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Abstract

Inbreeding causes reduction of genetic variability that may have severe fitness consequences.
In spite of its potentially huge impact on viability and evolutionary processes especially in
small populations, quantitative demonstrations of genetic and demographic effects of
inbreeding in natural populations are few. Here, we examine the relationship between
individual inbreeding coefficients (F) and individual standardized multilocus heterozygosity
(H) in an insular metapopulation of house sparrows (Passer domesticus) in northern
Norway in order to evaluate whether H is a good predictor for F. We then relate variation
in fitness (i.e. the probability of surviving from fledging to recruitment) to F and H, which
enables us to examine whether inbreeding depression is associated with a reduction in
genetic variability. The average level of inbreeding in the house sparrow metapopulation
was high, and there was large inter-individual variation in F. As expected, standardized
multilocus heterozygosity decreased with the level of inbreeding. The probability of
recruitment was significantly negatively related to F, and, accordingly, increased with H.
However, H explained no significant additional variation in recruitment rate than was
explained by F. This suggests that H is a good predictor for F in this metapopulation, and that
an increase in F is likely to be associated with a general increase in the level of homozygosity
on loci across the genome, which has severe fitness consequences.

Keywords: house sparrow, inbreeding, inbreeding depression, multilocus heterozygosity, pedigree,
recruitment

Received 8 February 2007; revision accepted 4 June 2007

Introduction

It has been known since Darwin (1876) that reduced fit-
ness occurs among offspring of related individuals.
Consequently, animal and plant breeders try to avoid close
inbreeding to ensure healthy and more productive live-
stock and crops. In natural populations, the probability
of mating among related individuals will inevitably
increase with decreasing population size, and inbreeding
is now considered a threat for securing viable populations
of threatened or endangered species (Frankham et al. 2002).

Inbreeding depression, i.e. that the offspring of related
individuals show reduced fitness compared to the offspring
from matings among unrelated individuals, is caused by

an increase in the frequency of homozygotic loci (Wright
1977; Charlesworth & Charlesworth 1987). Two hypotheses
can explain how an increase in the frequency of homozy-
gosity reduces fitness (Charlesworth & Charlesworth 1987,
1999). According to the overdominance hypothesis, the
heterozygote (A1A2) has a larger fitness contribution
compared to both homozygotes (A1A1 and A2A2) and
inbreeding will decrease the frequency of those superior
genotypes. The partial dominance hypothesis proposes
that the negative effect of increased homozygosity is
caused by a fixation of recessive or partially recessive
deleterious alleles in inbred lines. Some evidence suggests
that many cases of inbreeding depression in natural
populations are best explained by the partial dominance
hypothesis (Charlesworth & Charlesworth 1987, 1999).

Whatever genetic mechanism, a steadily increasing
number of studies covering a large number of vertebrate
species have shown that many fitness-related traits are
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affected by the level of inbreeding when appropriate data
sets have been used (Van Noordwijk & Scharloo 1981;
Jiménez et al. 1994; Keller 1998; Crnokrak & Roff 1999;
Keller & Waller 2002; Keller et al. 2002; Kruuk et al. 2002;
Armbruster & Reed 2005; Bensch et al. 2006; Charpentier
et al. 2006; Marr et al. 2006; Smith et al. 2006). Consequently,
this provides support for the notion that inbreeding is an
important issue in the conservation of small and isolated
populations (Soulé 1986; Keller & Waller 2002), in captive
breeding of endangered species (Ralls et al. 1988), as well as
for the preservation of genetic variation (Charlesworth &
Hughes 2000; Willi et al. 2006)

Wright (1921) defined the inbreeding coefficient, F, to
calculate the level of inbreeding for individuals in a
pedigree. It is usually expressed as the probability of two
homologous genes in an individual being identical by
descent (Malècot 1969; Wright 1969; Crow & Kimura 1970).
Thus, individuals are considered inbred if their parents
share a common ancestor.

Although quantification of the effects of inbreeding is
important for understanding genetic changes and
evolutionary dynamics of especially small populations,
relatively few studies are available from natural populations.
A major reason for this is the difficulty associated with
obtaining good estimates of inbreeding in the wild. To
estimate individual levels of inbreeding and its effect in
wild populations, one must follow the reproduction and
survival of a large proportion of the individuals in a
population over several generations to construct a genetic
pedigree (Balloux et al. 2004). The use of molecular genetic
tools and genetic parenthood analyses is necessary in this
process, because the occurrence of intraspecific brood
parasitism and extra-pair copulations may result in a
difference between social and genetic parenthood (Hughes
1998; Griffith et al. 2002; Jones & Ardren 2003; Garant &
Kruuk 2005). Because there are very few existing data sets
that are extensive enough to construct a reliable pedigree,
scientists have tried to find alternative ways of estimating
individual levels of inbreeding. The most widely used
alternative has been the estimation of levels of genetic
heterozygosity as a surrogate measure of inbreeding (e.g.
Saccheri et al. 1998; Coltman et al. 1999; Slate et al. 2000;
Acevedo-Whitehouse et al. 2003; Markert et al. 2004). The
reasoning behind this is that inbreeding results in a
decrease of the frequency of heterozygotes in the popu-
lation (Wright 1977). However, some scepticism about
the reliability of heterozygosity as an inbreeding measure
has arisen during the last couple of years (Balloux et al.
2004; Pemberton 2004; Slate et al. 2004). The reason for the
criticism is among other factors that an individual can be
homozygous at a locus without the alleles being identical
by decent. This means that outbred individuals are also
homozygous at a variable number of loci (Slate et al. 2004).
Furthermore, an offspring from a mating between first

cousins is expected to be homozygous at only 6% of its loci
through common ancestry. Hence, a large sample size, and
a relatively inbred population with mating between close
family members, is required to get significant statistical
power to demonstrate a relationship between heterozygosity
and inbreeding (Balloux et al. 2004).

This study has two major goals. First, we will examine
how the level of inbreeding corresponds to the degree of
heterozygosity in a natural island metapopulation of house
sparrows (Passer domesticus), in which genetic parenthood
was established based on mark–recapture and molecular
genotyping on microsatellite loci of a large proportion
(> 70% of all individuals on all islands) of individually
marked individuals (see Jensen et al. 2003, 2004). Second,
we will use these data to examine whether the level of
inbreeding and heterozygosity affect fledgling morphology
and overall fitness, i.e. the probability of recruitment into
the breeding population.

Materials and methods

Study site and data collection

The data used in this study were collected on the islands
Hestmannøy, Gjærøy, Indre Kvarøy, Ytre Kvarøy, Nesøy
and Aldra in an archipelago off the coast of Helgeland in
northern Norway (66°N, 13°E, Fig. 1) during the years
1993–2004. In these parts of Norway, the breeding season
lasts from early May to the middle of August (Ringsby et al.
1998). The house sparrows nest mainly on dairy farms and
each pair lay from one to three clutches, each with an
average of about five eggs. Both parents incubate the eggs
for about 11 days, feed the nestlings for approximately
14 days until fledging, and usually continue feeding the
fledglings for about 2 weeks after they leave the nest
(Summers-Smith 1988). The house sparrow is a highly
sedentary species with relatively low levels of natal
dispersal (Altwegg et al. 2000; Tufto et al. 2005; Anderson
2006).

During the breeding seasons 1993–2002, the islands were
searched for new nests, which were mainly placed inside
barns on dairy farms, from every fifth to every eight day.
When a nest was found it was visited about once a week
until hatching. The day of hatching was recorded directly
or estimated based on a subjective estimate of the age of
nestlings at the first visit after hatching.

The fledglings were marked with a numbered alu-
minium ring and coloured plastic rings in a combination
unique for each individual bird. Various measurements
were taken for each fledgling at 8–13 days of age, corre-
sponding to the period just before fledging. Tarsus length
(to the nearest 0.1 mm), wing length (to the nearest 1 mm),
and body mass (to the nearest 0.1 g) was measured using
slide callipers, a zero-stopped ruler and a Pesola spring
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balance, respectively. Measurements were adjusted to
expected size at 11 days old before statistical analyses were
carried out (see Ringsby et al. 1998). Individual body con-
dition index was estimated as the unstandardized residual
from a regression of body mass on tarsus length. Finally, a
small blood sample (c. 25 μL) was taken from the brachial
vein of each nestling. The number of fledglings in a nest
was used as a measure of clutch size in our analyses.

Fledged juveniles and adult birds were captured by mist
netting and also sampled for blood. A bird was considered
recruited if it was observed or recaptured a subsequent
year (up until 2004). Recapture and observations was car-
ried out on the six islands mentioned above, as well as on
12 other surrounding islands and, to some extent, on the
mainland (see Ringsby et al. 1998, 1999, 2002; Sæther et al.
1999; Altwegg et al. 2000; Jensen et al. 2004; for further
descriptions of the study population).

Laboratory analyses

Genetic analyses were carried out on the blood sample
of each bird to determine sex, individual genotypes, and
parenthood. A phenol–chloroform or a Chelex resin-based
extraction method was used to extract DNA from the
blood samples (Ausubel et al. 1989; Walsh et al. 1991).

The birds were genotyped by polymerase chain reaction
(PCR) amplification of eight to nine highly polymorphic
microsatellite loci among the loci: Escμ4 (Hanotte et al.

1994), INDIGO 41 (Sefc et al. 2001), Mcyμ4 (Double et al.
1997), Pdoμ1, Pdoμ3, Pdoμ4 (Neumann & Wetton 1996),
Pdoμ5, Pdoμ6 (Griffith et al. 1999), Pdoμ9, Pdoμ10 (Griffith
et al. 2007). A GeneAmp PCR system 9700 (Applied Bio-
systems) was used to carry out the reactions. The 10-μL
reaction solutions contained 0.5 U of Taq DNA poly-
merase [Applied Biosystems (birds present 1993–1999) or
Promega (birds present 2000–2002)], 20 mm (NH4)2SO4,
75 mm Tris-HCl pH 8.8, 0.15 mg/mL DNase free BSA,
10 mm β-mercaptoethanol, 2.5 mm MgCl2, 0.2 μm dNTPs
(Promega), 0.7 μm of each primer, and approximately
20 ng of genomic DNA. The reverse primers were fluore-
scence labelled so the alleles could be resolved either on an
ABI PRISM 377 Genetic Analyser (Applied Biosystems)
(birds present 1993–1999) or on a 16-capillary ABI PRISM
3100 Genetic Analyser (Applied Biosystems) (birds present
2000–2002). The genescan analysis software and genotyper
software from Applied Biosystems were used to determine
individual genotypes on each of the microsatellite loci.

The sex of fledglings was determined by PCR amplifica-
tion of two homologous genes (CHD1-W and CHD1-Z)
located on the sex chromosomes using primers P2 and P8
(Griffiths et al. 1998). Because CHD1-W and CHD1-Z differ
in size by about 50 bp in house sparrows (Husby et al.
2006), males and females could easily be sexed as females
(the heterogametic sex in birds) have two distinct bands,
and males have only one band. In the sexing procedure,
PCR products were separated by electrophoresis on

Fig. 1 Map showing the insular house
sparrow metapopulation (square) off the
cast of northern Norway (66°N, 13°E).
The six main study islands are shown in
dark grey, some of the other islands in
the archipelago are shown in white, and
the mainland is shown in light grey.
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6% denaturing polyacrylamide gels and visualized by
silver staining (see Husby et al. 2006 for further description
of the sexing procedure).

Parenthood was determined based on individual
genotypes on the microsatellite loci by using cervus 2.0
software (Marshall et al. 1998). Because most adult birds on
the study islands were marked, observations of marked
birds and capture–recapture data provided information on
candidate parents on each island each year. Each island
was analysed separately and cervus also used information
on the allele frequencies in each population to determine
criteria that resulted in genetic parenthood which was
assigned with at least 90% confidence. In the analyses, the
genetic mother was determined before we determined the
genetic father. In this way, a pedigree was constructed that
consisted of 3536 individuals, where both genetic parents
were known for 54% of the individuals (see Jensen et al.
(2003, 2004) and Engen et al. for further description of the
genotyping procedures and parenthood analyses).

Inbreeding coefficient

The individual inbreeding coefficient, F, of each fledgling
was calculated from the pedigree using the software
fspeed pro version 2.04 (Tenset Technologies Limited).
The individual inbreeding coefficients depend on the
pedigree depth (Keller 1998). Therefore, they are likely to
be underestimated in many cases. All individuals with
both parents known, but with an otherwise unknown
family tree, will for example get an inbreeding coefficient
of 0. Consequently, to reduce this bias we only included
individuals whose four grandparents were all known in
our analyses.

Standardized multilocus heterozygosity

The level of heterozygosity was calculated for each
individual bird (i.e. for fledglings, fledged juveniles and
adults) present in the study populations from 1993 to
2002. A varying number of loci were genotyped in each
individual. To make estimates of heterozygosity less
biased, all individuals genotyped at fewer than seven loci
were excluded from the analyses, resulting in a data set
that included the genotypes of 3101 different individuals.
Genotyping of individuals present during the period 1993–
1999 was performed in a different laboratory than the
genotyping of individuals present during 2000–2002.
Seven of the microsatellite loci were used in both
laboratories, but Escμ4 and INDIGO41 were substituted
for Pdoμ9 in the typing of birds present during 2000–2002.
To avoid any bias because some of the individuals were
genotyped at different loci with varying number and
frequency of alleles, we estimated for each individual its
standardized multilocus heterozygosity (also called

standardized MLH, but hereafter denoted H) introduced
by Coltman et al. (1999). Thus, H was estimated based on
all individuals typed at seven or more loci once or twice
(n = 3299), as the proportion of loci an individual was
genotyped for that was heterozygous, divided by the mean
heterozygosity in the population at the same loci (see also
Slate et al. 2004).

Out of the birds that were genotyped at seven or more
loci, 198 individuals were present in both time periods, and
were consequently genotyped twice. Hence, genotypes
from the 2000–2002 typing were used for these birds when
they were potential parents in the second time period. This
ensured that the pedigrees from the two time periods were
correctly linked.

At each of the seven loci common for the 1993–1999
typing and the 2000–2002 typing, from 0.5% to 17% of the
individuals that were typed twice had different heterozy-
gosity. This was due to differences between laboratories,
for example different automated sequencers, different
producers of chemicals and slightly different allele scoring
procedures. Consequently, the heterozygosity of these
individuals was significantly higher on three of the loci
(Pdoμ1, Pdoμ4, and Mcyμ4) in the 1993–1999 typing than
in the 2000–2002 typing (P < 0.004). This was however not
the case for the other four loci that were used in both
periods (P > 0.5).

Because one microsatellite locus used in typing of birds
present during 1993–1999 was replaced with two other loci
in the typing of birds present during 2000–2002 (see
above), only 19 individuals present during 2000–2002 were
typed at exclusively the same seven loci as some (n = 101)
of the birds present during 1993–1999. All other birds
present in the last time period were typed on a different set
of seven loci. Consequently, the calculation of standard-
ized multilocus heterozygosity H largely prevented any
bias because of differences between laboratories (see
above). Moreover, in the subsequent analyses, the H from
the 1993–1999 typing was used for the individuals that
were typed twice because this was the period during
which they hatched.

Statistical analyses

To get a more precise estimate of the individual inbreeding
coefficient F, we excluded from the analyses all individuals
with one or more unknown grandparents. Hence, we avoided
including individuals that had an F = 0 exclusively because
they lacked the pedigree depth allowing for an F > 0.
Furthermore, we excluded all individuals that were
genotyped on less than seven microsatellite loci. Finally,
because one of our major goals was to examine the effect of
inbreeding on the morphology and survival of fledglings,
we only included fledglings in our analyses. The sample
size on one of the islands, Ytre Kvarøy, then was only three
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fledglings. Hence, this island was excluded from the analyses.
Because of these selection criteria, the data set was reduced
from more than 3000 individuals to only 169 fledglings.

To examine whether variation in individual inbreeding
coefficients and level of heterozygosity explained variation
in morphological traits of fledglings, we applied general-
ized linear mixed models (GLMM) with a Gaussian error
structure. These models were fitted using the lmer function
and maximum-likelihood (ML) estimation procedure
implemented in the lme4 and matrix libraries in r (R
Development Core Team 2004). The level of significance of
each explanatory variable was determined using likelihood-
ratio tests (see below). Parameter estimates were obtained
from the model when it was fitted using a restricted
maximum-likelihood (REML) estimation procedure (R
Development Core Team 2004). Furthermore, Markov Chain
Monte Carlo sampling implemented in the lme4 library in
r was used to construct confidence intervals of each estimated
parameter based on 1000 samples generated from the
posterior distribution of parameters in the model when it
was fitted using REML (R Development Core Team 2004).

To examine whether inbreeding and heterozygosity
affected the probability of recruitment of fledglings, GLMMs
with a binomial error structure were applied. These
models were fitted using the lmer function and the Laplace
approximation implemented in the lme4 libraries in r (R
Development Core Team 2004).

In the GLMMs either a morphological trait or the recruit-
ment probability (1 if recruited; 0 if not recruited) of
fledglings was the response variable. F or H was included
as an explanatory covariate when effects of individual
level of inbreeding and heterozygosity were examined,
respectively. In addition, any spatial or sexual differences
in average morphological size or recruitment rate were
accounted for by including island of hatching and fledgling
sex as fixed factors in the models, respectively. Hatch day was
included as covariate because this parameter has previously
been shown to affect growth and survival of fledglings

(Ringsby et al. 1998; Ringsby et al. 1999; Sæther et al. 1999;
Ringsby et al. 2002; Husby et al. 2006). In models where effects
on morphology were examined, we also added clutch
size as a covariate because this may influence the growth of
offspring (Ringsby et al. 2002; Husby et al. 2006).

To test whether the effect of inbreeding on fledgling
morphology or recruitment rate differed between males
and females, we included the interaction term between sex
and either F or H. Finally, year of hatching and maternal
identity were included as random factors to account for
any effects of common environment and maternal effects,
respectively. In order to identify the most important
terms, we applied a stepwise-exclusion method based on
likelihood-ratio tests (LRT). Accordingly, based on the
global model, we successively removed the least significant
terms until only explanatory variables with P < 0.1 remained
in the model. However, the main effects of F or H, as well
as the random factors were always retained in the models.
The levels of significance of F and H were examined in the
final model.

In addition to estimating the general effect of inbreed-
ing (F) on recruitment rate, we also wanted to examine
whether the strength of any such effect differed between
islands (i.e. whether the slopes differed). One way this
could be determined was to estimate the level of signi-
ficance of an interaction term between island of hatching
and F, added to the final model. The full data set did  not allow
testing such an interaction, probably because of limited
variation in F among recruiting fledglings on the island
Indre Kvarøy (see Table 1). However, when only fledglings
on the other four islands were included in the analyses
(n = 156) the interaction could be tested.

The relationship between H and F was analysed using a
GLMM with Gaussian error structure in which H was the
response variable and F the only explanatory variable. In
addition, we accounted for any interdependence between
fledglings of the same mother by including maternal
identity as a random factor.

Table 1 Population sizes, levels of standardized multilocus heterozygosity (H), levels of inbreeding (F), and recruitment rate in five island
populations of house sparrows in northern Norway. Estimates are based on fledglings (n) for which all four grandparents were genetically
determined. Means are given ± one standard deviation. The observed variance in F among the 169 fledglings was equal to 0.00839, and the
observed variance in H was equal to 0.03849 among the 3299 typed individuals (calculated from equation 1 in Slate et al. 2004)

Island Adult population size* n Mean H Mean F Median F Mean recruitment rate

Nesøy 19.2 (± 3.9) 19 0.899 (± 0.151) 0.057 (± 0.069) 0.016 0.211 (± 0.419)
Gjerøy 47.9 (± 12.2) 45 0.960 (± 0.208) 0.025 (± 0.072) 0.000 0.178 (± 0.387)
Hestmannøy 88.6 (± 21.7) 55 0.981 (± 0.151) 0.004 (± 0.019) 0.000 0.327 (± 0.474)
Indre Kvarøy 40.7 (± 11.1) 13 0.969 (± 0.129) 0.079 (± 0.119) 0.000 0.077 (± 0.277)
Aldra 16.8 (± 12.2)† 37 0.845 (± 0.195) 0.147 (± 0.106) 0.125 0.351 (± 0.484)
All islands 204.8 (± 37.6) 169 0.936 (± 0.183) 0.053 (± 0.092) 0.000 0.260 (± 0.440)

*Mean adult population size during the study period (1993–2002); †only years for which house sparrows were present on the island (i.e. 
1998–2002) are included in the estimate.
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To estimate the amount of variation in the response
variable that was explained by a model, we calculated the
model  (Menard 2000), which was based on a comparison
of the log-likelihood of the model and the log-likelihood
of a model in which only an intercept and random factors
were included. In the model where we examined the
relationship between H and F, the square root of  was
used as an estimate of the correlation (rL) between them.
The correlation was given the same sign as the slope of
their relationship.

Statistical analyses were carried out in r version 2.2.1 (R
Development Core Team 2004), all tests were two-tailed,
and estimates are given ±1 standard deviation.

Results

Among 169 house sparrow fledglings from five islands off
the coast of northern Norway, 62 fledglings (36.7%) had an
inbreeding coefficient that was larger than zero (i.e. F > 0).
The 169 fledglings were from a total of 83 clutches
produced by 49 different females. Twenty-one of the
females (42.9%) produced the 35 clutches (42.2%) in which
at least one fledgling was inbred. In inbred clutches, the
mean F ranged from 0.008 to 0.344, with a mean and
median of 0.129 and 0.125, respectively.

There was relatively large inter-individual variation in
the inbreeding coefficient (Fig. 2). Furthermore, the mean
level of inbreeding among fledglings varied considerably
between the islands in the study metapopulation, ranging
from nearly zero on Hestmannøy to close to 0.15 on Aldra
(Table 1). Across all islands, the mean inbreeding coeffi-
cient of fledglings was 0.053 (± 0.092) (Table 1). The most
inbred fledglings had an inbreeding coefficient of 0.344
(n = 4). However, among the inbred fledglings, the inbreed-
ing coefficients with highest frequency were F = 0.125

(n = 17) and F = 0.25 (n = 16), corresponding to offspring of
half-sibs, and offspring of full-sibs or parent and offspring,
respectively.

The standardized multilocus heterozygosity of fledg-
lings also differed somewhat between the islands, but the
variation within islands was large (Table 1). Taken across
all islands, H was negatively skewed (Fig. 3) with overall
mean H = 0.936 (± 0.183) (Table 1). The inbred fledglings
had on average lower mean multilocus heterozygosity
(H = 0.864 (± 0.197)) than fledglings with F = 0 (H = 0.977
(± 0.160)) (t = 4.067, d.f. = 167, P < 0.001; Fig. 3).

There was a highly significant negative relationship
between the standardized multilocus hetereozygosity H
and the inbreeding coefficient F of fledgling house spar-
rows (β = –0.739, SE = 0.172, χ2 = 17.622, d.f. = 1, P < 0.001,
rL = –0.382, Fig. 4). Thus, an increased level of inbreeding
was associated with lower level of heterozygosity. Accord-
ingly, we found that F explained 14.6% of the variance in H.

The effect of F and H on fledgling morphology

There was no significant relationship between F and
the size of any of the morphological traits measured at
fledging. This was true for models in which F was entered
as the only explanatory variable (P > 0.38), as well as after
accounting for effects of hatch day, sex and/or island of
hatching on variation in morphology (P > 0.38).

Similarly, there were no overall significant relationships
between standardized multilocus heterozygosity and any
of the morphological traits (P > 0.13). Neither was there
any significant relationship between H and the size of any
morphological trait after accounting for effects of hatch
day, sex and/or island of hatching (P > 0.11).

rL
2

rL
2

Fig. 2 Frequency distribution of individual inbreeding coefficients
(F) among fledglings in an insular house sparrow metapopulation
off the coast of northern Norway (n = 169).

Fig. 3 Frequency distribution of standardized multilocus
heterozygosity (H) among fledglings in an insular house sparrow
metapopulation off the coast of northern Norway (n = 169). The
grey bars show inbred individuals (F > 0) and the black bars show
non-inbred individuals (F = 0).
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The effect of F and H on the recruitment rate of fledglings

There was no significant general relationship between the
recruitment rate of fledglings and the level of inbreeding F
(β = –3.630, SE = 2.532, P = 0.142).

Previous studies from the same metapopulation
have shown that recruitment rate generally differs among
islands (Ringsby et al. 1998; Ringsby et al. 1999; Sæther
et al. 1999; Ringsby et al. 2002), that the day of hatching
may be an important determinant of recruitment
probability (Ringsby et al. 1998; Ringsby et al. 2002; Husby
et al. 2006), and that fledgling sex also may have an effect
on recruitment (Husby et al. 2006). Accordingly, after
accounting for fledgling sex, island of hatching, and hatch
day (in addition to the random factors), there was a strong
and significant negative relationship between the prob-
ability of recruitment and F (β = –9.031, P = 0.010; Table 2a,
Fig. 5). The final model explained 10.7% of the variation in
recruitment rate among fledglings on the five study
islands. Our analyses also showed that there was no signif-
icant interaction between the level of inbreeding and sex
(P = 0.58), suggesting that the general effect of inbreeding
was the same in male and female fledglings. The existence
of an interaction between island of hatching and F could
however, not be tested in the full model with all islands
included because the model did not converge, probably
because too few fledglings recruited on the island of
Indre Kvarøy (see Table 1). When this island was excluded,
our analyses showed that the interaction between F and
island of hatching was non-significant (χ2 = 4.980, d.f. = 3,
p = 0.17, n = 156). Hence, the effect of inbreeding on the
probability of recruitment seemed to be similar on the

different islands. Thus, there was a significant negative
effect of inbreeding on the recruitment probability of
house sparrow fledglings, but this was evident only when
the comparison was among fledglings experiencing the
same environmental conditions.

As expected from the decrease in individual standard-
ized multilocus heterozygosity with inbreeding (Fig. 4),
the recruitment rate of fledglings increased significantly
with H (β = 2.554, SE = 1.263, P = 0.041) after accounting
for the effect of hatch day and effects of sex on average
probability of recruitment (Table 2b, Fig. 6). The final
model explained however, only 6.2% of the variation in
recruitment rate of fledglings (Table 2b). There was no
significant interaction between the level of heterozygosity
and sex in the effect on recruitment rate (P = 0.28). Neither
was there any significant spatial difference in average
recruitment rate when H was included in the model (island
of hatching: p = 0.13). The model that included island of
hatching explained however, 9.8% of the variation in
recruitment rate.

As for F there was no significant general association
between probability of recruitment and H (β = 1.732,
SE = 1.130, P = 0.124, n = 169) when the effects of sex and

Fig. 4 The relationship between standardized multilocus
heterozygosity (H) and individual inbreeding coefficients (F)
of fledglings in an insular house sparrow metapopulation off
the coast of northern Norway (n = 169). Any interrelationship
between fledglings produced by the same mother was accounted
for by including maternal identity as random factor in the model.
The best fitting line was given by H = 0.981–0.739 * F;  = 0.139.rL

2

Table 2 The final models for relationships between the
recruitment probability and (a) individual inbreeding coeffi-
cients (F), and (b) standardized multilocus heterozygosity (H) of
fledgling house sparrows (n = 169) in an insular metapopulation
off the coast of northern Norway. Table (c) shows the results when
H was added to the final model for F. Year of hatching and
maternal identity were included as random factors in the models.
Parameter estimates (i.e. slopes, β) and their standard errors (SE)
are given for covariates, and the level of significance (P) is given
for all explanatory variables included in the final models. Below
each model, the χ2, degrees of freedom (d.f.), level of significance,
and the proportion of variance in recruitment probability
explained by the final model relative to a model with only random
factors ( ) is given (see text for further details)

Parameter β SE (β) P

(a) F –9.031 3.852 0.010

Hatch day 0.023 0.011 0.045
Island 0.076
Sex 0.060
Model: χ2 = 20.694, d.f. = 7, P = 0.004,  = 0.107

(b) H 2.554 1.263 0.041
Hatch day 0.026 0.010 0.011
Sex 0.074
Model: χ2 = 11.868, d.f. = 3, P = 0.008,  = 0.062

(c) F –7.717 3.920 0.034
H 2.266 1.353 0.100
Hatch day 0.024 0.011 0.043
Island 0.062
Sex 0.037
Model: χ2 = 23.407, d.f. = 8, P = 0.003,  = 0.121

rL
2

rL
2

rL
2

rL
2
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hatch day on recruitment rate (see Table 2b) were not
accounted for, and pooling data from all five islands.

To examine the relative contribution of F and H for vari-
ation in the probability of recruitment, both F and H were
entered as explanatory variables in the final model for F
(see Table 2a). Hence, we could examine whether H was
able to explain any additional significant proportion of the

residual variation in the probability of recruitment of fledglings
when the variation explained by F was accounted for. The
analysis showed that H did not explain any significant extra
variation in recruitment rate beyond the variation explained
by F (P = 0.100; Table 2). The model which included both F
and H explained only marginally (i.e. 1.4%) more of the
variation in the probability that fledglings recruited com-
pared to a model with only F (Table 2). Furthermore, there
was no significant overall relationship between residuals from
the regression of H on F (Fig. 2), and the probability of
recruitment (β = 1.771, SE = 1.428, P = 0.223). Lack of a sig-
nificant relationship in this model remained also when the
effects of sex, island of hatching, and day of hatching were
accounted for (β = 2.196, SE = 1.516, P = 0.096). Hence, our
results suggest that F and H to a large extent explain the
same variation in recruitment rate in fledgling house sparrows.

Discussion

This study shows that there was large variation in inbreeding
coefficient F and mulitilocus heterozogysity H among
individual house sparrow fledglings on five islands off the
coast of northern Norway (Figs 2 and 3). Furthermore,
there was a negative relationship between H and F (Fig. 4),
suggesting that H reflected the level of inbreeding in the
study populations. There was also evidence of relatively
strong inbreeding depression as the probability of recruitment
of fledglings into the breeding population the following
year decreased with increasing level of inbreeding (Table 2).

The level of inbreeding in the island metapopulation off
the coast of northern Norway was among the highest ever
recorded in natural populations of vertebrates. In a recent
review by Slate et al. (2004), only the studies on wolves
(Canis lupus, Hedrick et al. 2001; see also Ellegren 1999 and
Bensch et al. 2006) and Lipizzian horses (Equus caballus,
Curik et al. 2003) showed a higher mean F. However, the
wolves descended from a captive population (Hedrick
et al. 2001), and the Lipizzian horses were all bred in cap-
tivity from seven studs (Curik et al. 2003). In addition,
similar levels of inbreeding as found in our house sparrow
study system were found in domestic Coopworth sheep
(Ovis aries, Slate et al. 2004), large ground finches (Geospiza
magrinostris, Grant et al. 2001), and song sparrows (Melospiza
melodia, Keller 1998; Jeffery et al. 2001).

The relatively high mean individual inbreeding
coefficient demonstrated in house sparrows in this study
may be caused by the biology of the house sparrow. It is a
sedentary species, and it often spends its entire life in the
population where it was born (Summers-Smith 1988;
Anderson 2006). A previous study from the same study
metapopulation has shown that less than 10% of all recruits
are immigrants from neighbouring islands (Altwegg et al.
2000). Furthermore, very few house sparrows disperse
further than 20 km away from the population where they

Fig. 5 The relationship between recruitment probability and
individual inbreeding coefficients (F) of fledglings in an insular
house sparrow metapopulation off the coast of northern Norway
(n = 169). The line shows the relationship predicted from the
model presented in Table 2a for fledglings with average sex that
hatched on an average island on the mean hatch day in the
metapopulation. The diameter of each point is proportional to
twice the square root of the number of fledglings with a given F
and recruitment status (1 if recruited; 0 if nonrecruited).

Fig. 6 The relationship between recruitment probability and
standardized multilocus heterozygosity (H) of fledglings in an
insular house sparrow metapopulation off the coast of northern
Norway (n = 169). The line shows the relationship predicted from
the model presented in Table 2b for fledglings with average sex
that hatched on the mean hatch day in the metapopulation. The
diameter of each point is proportional to twice the square root of
the number of fledglings with a given H and recruitment status (1
if recruited; 0 if nonrecruited).
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hatched (Lande et al. 2003; Tufto et al. 2005). Relative to
these estimates, the distance between our study islands is
quite large (Fig. 1). When many individuals recruit into
populations in which they were born, and these popula-
tions are relatively small, the likelihood of breeding with
parents, siblings or other close relatives is high, resulting in
a tendency for such populations to have a high degree
of inbreeding (Caughley 1994). Some islands in the study
metapopulation are thus prone to having a higher degree
of inbreeding as the population size is smaller than on
other islands. Accordingly, there seemed to be a negative
relationship between F and mean recorded population size
during the study period (Table 1). Another likely reason
for the high mean F in this study is that one of the islands,
Aldra, was colonized by only one female and three males
in 1998. Not surprisingly, this population was also highly
inbred (Table 1), and contributed to the high mean F across
islands in this study.

In addition to the fragmented population structure
caused by separation of islands by sea, two of the island
populations, Gjerøy and Hestmannøy, may in turn be
substructured because of the relatively large distances
between some of the local farms within each island.
Consequently, it may be the size of these local subpopulations
that govern the likelihood of mating between close relatives
rather than the population size on the whole island. On the
other hand, the distances between farms are considerably
shorter than between islands, and although some of the
farms within Gjerøy and Hestmannøy are separated by
mountainous terrain, land is likely to be a weaker geograph-
ical barrier for dispersal than sea (MacArthur & Wilson
1967). Consequently, migration between the different
subpopulations (i.e. farms) may limit the amount of
inbreeding. This possible additional structuring of the house
sparrow populations within islands which already differ
in their degree of isolation (i.e. distance from nearest neigh-
bouring island), and in population size, may nevertheless
be one possible explanation for the high variation in individual
inbreeding coefficients documented in this study.

There was a negative relationship between F and stand-
ardized multilocus heterozygosity in this study (Fig. 4).
Inbred individuals also had a mean H that was signifi-
cantly lower than the mean H of noninbred individuals
(Fig. 3) suggesting that inbreeding reduced the level of
heterozygosity within house sparrows in our study area.
The mean level of absolute heterozygosity will however,
vary with the type and allele frequencies of the genetic
markers used. Furthermore, an individual’s standardized
multilocus heterozygosity H is likely to differ from its
unstandardized (i.e. absolute) multilocus heterozygosity
because H is a relative measure which depend on the
average heterozyogsity of the genetic markers in the
population. Finally, the mean H of a study population will,
per definition, be equal to one. Hence, a direct comparison

of levels of heterozygosity, standardized or not, across
studies becomes difficult. Nevertheless, the relationship
between H and F, as well as the relationship between these
measures and fitness-related traits within studies are not
affected by these problems of scale invariance.

We found that the recruitment rate of fledgling house
sparrows was negatively affected by their level of inbreeding
(Table 2, Fig. 5). Similar effects of inbreeding on survival of
offspring have been documented in a number of other bird
species (Keller et al. 1994; McRae 1996; Brown & Brown
1998; Keller 1998; Daniels & Walters 2000; Grant et al. 2001;
Kruuk et al. 2002), as well as in other organisms (see
reviews in Crnokrak & Roff 1999; Keller & Waller 2002).
Studies have demonstrated negative effects on various
other reproductive traits as well, and there seems to be a
general agreement among studies that inbreeding in natural
populations have negative fitness consequences (Crnokrak
& Roff 1999; Keller & Waller 2002).

The fact that inbreeding shows an effect on recruitment
and not on the morphological traits in this study fits with
the findings of De Rose & Roff (1999), who found that
inbreeding in general had a stronger effect on life history
traits than on morphological traits. Inbreeding also had a
stronger effect on juvenile survival to recruitment than on
either body size or body condition of fledglings in the
collared flycatcher (Kruuk et al. 2002). Inbreeding depression
is believed to be connected with effects of dominance
(Charlesworth & Charlesworth 1987, 1999). Accordingly,
the fact that inbreeding generally seems to have a larger
effect on survival than on morphology is believed to arise
either because the amount of dominance variance in mor-
phological traits is less than for life-history traits (Crnokrak
& Roff 1995; Roff 1998), or because the mutations affecting
life-history traits are expected to have directional dominance.
In contrast, mutations affecting morphological traits,
which in general are only weakly correlated to fitness, are
not necessarily directional dominant as the mutations
lowering and increasing the trait mean are selectively
equivalent (Lynch & Walsh 1998). Moreover, in our sample
of fledglings from five islands off the coast of northern
Norway, none of the morphological traits measured at
fledging were correlated with the probability of recruit-
ment (P > 0.13). In light of the above aspects, it is thus not
very surprising that inbreeding did not have a negative
effect on the morphological traits in this study.

In general, F and H explained a similar proportion of the
variation in recruitment rate (Table 2). The relatively
strong effect of F on fitness was found despite the shallow
pedigree on which estimates of F were based. If the
pedigree had been deeper and more complete, an inbreeding
coefficient larger than zero would probably appear in a
larger proportion of the individuals, increasing the proba-
bility of detecting even weak inbreeding effects (e.g. Balloux
et al. 2004). If we assume that the estimated F reflects the
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true level of F, our analyses suggest that most of the inter-
individual variation in H had other causes than differences
among fledglings in the level of inbreeding (see Fig. 4). For
example, population substructuring among and within
islands may cause heterozygote deficiency due to the
Wahlund effect (Hartl & Clark 1997). In a recent study, we
used 17 microsatellite loci to examine the genetic population
structure of house sparrow populations along the coast of
northern Norway (Moe et al., in preparation). The study
showed that the pairwise FST between Aldra and neigh-
bouring populations was approximately 0.062, whereas
pairwise FST among the neighbouring populations was
about 0.017. Hence, these results indicate that the island
Aldra was genetically differentiated from neighbouring
populations. As a consequence, we cannot rule out the
possibility that some of the observed variation in H is
due to population substructure, in contrast to inbreeding.
Accordingly, it is possible that population substructure
contributed to the small and nonsignificant extra amount
of variation in recruitment rate explained by H when F
was accounted for (Table 2c). However, because differences
between islands were accounted for when examining
effects on recruitment probability, we believe that any bias
due to possible population substructuring was negligible.

Three genetic mechanisms may result in a relationship
between H and components of fitness by relating hetero-
zygosity at typed loci to levels of heterozygosity at loci
coding for fitness traits (David et al. 1995, 1998; Savolainen
& Hedrick 1995; Lynch & Walsh 1998; Hansson & Wester-
berg 2002). The first is that the genotyped loci code for
the trait in question, also called the functional or true
overdominance hypothesis (‘direct effect’ hypothesis in
Hansson & Westerberg 2002). Alternatively, the genotyped
loci are physically linked or in linkage disequilibrium with
genes that code for the trait, also called associative
overdominance hypothesis (‘local effect’ hypothesis in
Hansson & Westerberg 2002). Finally, the heterozygosity
at the genotyped loci mirrors the genome-wide level of
heterozygosity, that is also at unlinked loci. This last hypo-
thesis is called the ‘general effect’ hypothesis (e.g. David et al.
1995; Hansson & Westerberg 2002) and is the only hypothesis
that will give a general correlation between H and F. In con-
trast, the inbreeding coefficient F is merely a probability of
decreased heterozygosity, resulting from the probability of
the same allele inherited from a common ancestor (Wright
1969; Crow & Kimura 1970). Consequently, the fact that
there are three different ways by which heterozygosity at
typed loci may affect fitness could result in H explaining
more or an additional part of the variance in a particular
fitness trait, than F. However, this does not necessarily
make H a more exact measure of inbreeding than F.

Based on the observed variance in F among the 169
fledglings in this study, and the observed variance in
H among all the 3299 typed individuals (see Table 1), the

model proposed by Slate et al. (2004) predicted that the
expected value of the correlation between F and H should
be –0.493 (i.e. using equation 4). The expected value is
somewhat larger than the value observed in this study
(–0.381). The model of Slate and coworkers is, however,
based on the assumptions that all loci are equally affected
by inbreeding and that the typed loci are unlinked (Slate
et al. 2004). Furthermore, it is assumed that all loci have the
same expected heterozygosity in absence of inbreeding.
The first assumption is likely to be true in most natural
populations (Hartl & Clark 1997; Frankham et al. 2002).
This notion is further supported by the fact that we used
microsatellite loci, which in general are assumed to be
neutral (i.e. noncoding) loci located in the introns in the
genome (Beebee & Rowe 2004; but see, e.g. Kashi & Soller
1999). Furthermore, results from a study where passerine
microsatellites were mapped on the draft chicken Gallus
gallus genome sequence (Dawson et al. 2006) and a linkage
mapping study of great reed warbler (Acrocephalus arundi-
naceus) (Hansson et al. 2005) show that the loci used in this
study were located on at least five different chromosomes
(see also Griffith et al. 2007). This suggests that many of the
typed loci used here are unlikely to be physically linked
with each other. Moreover, the microsatellite loci were
originally selected in order to provide high power in
parenthood analyses (Jensen et al. 2003, 2004). As a conse-
quence, they were all very variable with roughly the same
level of variation. Accordingly, the observed heterozygosity
in the 3299 typed individuals ranged from 0.57 to 0.95,
with a mean of 0.80 (H. Jensen, unpublished results). On
the basis of the above observations, we believe that the
assumptions of the model are likely to be fulfilled. The
small discrepancy between the expected and observed
correlations between F and H may be a consequence of the
fact that individual inbreeding coefficients F estimated
from the relatively shallow pedigree are likely to be under-
estimated relative to true values (see above). However, the
discrepancy between expected and observed correlations
between H and F was relatively small and our results
suggested that F and H explained largely the same
variation in recruitment rate. Therefore, a genome-wide
decrease in the level of heterozygosity due to inbreeding
seems probable, and the ‘general effect’ hypothesis seems
the most likely explanation for the positive relationship
between H and fitness demonstrated here (Table 2b, Fig. 6).

Although many studies have documented significant
associations between fitness traits and some measure of
heterozygosity (reviewed in Hansson & Westerberg 2002;
Coltman & Slate 2003; Slate et al. 2004), a strong concord-
ance in expected and observed correlations between H and
F, seems to be the exception rather than the rule (Ellegren
1999; Markert et al. 2004; Slate et al. 2004; Bensch et al. 2006).
Other studies have generally found that the observed
correlation was considerably weaker than expected (Slate
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et al. 2004; Overall et al. 2005). In addition, results from
recent studies on great reed warbler (Hansson et al. 2001,
2004), red deer (Cervus elaphus Slate & Pemberton 2002;
Slate et al. 2002) and Drosophila melanogaster (Ferreira &
Amos 2006) provide evidence that associative overdomin-
ance may be a common reason for heterozygosity-fitness
correlations in animals. Out of the seven studies reported
in Slate et al. (2004), only wolves and large ground finches
had expected correlations between H and F that complied
with expectations from the theoretical model. The common
denominator of these two studies and our study on house
sparrows is relatively small population sizes and relatively
recent founder events (for one of our study populations)
(Ellegren 1999; Grant et al. 2001; Hedrick et al. 2001; Bensch
et al. 2006). Hence, all three studies had relatively large vari-
ances in F, and relatively large fitness effects of inbreeding
(Table 2; Grant et al. 2001; Hedrick et al. 2001; Bensch et al.
2006), which may be a prerequisite for a strong relationship
between H and F (Slate et al. 2004). However, especially in
small populations, one cannot rule out the possibility that
associative overdominance has an effect solely on the basis
of the correspondence between observed and expected
correlations between H and F. This is because linkage
disequilibrium is expected to be common in such populations,
and may result in an association between H and fitness
regardless of the actual level of inbreeding (Balloux et al.
2004; Markert et al. 2004; Ferreira & Amos 2006).

To conclude, we have shown that the inbreeding depression
was relatively strong, and resulted in a reduced recruitment
probability of fledglings in an insular metapopulation of
house sparrows off the coast of northern Norway. There
was also a significant negative relationship between H and
F. Thus, H seems to be a relatively good predictor of the
individual level of inbreeding in these populations.
Furthermore, H explained a significant part of the vari-
ation in fitness, but not any significant proportion that was
not explained by F. This suggests that the main effect of H
was to provide an indication of the genome-wide level of
heterozygosity in our populations. The general presence of
such a relationship in natural populations may however,
depend closely on the level of inbreeding in the population
(e.g. Slate et al. 2004) in addition to the specific loci that are
used in estimating H (i.e. the degree of physical linkage
with loci that affect fitness). However, one of the probable
reasons for the correlation between H and F, small population
size, makes it unclear whether H is likely to be a good predictor
of the level of inbreeding in general (Balloux et al. 2004;
Ferreira & Amos 2006).

Our results show that thorough understanding of the
effects of inbreeding in small or threatened populations is
crucial for the conservation of small populations. The level
of heterozygosity may affect probability of extinction
regardless of the mechanism reducing heterozygosity
(Frankham 1998; Saccheri et al. 1998), and populations also

show different effects of inbreeding on fitness (Pray et al.
1994; Hedrick & Kalinowski 2000). Further studies are
clearly needed to determine whether associative overdom-
inance or ‘general effects’ is the major reason for the effects
of heterozygosity on fitness in general (see also Hansson
& Westerberg 2002), but it seems that more long-term
research and construction of reliable genetic pedigrees are
needed to study the fitness consequences of inbreeding in
natural populations.
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