the
lifespan of this inbreeding class, contradicting the more
general pattern and underscoring the perils of small
sample sizes. In G. fortis, these inbreeding results are
paralleled by those for heterozygosity, where the most
heterozygous individuals survive longer than the least
heterozygous group. No clear relationship emerged
when the most heterozygous and homozygous G.
scandens were compared.

The absence of a correlation between heterozygosity
and fitness in G. scandens may be due to the small
number of individuals in the sample with very high and
very low heterozygosities. Hybridizations between G.
scandens and G. fortis are rare events (Grant and Grant,
1992) that provide additional insights into the relation-
ship between heterozygosity and fitness. Grant et al (in
press) have explored the fitness consequences of these
hybridization events in progeny hatched in 1991 on the
same island, and found that hybrid (backcross) progeny
have higher fitness than nonhybrid contemporaries
matched in time and space to minimize the effects of
environmental noise. Since hybrid progeny have a higher
expected heterozygosity than nonhybrid progeny, this
observation suggests that in both species fitness is
enhanced by increased heterozygosity.

The limited number of organisms available for study
in small populations may be the greatest challenge to
those seeking to study biologically important but
quantitatively weak effects. In this study, the samples
represented a large portion of the entire cohort with
genetic data available for 60% of the G. fortis and 80% of
the G. scandens hatched in 1991. Since the association
between multilocus heterozygosity and fitness is quanti-
tatively weak, it may be difficult to detect these effects in
organisms where obtaining very large samples is not
possible, due to the limited size of the population under
study (Coltman and Slate, 2003). Similarly, the number of

Table 3 A comparison of fitness with heterozygosity within levels of inbreeding

Level of inbreeding 0 0.0156 0.031 0.0625

Number of Obs. 142 20 33
r: H versus lifespan (95% CI) 0.15 (0,0.3) 0.33 (�0.14,0.66) 0.16 (�0.17,0.48)
F ratio 3.13 2.25 0.904
P 0.07 0.15 0.35
Mean H: recruits 0.67 (0.63,0.71) 0.68 (0.57,0.78) 0.69 (0.61,0.78)
Mean H: nonrecruits 0.64 (0.61,0.66) 0.59 (0.52,0.67) 0.56 (0.51,0.62)
Difference: recruits/nonrecruits (95% CI) 0.056 (0.032,0.081) 0.084 (�0.047,0.21) 0.13 (0.024,0.23)
tn�2 �1.518 �1.35 �2.489
P 0.13 0.19 0.018

Number of Obs. 45 21
r: H versus lifespan 0.18 (�0.14,0.46) 0.21 (�0.26,0.59)
F ratio 1.37 0.6
P 0.25 0.381
Mean H: recruits 0.61 (0.51,0.70) 0.69
Mean H: nonrecruits 0.59 (0.54,0.63) 0.65 (0.59,0.70)
Difference: recruits/nonrecruits (95% CI) 0.018 (�0.021,0.196) —
tn�2 �0.345 —
P 0.72 —

The 95% confidence intervals are shown for the correlation between H and lifespan and for the difference between mean H in recruits versus
nonrecruits. Only inbreeding classes where 410 individuals were observed were analyzed. In G. scandens, for f¼ 0.0625, a P-value was not
calculated for recruitment as only a single individual was recruited.

Table 4 Pedigree resampling results showing 95% confidence
intervals for the expected decline in heterozygosity per generation
for three levels of inbreeding

Number of linkage groups sampled

f 15 40 60

0.0625 0.00, 0.20 0.00, 0.15 0.02, 0.13
0.125 0.00, 0.33 0.05, 0.23 0.05, 0.21
0.25 0.07, 0.45 0.13, 0.38 0.15, 0.37

In total, 1000 simulated pedigrees were constructed at each of the
three levels of inbreeding using either 15, 40, or 60 loci. No alleles
were shared among members of the initial generations. The
confidence intervals shown represent the central 95% of results
from each simulation run.
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individuals in any inbreeding class is small, reducing
statistical power in comparisons involving f.

Genomic aspects of HFCs
The genomic patterns responsible for generating HFCs
are not well understood. One useful framework for
understanding the genomic forces responsible for gen-
erating HFC’s involves the local and general effects
hypotheses (David et al, 1995). The local effects hypoth-
esis suggests that HFC’s are the result of linkage between
marker and specific heterotic coding loci, whereas
general effects suggests that total autozygosity (rather
than heterozygosity at specific loci) predicts fitness.
Under the general effects hypothesis, no correlation
between H and fitness components should be detectable
among identically inbred individuals because f is an
index of selectable autozygosity (David, 1998; Hansson
and Westerberg, 2002). It has been suggested that data
sets that allow calculation of both inbreeding coefficients
and individual heterozygosities may be helpful in
distinguishing among hypotheses (Hansson and Wester-
berg, 2002).

In evaluating evidence for the local versus general
effects hypothesis, we found no relationship between H
and lifespan or recruitment within inbreeding classes of
G. scandens or G. fortis. There was some evidence that
recruits had higher heterozygosity at one level of
inbreeding in G. fortis. Nevertheless, H is consistently
larger in recruits than nonrecruits for the remaining
comparisons, and all the correlation coefficients are
positive. On the surface therefore, this appears to
support the local effects hypothesis in that some of the
marker loci may be linked to regions under selection,
and larger sample sizes may have provided more
statistical power to detect this. This reasoning assumes
that f is a precise estimate of selectable autozygosity.
However, the simulation results suggest that individuals
within an inbreeding class can vary widely in auto-
zygosity even when the number of linkage groups is
large, as is thought to be the case in birds (Thorneycroft,
1975; Burt, 2002). Therefore, some of the variation in
fitness due to heterosis that is not accounted for by f may
be reflected in H. If so, then SSR HFC’s within inbreeding
classes may be due to variation among identically inbred
individuals in true autozygosity, rather than a result of
local effects.

With this data set, it is not possible to distinguish
between the local and general effects hypotheses without
a more complete understanding of the variance in
autozygosity for a measured level of inbreeding, and
this depends on an understanding of the size of linkage
groups (Franklin, 1977). Although physical linkage
groups in birds are likely to be small and numerous
(Burt, 2002), bottlenecks and population structure can
increase the level of linkage disequilibrium (Hansson
and Westerberg, 2002), and perhaps falsely give the
impression of local effects because each marker locus
would represent a substantial portion of the genome.
Thus, the general effects hypothesis can be rejected
only after the variance in individual autozygosity for a
known level of inbreeding has been accounted for (cf.
Hansson and Westerberg, 2002, Table 2), or when linkage
between specific marker loci and fitness effects can be
established.

A major challenge when working with microsatellite
or other highly polymorphic markers is to differentiate
between statistical and biological significance (Hedrick,
1999). David (1998) has noted that HFC’s are often very
weak, and has questioned their biological importance.
Although the overall correlation between lifespan and H
is quantitatively weak in G. fortis and nonexistent in G.
scandens, the details of our analyses suggest that both H
and f are biologically meaningful even if they are
imprecise estimators of global autozygosity, and ulti-
mately, of fitness. The HFC observed in G. fortis explains
much early mortality, and recruits tend to be more
heterozygous than nonrecruits. Individuals with extreme
levels of heterozygosity experience the greatest impact
on lifespan. These results support the view that when
adequate samples are available, multilocus heterozygo-
sity data can provide an estimate of the level of selectable
genetic diversity within a population, and can provide a
useful complement to or substitute for data on inbreed-
ing depression obtained through pedigree analysis.
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