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Abstract

Many recent studies report that individual heterozygosity at a handful of apparently neu-
tral microsatellite markers is correlated with key components of fitness, with most studies
invoking inbreeding depression as the likely underlying mechanism. The implicit assump-
tion is that an individual’s inbreeding coefficient can be estimated reliably using only 10
or so markers, but the validity of this assumption is unclear. Consequently, we have used
individual-based simulations to examine the conditions under which heterozygosity and
inbreeding are likely to be correlated. Our results indicate that the parameter space in
which this occurs is surprisingly narrow, requiring that inbreeding events are both fre-
quent and severe, for example, through selfing, strong population structure and/or high
levels of polygyny. Even then, the correlations are strong only when large numbers of loci
(~200) can be deployed to estimate heterozygosity. With the handful of markers used in
most studies, correlations only become likely under the most extreme scenario we looked
at, namely 20 demes of 20 individuals coupled with strong polygyny. This finding is
supported by the observation that heterozygosity is only weakly correlated among markers
within an individual, even in a dataset comprising 400 markers typed in diverse human
populations, some of which favour consanguineous marriages. If heterozygosity and
inbreeding coefficient are generally uncorrelated, then heterozygosity–fitness correlations
probably have little to do with inbreeding depression. Instead, one would need to invoke
chance linkage between the markers used and one or more gene(s) experiencing balancing
selection. Unfortunately, both explanations sit somewhat uncomfortably with current
understanding. If inbreeding is the dominant mechanism, then our simulations indicate
that consanguineous mating would have to be vastly more common than is predicted for
most realistic populations. Conversely, if heterosis provides the answer, there need to be
many more polymorphisms with major fitness effects and higher levels of linkage disequi-
librium than are generally assumed.
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Introduction

 

Many recent studies report that individual heterozygosity
at apparently neutral microsatellite markers is correlated
with key components of individual fitness such as survival
(Coulson 

 

et al

 

. 1999), fecundity (Amos 

 

et al

 

. 2001), disease
resistance (Coltman 

 

et al

 

. 1999) and lifetime reproductive

success (Slate 

 

et al

 

. 2000), and also with traits involved with
mate selection such as birdsong complexity (Marshall

 

et al

 

. 2003) and extra-pair paternity success (Foerster 

 

et al

 

.
2003), whereas studies reporting negative results seem rare
(Duarte 

 

et al

 

. 2003). A recent review and meta-analysis of
both published and unpublished analyses of the association
between neutral marker heterozygosity and traits or com-
ponents of individual fitness reported that associations
were common, yet typically weak (Coltman & Slate 2003).
Essentially, all studies invoke inbreeding, with inbreeding
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depression proposed as the likely mechanism underlying
the association.

A correlation between individual heterozygosity at neu-
tral genetic markers and components of individual fitness
can arise in different ways (David 1998; Bierne 

 

et al

 

. 2000;
Hansson & Westerberg 2002). First, when a genome carries
deleterious recessive alleles, individuals with above aver-
age homozygosity will be relatively unfit. This is the basis
of classical inbreeding depression or genome-wide hetero-
sis (reviewed in Keller & Waller 2002). Another mechanism
depends on the presence of genes experiencing balancing
selection, where the heterozygote is fitter than either
homozygote. Here, a correlation between heterozygosity
and fitness can arise through associative overdominance
if one or more neutral marker loci lie close enough to the
gene(s) under selection to show balancing selection through
physical linkage (Ohta & Kimura 1970). Pamilo & Palsson
(1998) have used stochastic simulations to assess the power
of overdominance to create a correlation between indi-
vidual heterozygosity and fitness, and also the extent to
which heterosis maintains genetic polymorphism at neigh-
bouring neutral loci. Although they confirm that associ-
ative overdominance can generate heterozygosity–fitness
correlations, their results were also highly dependent on
other parameters such as selection coefficients, dominance,
recombination and population size. Similar patterns can be
expected when there is linkage between neutral markers
and segregating deleterious recessive alleles (Ohta 1971).

The ubiquity of correlations detected at the level of the
individual between heterozygosity and components of
fitness (for reasons of brevity hereafter referred to as indi-
vidual heterozygosity–fitness correlations; IHFCs) is
perhaps surprising for two reasons. First, assuming IHFCs
are mainly driven by genome-wide heterosis, the correla-
tion between individual heterozygosity and inbreeding
depends on the variance of individual inbreeding and is
thus expected to be highest in very small populations, in
species that can reproduce by selfing or in species where
the mating system generates a high proportion of incestu-
ous matings (Chakraborty 1987; Tsitrone 

 

et al

 

. 2001). How-
ever, it is widely assumed that incest avoidance is common.
In addition, most species exist in sufficiently large popu-
lations that mating between close relatives is unlikely, even
in the absence of active incest avoidance mechanisms.
Consequently, in most species, individuals with high
inbreeding coefficients are likely to be rare. In contrast, the
growing number of reports of inbreeding depression in
natural populations suggests that, for some populations,
there may be considerable variation in the degree of
inbreeding among individuals (Wang 

 

et al

 

. 2001; Keller &
Waller 2002).

A second reason for the unexpected ubiquity of IHFCs,
is that the panel of 5–15 markers used in most studies
may be insufficient to capture much information about

genome-wide heterozygosity (Chakraborty 1981). These
concerns appear to be supported by the handful of studies
in which researchers have been able to compare genetic
and pedigree estimates of inbreeding. For example, although
Coulson 

 

et al

 

. (1999) found homozygosity estimated at 10 loci
and inbreeding coefficients to be significantly associated in
a small island population of highly polygynous red deer,
the (unreported) 

 

r

 

2

 

 was < 2%. A second example comes from
Markert 

 

et al

 

. (2004) who report 

 

r

 

2

 

 coefficients between
homozygosity and 

 

F

 

 of 0.026 (positive slope) and 0.008
(negative slope) for two species of Galapagos ground finches
from the very small Isla Daphne Major island (0.34 km

 

2

 

).
The highest correlation coefficient yet reported is 0.52 with
homozygosity estimated at 27 microsatellite loci, but this was
in a tiny population of captive wolves (Hedrick 

 

et al

 

. 2001).
If IHFCs are not due to classical inbreeding depression,

the other likely mechanism is through linkage disequilib-
rium between neutral markers and genes experiencing
balancing selection (associative overdominance). In prac-
tice, these two alternatives represent opposite ends of a
spectrum that runs from large numbers of recessive genes
each with small effect (inbreeding depression) through to
chance linkage between a marker and a single gene of large
effect, with linkage disequilibrium becoming increasingly
important as one moves from the former towards the
latter. Linkage disequilibrium can arise both through
physical linkage between the marker and a gene, and, more
generally, through a variety of demographic processes. For
example, individuals in a large sibship may all be hetero-
zygous both at a marker and a fitness-associated gene
simply because of the genotypes of their parents, regardless
of whether the marker and gene lie on the same chromosome.
More generally Ohta & Kimura (1970) showed that the
extent of associative overdominance is a negative function
of the product 

 

N

 

e

 

r

 

, where 

 

r

 

 is the recombination fraction
between the marker and the selected locus, and 

 

N

 

e

 

 the effect-
ive population size. Thus, IHFCs due to linkage become
more likely when the effective population size is small.

Unfortunately, the importance of associative over-
dominance in real populations is difficult to assess because
we lack knowledge about key parameters such as the level
of linkage disequilibrium and the number of genes under
selection. One way to clarify the basis of IHFCs is to examine
whether the many reported IHFCs in the recent literature
can plausibly be driven through the effect of individual
genome-wide inbreeding on fitness. For this to be true,
there must exist a correlation between an individual’s
heterozygosity and its inbreeding coefficient. Although this
problem has received previous attention (Bierne 

 

et al

 

. 2000;
Tsitrone 

 

et al

 

. 2001; Slate 

 

et al

 

. 2004), the deterministic
approaches employed make it difficult to investigate the
effect of different mating systems and varying degrees of
population subdivision, and also do not allow easy explora-
tion of the effect of the number of neutral markers assayed.
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In order to test specifically under which population
parameters and number of markers assayed heterozygo-
sity is informative about inbreeding, we used individual-
based stochastic simulations to explore a comprehensive
parameter space. We found that almost independent
of the number of genetic markers deployed, the correla-
tion between heterozygosity (and heterozygosity-derived
measures) and inbreeding is poor except where tiny popu-
lation sizes, strong population substructure or extreme
breeding systems generate frequent incestuous pairings.
This suggests that many of the reported IHFCs may, at
least in part, be caused by processes other than inbreeding.
One of the most intriguing possibilities is that IHFCs could
be generated by linkage to individual coding loci under
selection.

 

Materials and methods

 

Simulations

 

All stochastic individual-based simulations were run
with a modified version of the freeware program 

 

easypop

 

(Balloux 2001; available at: http://dsunil.ch/izea/softwares/
easypop.html). The version we used allowed retrieval of
the complete pedigree in addition to data from the simu-
lated loci. Most simulation involved populations consisting
of a fixed number of 400 individuals, characterized by
various degrees of subdivision and alternative breeding
systems. For comparison, a population of 1000 individuals
was also examined. The mating systems simulated for
monoecious organisms comprise random mating and 10%
selfing. For dioecious organisms, we simulated random
mating and polygyny, both with an even sex ratio. In the
polygynous mating system, we set up harems of 10 females
with one dominant male securing 90% of the paternities
within the harem, the remaining nine males sharing on
average 10% of paternities. Subdivision was simulated by
arranging the individuals in one deme of 400 individuals,
5 demes of 80 individuals or 20 demes of 20 individuals.
The migration rate between demes was set to 0.1 per
generation. Each individual carried 200 unlinked neutral
markers with 30 possible allelic states evolving under
either a K-allele model (KAM) or a stepwise mutation
model (SMM), thought to reflect better mutations at
microsatellite markers (Weber & Wong 1993; Di Rienzo

 

et al

 

. 1998; Xu 

 

et al

 

. 2000). A mutation rate was chosen so
that the product of the number of individuals and the
mutation rate (

 

N

 

µ

 

) equals one. This product, rather than
the mutation rate, was kept constant as only polymorphic
loci are retained in empirical studies, thereby selecting
for markers with higher mutation rates in studies of
populations with small effective size. To control for the
effect of mutation rate, we also ran simulations with a
hundred times lower mutation rate. All simulations were

run for 2000 generations, at which point all summary
statistics had reached equilibrium (data not shown), and
replicated 10 times per set of parameter values.

 

Controls

 

We checked our simulations against various analytical
expectations. Recurrence equations for the genetic identities
were written for the different simulation parameter sets.
The recurrence equations for the different mating systems
can be found in the following: Balloux & Lehmann (2003),
Balloux 

 

et al

 

. (2003) and Wang (1997a,b). The results of
the recurrence for inbreeding (

 

F

 

) without mutation after
10 and 50 generations were used as expectations for the
inbreeding coefficients retrieved from the pedigrees. We
also tested the accuracy of our simulated genotypes from
the last generation by checking against 

 

F

 

-statistics obtained
from the recurrences at equilibrium including mutation.
The fits to analytical expectations were highly satisfactory
for all simulated cases (Table 1). The slight negative bias
in the observed 

 

F

 

-statistics can be accounted for with the
observation that we used high mutation rates and a finite
number of alleles (30), thus leading to a slight excess of
homozygotes compared with the expectation which
assumes an infinite number of possible allelic states.

 

Human dataset

 

The next question we addressed was whether our simula-
tions accurately reflect what happens in real populations,
where distributions of inbreeding coefficients and the level
of substructure are generally unknown. Data from large
numbers of markers genotyped in individuals from real
populations are rare, but full genotypes from the large
study by Rosenberg 

 

et al

 

. (2002) have been released
(http://www-hto.usc.edu/

 

∼

 

noahr/diversity.html). These
data comprise 400 microsatellite markers typed in > 1000
humans from 52 populations sampled from all over the
world. Many populations in this dataset are medium to
large and exhibit fairly similar levels of genetic diversity.
However, the dataset also includes populations from
Oceania and South America that carry much lower levels
of genetic diversity.

 

Analyses

 

The individual inbreeding coefficients (

 

F

 

) were computed
directly from the pedigree data following Wright (1922).
Individual heterozygosity was computed as the frequency
of heterozygous loci for each individual. We also com-
puted internal relatedness (IR), a second estimator of
heterozygosity that gives more weight to homozygotes
involving rare alleles (Amos 

 

et al

 

. 2001). IR is adapted from
the formulae for relatedness developed by Queller &
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Goodnight (1989) for the special case of just two alleles, and
is calculated as:

Where, 

 

H

 

 represents the number of loci homozygote
within an individual, 

 

N

 

 the number of loci genotyped and

 

∑ 

 

f

 

i

 

 represents the sum of the population frequencies of all

 

i

 

 alleles carried by that individual. For comparison, we
also calculated mean 

 

d

 

2

 

, the average squared length differ-
ence between alleles. This measure estimates the genetic
similarity of an individual’s parents based on the mean
evolutionary distance between its alleles (Coulson 

 

et al

 

.
1999), and is thought to perform less well than hetero-
zygosity and IR except under a narrow range on conditions
where dissimilar populations mix (Tsitrone 

 

et al

 

. 2001).
General linear models of simulated data and of (Rosenberg

 

et al

 

. 2002) human dataset were run in the statistical package
R. Randomization was performed without replacement
and 

 

r

 

2

 

 values are reported throughout.

 

Results

 

As a first step, we evaluated the effect of the depth of the
pedigree on the calculation of inbreeding coefficients.
Values of 

 

F

 

 from pedigrees calculated between 5 and 50
generations deep are remarkably well correlated (Fig. 1).
This strong correlation occurs because recent inbreeding
events have a disproportionately large influence on an
individual’s inbreeding coefficient relative to events deeper
in the pedigree. This stems from contributions to 

 

F

 

 scale as
0.5

 

(2

 

G

 

−

 

1)

 

, where 

 

G

 

 represents the number of generations back
in time when that event occurred.

Heterozygosity was computed for all simulations and
correlated with inbreeding coefficients (Table 2), calcu-
lated over the previous 50 generations. When using all 200
simulated loci, the proportion of variation in inbreeding
explained by these measures varies between 5% for a ran-
domly mating population of 1000 individuals under the
KAM to > 90% for a population of 400 individuals where
10% of progeny resulted from selfing or where polygyny is
linked to strong subdivision (20 demes of 20 individuals
with 10% migration rate between demes). Correlations
were lower for simulations under SMM (data not shown).
There was no significant difference in the correlations
between 

 

F

 

 and heterozygosity or between 

 

F

 

 and either of
the two heterozygosity-based measures we examined,

IR
H f
N f

i

i

  
  
  

,=
− ∑
− ∑

2
2

Table 1 Analytical expectations and observed means over replicates for the simulated data
 

Pedigree Genotypes

F(10) F(50) FIS FST

Sexes Mating system Individuals Structure Exp. Obs. Exp. Obs. Exp. Obs. Exp. Obs.

1 RUG 400 single population 0.011 0.012 0.059 0.063 0.000 0.000 NA NA
1 10% selfing 400 single population 0.062 0.064 0.112 0.111 0.051 0.051 NA NA
2 RM 400 single population 0.010 0.013 0.058 0.062 −0.001 −0.001 NA NA
2 RM 1000 single population 0.004 0.004 0.024 NC 0.000 0.000 NA NA
2 RM 400 5 subpopulations 0.047 0.045 0.138 0.136 −0.001 −0.001 0.020 0.017
2 RM 400 20 subpopulations 0.083 0.088 0.136 0.138 −0.002 −0.001 0.089 0.086
2 Polygynous 400 single population 0.049 0.053 0.259 0.259 −0.006 −0.006 NA NA
2 Polygynous 400 20 subpopulations 0.324 0.324 0.453 0.450 −0.008 −0.007 0.327 0.311

F(10) and F(50) represent the inbreeding coefficient (F ) expected after 10 and 50 generations, assuming all founders were unrelated and 
computed from the pedigrees going 10 and 50 generations back in time. FIS and FST are the F-statistics expected at equilibrium and recorded 
after 2000 generations on the simulated genotypes. RUG stands for random union of gametes and RM for random mating of individuals. 
NC indicates that the pedigree was too large to be analysed.

Fig. 1 Association between inbreeding coefficients calculated
using pedigrees 2, 3, 4, 5 and 10 generations deep and inbreeding
coefficients calculated using pedigrees 50 generations deep for
simulations considering two breeding systems (polygyny and
random mating) and two degrees of population structure (one
population of 400 individuals with no substructure and one
population of 400 individuals subdivided into 20 subpopulations
each of 20 individuals).
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mean 

 

d

 

2

 

 and IR. IR performed better than heterozygosity
with 

 

r

 

2

 

 values typically 0–2% higher. In general, mean 

 

d

 

2

 

performed worse than both IR and heterozygosity. Table 2
also reports the correlation between 

 

F

 

 and heterozygosity
for subsets of 10 or 20 loci, numbers that are more repre-
sentative of a typical published study. With 10 loci, most
correlations lie close to zero. Significant correlations
(

 

r =

 

 40%) are achieved only when maximum population
structure is coupled with polygyny. Although there is
probably no such thing as a panmictic species (Wirth &
Bernatchez 2001; Balloux & Lugon-Moulin 2002), our sub-
divided polygynous populations are clearly extreme, cor-
responding to an 

 

F

 

ST

 

 value of 33% (Table 1; 41% if juveniles
were sampled). This value lies well outside the range of
differentiation expected within populations at the lowest
geographical level.

Our simulations thus predict that the correlation between
inbreeding coefficient and heterozygosity will be barely
detectable with a small number of loci for most realistic
scenarios because the variance in individual inbreeding
coefficient is not sufficient (Fig. 2). This has an important
corollary. Although it seems intuitively sensible that

heterozygosity among loci will be correlated within an
individual, this is only true if two conditions hold. First, all
loci must be estimating the same common parameter, i.e.
the probability of identity by descent. Second, there must
be a significant association between this underlying param-
eter and heterozygosity. That our data show that the latter
condition is probably not met leads to a testable prediction
that heterozygosity measured at one set of loci will correlate
weakly, if at all, with heterozygosity calculated from other,
independent sets of loci drawn from the same individual.
To test this expectation, we reanalysed our simulation data,
this time estimating heterozygosity twice for each individual,
once using 100 randomly sampled markers and once based
on the remaining 100 markers. Regressing one estimate
against the other we find that 

 

r

 

2

 

 is again < 1% in most sce-
narios, but may be high (> 40%) when extreme population
subdivision and polygyny are introduced (Table 3). We
refer to this analysis as heterozygosity–heterozygoisty
correlation, or HHC.

The next question we addressed was whether HHCs may
be informative about the strength of heterozygosity–inbreeding
correlations in real populations, where distributions of

 

N loci

(a) Correlations between F and H (b) Moments of F

Mean Min Max Mean Variance Skew

No substructure
RM 2 sex KAM
10 0.5 0.0 2.7
20 0.7 0.0 3.5
200 11.8 4.7 17.8 0.0592 0.0002 7.0678

POL 2 sex KAM
10 2.3 0.0 8.0
20 3.9 0.4 10.5
200 16.3 9.4 27.0 0.2468 0.0006 3.3356

Five subpopulations
RM 2 sex KAM
10 5.0 0.9 11.6
20 9.3 1.7 17.2
200 49.6 42.8 56.1 0.1195 0.0015 0.8032
POL 2 sex KAM
10 8.9 1.0 18.4
20 16.0 3.3 31.0
200 64.3 52.8 75.2 0.3428 0.0067 0.5067

Twenty subpopulations
RM 2 sex KAM
10 15.5 7.8 23.6
20 26.4 18.1 34.8
200 77.4 70.8 81.6 0.1357 0.0052 0.7338

POL 2 sex KAM
10 40.7 20.1 63.3
20 57.6 37.7 71.0
200 90.5 86.0 93.9 0.4376 0.0268 −0.3529

Table 2 (a) r2 values expressed as percent-
ages between allele-based heterozygos-
ity measured at 10, 20 and 200 loci and
inbreeding coefficients calculated using
pedigrees 50 generations deep and (b) mean,
variance and skew of the distributions of F
generated from simulation obtained from
200 loci
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inbreeding coefficients and the level of substructure are
generally unknown. For this we used the Rosenberg 

 

et al

 

.
(2002) human dataset. Because the populations vary con-
siderably in size, and therefore in mean heterozygosity, we
fitted a linear model with heterozygosity based on one half
of the markers as the response and two factor, heterozy-
gosity based on the other half markers and population, as
explanatory variables. The resulting 

 

r

 

2 of 61% appears high,
but repeating the regression with population as the sole
explanatory factor only reduces the r2 value to 58%. Thus,
after controlling for difference in mean genetic diversity
among populations, the correlation between one set of 200
markers and another in humans is only around 3%. Although
already low, this value would probably be substantially

lower if we were able to exclude all populations in which
consanguineous marriages are common.

In most studies, key parameters such as population size,
the degree of substructure and exact mating system will
not be known, precluding any direct assessment of the
strength of the association between heterozygosity and
inbreeding (Table 2). Consequently, we wondered whether
there was any predictive relationship between HHC and
the correlation between F and heterozygosity. Figure 3 dis-
plays a range of scenarios chosen to provide a wide cover-
age of the parameter space. Figure 3(a) illustrates scenarios
in which only 20 markers are available, and shows the rela-
tionship between the HHC (H–H, x-axis) and the strength
of correlation between heterozygosity and true inbreeding
coefficient (H–F, y-axis). It appears that strong H–F cor-
relations are easy to obtain. However, this appearance is
misleading. When the data are replotted as a frequency
distribution (inset: horizontal axis, H–H; depth-axis, H-F;
vertical-axis, frequency), it is clear that the overwhelming
majority of cases lie extremely close to zero. When 200 markers
are used instead of 20 (Fig. 3b), the relationship becomes
clearer, with most scenarios yielding high (> 0.1) H–F correla-
tions and the highest values being associated with extreme
mating systems (polygyny and selfing) and strong popula-
tion substructure. Regardless of the number of markers used,
the simplest model of one homogeneous, random mating
population of either 400 or 1000 individuals tends to yield
correlations that all lie close to zero. This point is emphasized
in Fig. 3(c) that depicts the distribution of r2 values for
HHCs in the Rosenberg dataset, revealing a range of value
around the 3.5% level despite the use of 400 markers.

As a final test of our predictions, we reanalysed data from
the Acevedo-Whitehouse et al. (2003) study on rehabilitating
California sea lions. Here, mean IR was compared among
groups of animals classed according to several categories
of disease, namely trauma (e.g. gunshot, boat collision),
toxic algal poisoning, bacterial infection, parasitic infection
and carcinoma, and then mean IR was compared across

Fig. 2 r2 values for the relationships between heterozygosity measured at between 5 and 200 loci and inbreeding coefficient. In both (a) and
(b) one simulation was run with inbreeding coefficients calculated using a pedigree 50 generations deep and 200 independent loci. The r2

value between heterozygosity calculated across all 200 loci and inbreeding is represented by the solid line. Each dot represents the r2 value
between heterozygosity and inbreeding coefficient calculated from n loci (x-axis) where loci were sampled without replacement from the
200 available. (a) K-allele model, five subpopulations, two sexes and random mating, and (b) K-allele model, two sexes and random mating.

Table 3 r2 values between heterozygosity measured at the first
100 and second 100 simulated loci for a range of simulations with
varying population subdivision and mating system
 

1st half–2nd half r2 Heterozygosity IR

No substructure
Random mating 0.4 0.5

(0.1–2.2) (0–2.6)
Polygyny 1.1 1.7

(0.2–2.5) (0.3–4)

Five subpopulations
Random mating 10.8 12.3

(6.9–21.9) (8.1–24.3)
Polygyny 24.8 31.1

(6.7–39.4) (16.1–48)

Twenty subpopulations
Random mating 40.1 43.8

(34.9–46.1) (38.9–49)
Polygyny 69.6 73.0

(55.6–77) (62.1–80.4)

Values in brackets represent the range of r2 values. Note these 
estimates are obtained using 200 markers — substantially more 
than is used in a typical study of IHFCs.
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groups. The analysis revealed significant variation in mean
IR among classes, with the trauma group showing, as
expected, a mean close to zero, the expected value for an
outbred population (Table 4). By implication, the animals
with disease are a nonrandom subset of the population,
one that has been enriched for inbred individuals. This pre-
diction can be tested by looking for HHCs in each class. To
do this, the 11 loci were repeatedly split randomly into one
group of five and one of six, and two IR values calculated
for each animal in the group, yielding a mean and standard
deviation for the HHC (Table 4). We find a generally excel-
lent agreement between mean IR and the strength of the
HHC, with trauma having the lowest HHC and carcinoma
the strongest. We conclude that selection for disease does
indeed cause enrichment for inbred individuals.

Discussion

In this study we explored a common assumption that
heterozygosity measured over a handful of loci within an
individual and inbreeding are strongly correlated, and
hence that the widely reported associations between

Fig. 3 Correlation between one half of the genetic markers against the other half. (a) r2 values between heterozygosities calculated using
two sets of 10 randomly selected simulated loci plotted against r2 values between heterozygosity calculated from the 20 randomly chosen
simulated loci and inbreeding coefficient calculated using pedigrees 50 generations deep. A large correlation between heterozygosities
measured across different loci would suggest that heterozygosity and inbreeding coefficient are strongly correlated. The vast majority of
randomizations produced low r2 values between heterozygosities and low r2 between inbreeding and heterozygosity (inset frequency
distribution). (b) The relationship in (a) improves when 200 markers are used. There are various mechanisms that can lead to strong
correlations ranging from population substructure, and breeding system (different coloured circles). (c) Frequency distribution of r2 values
between heterozygosities calculated using the Rosenberg et al. (2002) dataset randomly divided into two (500 randomizations).

Table 4 Internal relatedness (IR) and correlation between one
half of the genetic markers against the other half on the 11
microsatellites from the Acevedo-Whitehouse et al. (2003) study
on California sea lions
 

IR Mean r
Predicted 
SD Het–F r2

Trauma −0.010 −0.141 0.097 0–0.1
Bacterial 0.090 −0.009 0.069 0
Parasite 0.191 0.102 0.082 0–0.1
Nonspecific 0.092 0.010 0.105 0
Poison 0.097 0.111 0.067 0–0.1
Cancer 0.289 0.292 0.180 0.3–0.5
Combined 0.109 0.114 0.042 0–0.1

Animals are classed according to several disease categories 
with the trauma class representing a control group of otherwise 
healthy animals that were injured by, for example, gunshot 
wounds and boat collisions. Mean correlation coefficient (mean 
r) and standard deviation (SD) were obtained by resampling 
the data 100 times and randomly dividing the markers into one 
group of 5 and one of 6 and computing IR for both sets of 
markers. Predicted inbreeding–heterozygosity correlations 
(Het–F r2) are inferred from Fig. 3.
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heterozygosity and fitness (IHFCs) can be attributed to
inbreeding depression. Using stochastic, individual-based
simulations we have shown that although conditions exist
in which heterozygosity and inbreeding are closely linked,
the accurate estimation of inbreeding coefficients from
genetic data requires a large number of markers and strong
population subdivision, small population sizes or highly
skewed mating systems (polygyny or selfing). We also
suggest that the correlation at the level of the individual
itself is likely to be weak under most ecologies. Finally
we propose a short-cut to assess whether heterozygosity
is likely to be a good predictor of inbreeding given no
knowledge on population structure or breeding system.
Specifically, if heterozygosity is correlated among markers,
heterozygosity averaged across those markers is likely to
be informative about inbreeding. Testing this prediction
using published data on diseased sea lions, showed good
agreement between the presence of HHC and the expecta-
tion that inbred individuals are present.

That heterozygosity measured across a handful of
markers does not normally correlate with inbreeding
coefficient makes intuitive sense. The majority of inbreeding
events are likely to be no more extreme than first cousin
pairings, where an average of only one locus in 32 (0.03) is
homozygous through common descent. Such an increase in
homozygosity is tiny compared with the underlying sam-
pling variance expected of a panel of 10–20 loci with mean
heterozygosity of 0.7 (SD = 2.1–4.2 loci). Consequently,
adequate statistical power can only be achieved with very
large sample size and if a substantial fraction of individuals
are this inbred or more.

Our simulations allow us to explore the extent to which
pedigree depth influences the precision of an estimate of
inbreeding. Deep multi-generation pedigree information
is rarely available in natural populations, with the best
wild pedigree available being 20+ generations for the
Mandarte Island song sparrow (Keller 1998). We find that
a surprisingly high proportion of information is captured
by the most recent three to five generations, with estimates
of inbreeding changing little as deeper links are added.
Indeed, the r2 between relatedness calculated from a 10
generation deep pedigree and relatedness calculated by
going back 50 generations is all well above 0.999 independ-
ent of the simulation parameters. Importantly, although it
is clearly better to use information from 5, 10 or even more
generations back, estimates of relatedness based on pedi-
grees only three or even two generations in depth may
capture enough information to be useful for broad-scale
inference.

Throughout this study, we assume that all markers are
unlinked physically. In practice, some markers may lie
close enough to exhibit linkage disequilibrium, although
the level is likely to be extremely low. For example, recent
estimates of the number of single nucleotide polymorph-

isms (SNPs) needed to characterize all linkage blocks
in the human genome range from 170 000 to 1 000 000
(Gabriel et al. 2002; Goldstein et al. 2003). With 200 evenly
spaced markers, the average separation of adjacent markers
will be of the order of 15 cm, suggesting recombination
events every six generations. For a panel of 10–20 markers,
the average level of linkage is therefore negligible. More-
over, where markers are physically linked, the tendency
will be to increase the variance of heterozygosity and hence
to reduce both the strength of the correlation between
heterozygosity and inbreeding, and of the correlation in
heterozygosity between independent sets of markers in the
same individual.

Across a wide range of simulated scenarios, hetero-
zygosity measured at 10–20 markers generates significant
correlations only with F under a narrow range of circum-
stances (Table 2). However, where correlations do arise,
we also expect to find a correlation in heterozygosity
among independent sets of markers. In turn, this pre-
diction can be used as a test for where heterozygosity is
informative about inbreeding, because if heterozygosity
is uncorrelated among markers it will correlate at best
weakly with inbreeding. Applying this expectation to real
data, we first looked at heterozygosity–heterozygosity
correlations in a large published dataset of human micro-
satellites genotyped in diverse populations. After correcting
for differences in heterozygosity among populations, we
find an r2 of around 3%, even though the study deployed
400 markers. Furthermore, several of the populations
included in this study exhibit cultural preferences for
marriages between relatives. For example, the Native Ameri-
can groups tend to be small and consanguinous marriages
are favoured in a number of populations, including the
majority of Muslim populations (Devi et al. 1987; Bittles &
Hussain 2000). In view of this, the observed value is likely
to be a substantial overestimate for populations in which
consanguinity is not encouraged. Hence, our prediction
that even with very large numbers of markers, hetero-
zygosity will show little if any correlation across the human
genome appears to be fulfilled.

To determine how heterozygosity–heterozygosity corre-
lations might be used to infer a correlation between F and
heterozygosity in real populations, we reanalysed data
from a sample of rehabilitating California sea lions where
IR varies significantly between classes of disease (Acevedo-
Whitehouse et al. 2003). We found a generally excellent
agreement between mean IR and the strength of the HHC
across disease classes (correlation coefficient, r = 0.85).
From Fig. 3 and Table 4 we can infer that in the most
strongly affected group, those animals diagnosed with
cancer, heterozygosity is likely to correlate with inbreed-
ing coefficient with an r2 of 0.3–0.5, indicating the presence
of several strongly inbred individuals. By implication,
either the combination of strong polygyny and philopatry
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together generates more variation in inbreeding coefficient
than our fairly restrictive set of simulations predict, or
highly inbred individuals are rare but have a very high
probability of contracting cancer. Regardless of the precise
explanation, these results show that real populations can
carry sufficient inbred individuals to yield a correlation
between F and heterozygosity measured over only 10 or so
loci, as long animals can be classified in a way that groups
individuals with high F-values together.

So far, we have made the implicit assumption that even
in cases where heterozygosity and F are correlated, any
fitness traits that correlate with F will also show a rela-
tionship with heterozygosity. Of course, this is only true if
there exists a 100% correlation between F and whatever
estimator of fitness is used. Some estimators may be good,
for example, there is no error involved in determining
whether a juvenile is alive or dead. However, for traits
such as disease intensity, lifetime reproductive success
and many others, the estimator of the trait itself introduces
error and this will weaken any correlation with hetero-
zygosity. Consequently, our simulations portray the
most optimistic scenario, and in most realistic cases, IHFCs
will be even weaker than those we tabulate, restricting
further the range of circumstances in which we would
expect inbreeding depression to be the primary mechanism
underlying IHFCs.

If heterozygosity is such a poor estimator of genome-
wide inbreeding, particularly if tens rather than hundreds
of markers are deployed, the question arises as to what
the many reports of fitness–heterozygosity correlations
are detecting. One possibility is that, although the actual
effects being sought are very weak, they are being exagger-
ated by a number of biases. There are three levels at which
bias may act. First, just as in the sea lion study (Acevedo-
Whitehouse et al. 2003), the individuals being considered
my not be randomly drawn from the population, but rather
they may have been selected in a way that enriches for
unusually inbred or outbred individuals. Such instances
are not covered by our simulation approach and clearly
have greater power to detect IHFCs. A second form of bias
may accrue through marker selection. Most microsatellites
are selected on the basis of maximum variability. At the
same time, microsatellites in a region of the genome under
balancing selection are likely to show enhanced variability
simply by dint of the fact that local heterosis acts to
increase local genetic diversity. Consequently, it is possible
that, by selecting markers for greater variability, one is also
selecting for markers in regions experiencing balancing
selection. In this light, it is interesting that Hansson et al.
(2004) report that the four markers showing strongest sin-
gle locus effects are the four with highest heterozygosity.
Finally, there is the possibility of publication bias arising
from the fact that nonsignificant results are difficult to
publish. Here, publication of type 1 errors has already been

proposed as a possible cause for associations between
mean d2 and fitness components (Goudet & Keller 2002). In
our experience, the problem appears slight, as around 80–
90% of trends examined across a wide range of systems are
in the expected direction, and a high proportion are signi-
ficant (WA personal observation). An alternative view is that
published studies include many scenarios where F and
heterozygosity may be correlated, for example in island
populations (Mandarte, Rum, Kilda), breeding colonies with
high longevity and philopatry (harbour seals, grey seals,
albatrosses) or in species with strong polygyny (red deer,
sea lions, fur seals). Unfortunately, the removal of publication
bias is difficult and beyond the scope of this discussion.

Even allowing for these three biases, it seems to us that
there remain many published IHFCs that are both genuine
and yet have little to do with inbreeding effects that
depend on genome-wide heterozygosity. If so, there seem
to be two broad classes of alternative explanation, though
these lie on what is likely to be a continuum of states. At
one extreme is chance physical linkage between one or
more marker loci and gene(s) experiencing balancing
selection. Because most studies deploy very few markers
yet the effects of physical linkage usually extent only a
few tens of centimorgans, at most this hypothesis would
require an unexpectedly high proportion of the genome to
be under balancing selection. The test of this model is to
look for heterozygosity–fitness associations that appear
marker specific. Few studies have done this, but some
recent work suggests that single locus associations may be
surprisingly common (Pemberton et al. 1999; Heath et al.
2002; Merila et al. 2003; Van Oosterhout et al. 2004). Arguably
the most powerful analysis so far is by Hansson et al. (2004),
who compare survival between full-sibling great reed
warblers, thereby controlling for genome-wide effects
(full-siblings share the same inbreeding coefficient). They
find that locus-specific patterns still accrue, and hence lend
powerful support to our suggestion that genome-wide
effects may be relatively unimportant.

If large regions of the genome are not experiencing
balancing selection, single locus associations can still arise
through linkage disequilibrium. In small or bottlenecked
populations, or where there has been recent mixing between
populations, linkage disequilibrium can arise between
markers anywhere in the genome, regardless of whether
they lie on the same chromosome. For example, in a polyg-
ynous species, a single, highly successful male who carries
a rare allele at a particular locus may produce large
numbers of sons, many of whom are both successful and
heterozygous at this locus. Under this model, it might
be possible for a relatively small number of strongly
overdominant genes to generate spurious associations with
quite a few neutral markers. To assess the importance of
this in IHFCs we need to learn much more about the extent
of linkage disequilibrium in natural populations.
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In conclusion, the ubiquity of IHFCs remains somewhat
puzzling. Unless real populations commonly harbour high
levels of cryptic substructure, our simulations indicate that
heterozygosity at 10–20 markers is much too poorly corre-
lated with inbreeding coefficients to support a secondary
correlation with fitness. Thus, even though inbreeding
effects may be important, the systems we currently deploy
to study them lack sufficient statistical power. At the
other extreme, associative overdominance through phys-
ical linkage would require large numbers of genes under
balancing selection. The textbook example is the sickle
cell mutation at position 6 of the human beta-globin gene,
arguably the most famous amino acid substitution in
evolutionary biology and until recently one of a handful of
good examples. However, the picture is changing. Despite
the fact that the statistical detection of overdominant
coding loci is currently difficult (Beaumont & Balding
2004), many new examples have come to light, including
CD4 (Prahalad et al. 2003), the protocadherin alpha cluster
(Noonan et al. 2003), the prion protein gene (PRNP) confer-
ring resistance to prion diseases (Mead et al. 2003) and PTC
— the bitter taste receptor (Wooding et al. 2004). The third
option is a half-way house, with relatively low numbers
of overdominant loci creating the impression of genome-
wide effects through demographic linkage disequilibrium
between them and neutral marks. This option suffers from
the requirement that linkage disequilibrium is widespread.
On balance, and somewhat as the lesser of three evils, we
favour associative overdominance primarily though phys-
ical linkage as the most important mechanism contributing
to IHFCs. However, we appreciate that the jury is still
undecided and that the natural tendency to study small,
isolated populations may mean that inbreeding depression
plays a larger role in published studies than it may in an
‘average’ species.
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