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ABSTRACT Individual inbreeding and historical demography can be estimated by analyzing runs of homozygosity (ROH), which are
indicative of chromosomal segments of identity by descent (IBD). Such analyses have so far been rare in natural populations due to
limited genomic resources. We analyzed ROH in whole genome sequences from 287 Ficedula flycatchers representing four species,
with the objectives of evaluating the causes of genome-wide variation in the abundance of ROH and inferring historical demography.
ROH were clearly more abundant in genomic regions with low recombination rate. However, this pattern was substantially weaker
when ROH were mapped using genetic rather than physical single nucleotide polymorphism (SNP) coordinates in the genome.
Empirical results and simulations suggest that high ROH abundance in regions of low recombination was partly caused by increased
power to detect the very long IBD segments typical of regions with a low recombination rate. Simulations also showed that hard
selective sweeps (but not soft sweeps or background selection) likely contributed to variation in the abundance of ROH across the
genome. Comparisons of the abundance of ROH among several study populations indicated that the Spanish pied flycatcher pop-
ulation had the smallest historical effective population size (Ne) for this species, and that a putatively recently founded island (Baltic)
population had the smallest historical Ne among the collared flycatchers. Analysis of pairwise IBD in Baltic collared flycatchers indicated
that this population was founded ,60 generations ago. This study provides a rare genomic glimpse into demographic history and the
mechanisms underlying the genome-wide distribution of ROH.
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RELATEDNESS and inbreeding (mating between relatives)
have been central concepts in evolutionary biology since

the early stages of the modern synthesis (Wright 1931). Re-
lated individuals share homologous chromosome segments
that coalesce in a recent common ancestor. These segments
are said to be “identical by descent” (IBD), as they represent
identical copies derived from a single chromosome segment
in a common ancestor. Inbred individuals inherit IBD chro-
mosome segments, which are characterized by stretches of
homozygous loci (i.e., “runs of homozygosity,”ROH; Figure 1).

Following early observations of ROH in humans (Broman and
Weber 1999), the ability to genotype large numbers of
mapped single nucleotide polymorphisms (SNPs) sparked in-
terest in ROH as a means to precisely estimate individual in-
breeding, i.e., the proportion of the genome that is IBD
(McQuillan et al. 2008; Keller et al. 2011; Kardos et al.
2015a, 2016). Identification of ROH also implied new possi-
bilities to infer effective population size (Ne) and demographic
history (Kirin et al. 2010; Pemberton et al. 2012; MacLeod
et al. 2013; Browning and Browning 2015; Kardos et al.
2016), to map loci contributing to recessive disorders
(Lander and Botstein 1987; Alkuraya 2010), and to explain
variation in the abundance of ROH across the genome
(Pemberton et al. 2012).

Although the frequency and genomic distribution of ROH
has been characterized in humans (McQuillan et al. 2008,
2012; Auton et al. 2009; Nalls et al. 2009; Kirin et al. 2010;
Nothnagel et al. 2010; Polašek et al. 2010; Pemberton et al.
2012) and commercial livestock or closely related species
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(Pollinger et al. 2011; Purfield et al. 2012; Ferenčaković et al.
2013; Kim et al. 2013; MacLeod et al. 2013), we know little
about ROH in natural populations of nonmodel organisms
where demographic histories and genomic characteristics
often differ substantially from humans and livestock. The rap-
idly increasing availability of genome assemblies and rese-
quencing data in nonmodel organisms now makes it possible
to study ROH at a very high resolution in any species. Study-
ing ROH in whole genome resequencing data from natural
populations could substantially advance our understanding
of the frequency of inbreeding and inbreeding depression,
the genetic basis of inbreeding depression, demographic his-
tory, and the mechanisms responsible for genome-wide var-
iation in individual genetic diversity (McQuillan et al. 2008;
Keller et al. 2011; Pemberton et al. 2012; Browning and
Browning 2015; Kardos et al. 2015a).

Studies in humans and livestock have generally found that
the abundanceofROHwithin populations varies considerably
across the genome. ROH may be more abundant in regions
with low recombination rates, strong linkage disequilibrium,
high gene density, signatures of positive selection, and in
regions containing genes thought to be subject to strong
purifying selection (Gibson et al. 2006; Wang et al. 2006;
Pemberton et al. 2012; Curik et al. 2014). Natural selection
may interact with the recombination rate to influence the
distribution of the abundance of ROH across the genome.
Specifically, both positive and background (purifying) selec-
tion reduceNe and genetic variation at closely linked loci, and

this effect should extend over larger chromosome seg-
ments in regions with stronger/more frequent selection
or lower recombination rate (Charlesworth et al. 1993;
Charlesworth 2009).

Analyses of ROH are a potentially powerful way to infer
population dynamics because historical fluctuations in Ne af-
fect both the abundance and the length distribution of ROH
in a population (Kirin et al. 2010; Pemberton et al. 2012;
MacLeod et al. 2013; Browning and Browning 2015). The
abundance of short ROH [measured in terms of centimorgans
(cM)] is informative of Ne further back in time, while very
long ROH are informative of more recent Ne. This is because
ROH deriving from more distant ancestors are shorter on
average than those arising from more recent ancestors due
to longer time for recombination to break up haplotypes.
Thus, analyses of the abundance of ROH in different length
classes are informative of relative Ne over time (Kirin et al.
2010).

Chromosome segments shared IBD between individuals
(i.e., pairwise IBD segments) can also be used to infer histor-
ical demography. The relationship between the distribu-
tion of pairwise IBD segments and Ne has been analyzed
in detail to estimate a time series of recent Ne (Browning
and Browning 2015). The approach introduced by Browning
and Browning (2015) could potentially make it possible to
estimate the timing and magnitude of recent population bot-
tlenecks or founding events, and to evaluate whether anthro-
pogenic interventions or habitat changes have affectedNe over

Figure 1 Heterozygosity across chromosome 2 in three collared flycatchers. Heterozygosity (proportion of heterozygous SNPs) was measured in
nonoverlapping 200-kb windows across the entire chromosome. Large IBD segments can be seen as contiguous stretches of windows with zero (or
very near zero) heterozygosity.
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the recent population history. This approach may represent a
major advance in the ability to estimate changes in Ne over the
recent past. Other methods based on large-scale genomic data
(e.g., pairwise sequentially Markovian coalescent, PSMC) can
estimate the trajectory of Ne over very long stretches of time in
deep population history (Li and Durbin 2011; MacLeod et al.
2013).

In the present study, we analyze ROH in whole genome
resequencing data from 10 populations of four closely related
Ficedula flycatcher species, representing a total of 284 individ-
uals. These species have recently been subject to detailed
genomic investigation, including the development of a 1.1 Gb
genome assembly for the collared flycatcher, Ficedula albicollis
(Ellegren et al. 2012, Kawakami et al. 2014b), and extensive
population genomics analyses of the four Ficedula species
that have revealed divergence times of ,1 MYA, long-term
Ne of 100,000–200,000, and a heterogeneous pattern of genetic
differentiation across the genome (Ellegren et al. 2012;
Nadachowska-Brzyska et al. 2013, 2016; Kawakami et al.
2014a; Burri et al. 2015; Nater et al. 2015). We evaluate the
distribution of ROH abundance across the genome, the rela-
tionship of ROH abundance to recombination rate and genetic
diversity, and use segments of IBD to infer historical Ne in the
study populations. To our knowledge, this is the most exten-
sive ROH study of natural populations so far presented.

Methods

Study populations

We used sequence data from 10 populations of Ficedula fly-
catchers, representing four different species (Burri et al.
2015; Kardos et al. 2015b). One hundred and four collared
flycatchers (F. albicollis) were sampled from the Baltic island
of Öland, and 20 collared flycatchers each were sampled
from Hungary, the Czech Republic, and Italy. Twenty pied
flycatchers (F. hypoleuca) each were sampled from Spain,
the Swedish mainland, the Baltic island of Öland, and the
Czech Republic. Twenty Atlas flycatchers (F. speculigera)
were sampled from the Moroccan Atlas Mountains and
20 semicollared flycatchers (F. semitorquata) were sampled
from Bulgaria. Long-term pedigree information suggests that
close relatives rarely mate in the Öland collared flycatcher
population (A. Qvarnström, unpublished data). The other
study populations (where pedigree information is unavail-
able) are relatively large, and it is therefore likely that mating
between close relatives is rare.

DNA extraction, genome resequencing, SNP calling,
and filtering

Details ofDNAextraction, genomesequencingandalignment,
and variant calling methods are described elsewhere (Burri
et al. 2015; Kardos et al. 2015b). Briefly, DNA was extracted
from blood and all individuals were subjected to 100-bp
paired-end whole genome sequencing on an Illumina
HiSequation 2000 instrument. Raw sequence reads were
mapped to the F. albicollis genome assembly version FicAlb1.5

(Kawakami et al. 2014b) with BWA version 0.7.4 (Li and
Durbin 2009). Variant calling and genotyping were carried out
on each population individually using the UnifiedGenotyper
in the Genome Analysis Tool Kit (McKenna et al. 2010).

Mean sequence coverage at SNP positions ranged from 7.4
to 32.5 (mean = 18.5, SD = 4.8) among all individuals
included in the study. The distribution of mean read depth
among individuals within each study population is shown in
Supplemental Material, Figure S1. The number of SNPs
remaining after all filtering steps ranged from 4.6 million
for the 20 semicollared flycatchers, to 8.7 million for the
104 Baltic collared flycatchers (Table S1), with mean minor
allele frequencies ranging from 0.151 for the Baltic, Italian,
and Hungarian collared flycatchers to 0.173 for the Atlas
flycatchers (Table S1).

Postvariant calling SNP filtering was done for each pop-
ulation separately using VCFtools (Danecek et al. 2011). We
first removed all genotypes with a Phred-scaled genotype
quality score ,20. We then removed SNPs with genotypes
remaining in ,75% of individuals, and SNPs that had more
than two alleles, to produce the final set of loci that were used
in the analyses described below. All of our analyses arbitrarily
assumed 5-kb gaps between adjacent scaffolds in the collared
flycatcher genome assembly.

Identifying ROH

We used a likelihood-based method to identify ROH in each
individual (Broman and Weber 1999; Wang et al. 2009;
Pemberton et al. 2012). We used sliding windows of 60 con-
secutive SNPs with a step size of 10 SNPs. Doubling the win-
dow size to 120 SNPs did not substantively affect our results.
For each 60-SNP window i, and individual j, we calculated
the probability of the genotype at each SNP k (Gk) assuming
the SNP is IBD and non-IBD. We then calculated a LOD score
by summing the log10 of the ratio of these probabilities across
all loci within the window:

LODð j; iÞ ¼
Xki
k¼1

log10

 
PrðGkjIBDÞ

PrðGkjnon2 IBDÞ

!
:

The genotype probabilities under IBD and non-IBD were
calculated according to Wang et al. (2009), accounting for
occasional heterozygous positions within ROH arising from
sequencing error and mutation. We assumed that errors and
mutations would occur at a rate of 0.0012within ROH,which
was set as being slightly higher than the proportion of non-
matching genotypes for two collared flycatchers whose ge-
nomes were each sequenced twice (mean error rate� 0.001)
according to the methods described above. We calculated the
mismatch rate as the fraction of SNPs where the genotype
differed between the two sequencing repeats for each indi-
vidual; the two individuals had genotype mismatch rates of
0.00062 and 0.00132, respectively.

After calculating the LOD score for each 60-SNPwindow in
each individual,wefitted adensity function to thedistribution
of LOD scores among all individuals within each population
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using the density function (with a Gaussian smoothing ker-
nel) in the program R. The LOD scores within a population
are expected to display a bimodal distribution, with windows
located within IBD segments having high LOD scores and
windows outside of IBD segments having low scores (Pemberton
et al. 2012). Such bimodal distribution of LOD scores was
found in each study population (Figure S2). We identified a
LOD score threshold as the minimum fitted value of the den-
sity function between the two modes of LOD scores in each
population.Windowswith LODscores greater than this thresh-
old were classified as putatively IBD. Overlapping windows
classified as IBD were joined to form a single ROH. We de-
fined the boundaries of each ROH by the coordinates of the
first and last SNP located within the ROH. The high density of
SNPs resulting from whole genome resequencing meant that
rather short IBD segments arising from distant ancestors
could be detected.

Genome-wide distribution of ROH

We used the largest sample of collared flycatchers (104 Baltic
island individuals) to determine how ROH abundance varied
across the genome, and how ROH abundance was related to
recombination rate and nucleotide diversity (p). We mapped
ROH using genetic SNP coordinates (i.e., position in linkage
map), and separately using physical SNP coordinates. The
recombination rate estimates (in 200-kb windows) were
from a pedigree-based linkage mapping study (Kawakami
et al. 2014b). p was estimated using allele frequencies de-
rived from allele counts among the 104 Baltic collared fly-
catchers. The genetic mapping position of each SNP was
inferred while assuming a constant recombination rate
within each 200-kb window.

We measured ROH abundance in nonoverlapping 0.5-cM
windows across each chromosome. For each window, we
measured ROH abundance as the total overlapping length
(in centimorgans) of ROH segments among all 104 individu-
als. ForphysicalmappingofROH,wedefinedROHabundance
as the total amount (in megabases) of ROH among all 104 in-
dividuals measured in nonoverlapping 200-kb windows.

Simulations

We used simulations to test the relative importance and
possible interactionbetweenselectionandrecombination rate
in explaining variation in ROHabundance across the genome.
Background selection or positive selection can reduce Ne in
the chromosomal regions surrounding the selected sites. Ev-
erything else being equal, the size of the region with reduced
Ne due to selection is expected to be larger in genomic regions
with low recombination rate. A relatively small number of
haplotypes are expected to occur at high frequency where
Ne is smaller, and we thus expect a higher proportion of in-
dividuals to carry IBD chromosome copies in these regions.

Alternatively, the recombination rate itself could affect the
abundance of detected ROH via its effect on the physical
length of ROH. ROH are expected to be shorter in regions
with high recombination rate. Shorter ROH are expected to

go undetected more frequently due to the smaller number of
SNPs they contain on average compared to physically longer
ROH typical of genomic regions with lower recombination
rates. However, this effect could potentially be canceled out
by the lower density of SNPs in genomic regions with low
recombination rate in Ficedula flycatchers (Burri et al. 2015).

We ran a neutral coalescent simulation in the program
fastsimcoal2 (Excoffier et al. 2013) with a realistic value of Ne

and the mutation rate to quantify the effect of variation in the
recombination rate on the density of detected ROH in the
absence of selection. We simulated constant Ne = 100,000
(Nadachowska-Brzyska et al. 2016), andmutation rate (m) =
53 1029 per base pair per generation (Ellegren 2007; Smeds
et al. 2016) on a single 50-Mb chromosome with vari-
able recombination rate along its length. We set recombi-
nation rates that were representative of the spectrum of
recombination rates in the collaredflycatcher genome, ranging
from 1 to 20 cM/Mb in 10-Mb blocks along the length of
the simulated chromosome. ROH analysis was done as de-
scribed above on 100 individuals sampled at the end of the
simulation.

We simulated positive selection with the program MSMS
(Ewing and Hermisson 2010) to evaluate the effects of com-
plete and incomplete hard and soft selective sweeps on the
abundance of detected ROH. Each of 20 simulation replicates
assumed 4Nem = 0.002, Ne = 10,000 (arbitrarily), a recom-
bination rate (r) = 3.1 3 1028 per base pair per generation
[which is equal to the sex-averaged mean recombination rate
across the genome in the collared flycatcher (Kawakami et al.
2014b)], and a single 30-Mb chromosome.

For simulations of complete selective sweeps, a novel
positively selected allele was introduced into the population
600generations before theendof the simulation exactly at the
physical center of the chromosome. A relatively large value of
the selection coefficient (s = 0.1) was chosen so that the
selected mutation would be swept to fixation in a reasonably
large proportion of the simulation repetitions. Simulation
repetitions where the selected mutation was not swept to
fixation (population allele frequency,0.99) were discarded.
For hard selective sweeps, the initial frequency of the se-
lected mutation was set to 0.00005, mimicking a single de
novomutation to the positively selected allele. For soft selec-
tive sweeps (i.e., sweeps on standing genetic variation, still
with s = 0.1) (Pennings and Hermisson 2006), the initial
frequency of the selected mutation was 0.05, mimicking the
onset of positive selection on a preexisting genetic variant.

Incomplete selective sweepswere simulatedbyaltering the
timing of the onset of selection so that the positively selected
allele would frequently be at a high frequency (85–95%), but
not fixation, at the end of the simulations. Selection was
begun 120 generations before the end of the simulations of
incomplete hard sweeps. Positive selectionwas begun58 gen-
erations before the end of the simulations of incomplete soft
sweeps. The timing of the onset of selection was based on
preliminary simulations where we estimated the number of
generations necessary for the selected alleles to reach a
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frequency between 0.85 and 0.95. For all simulations of both
hard and soft incomplete sweeps, only 20 simulation repli-
cates where the positively selected allele reached a frequency
between 0.85 and 0.95 were retained. ROH analyses were
done on 50 s diploid individuals sampled at the end of each
MSMS simulation replicate.

We used the forward genomic simulation program SLiM
(Messer 2013) to simulate populations with strong back-
ground (purifying) selection. Each of 20 simulation replicates
used an initial population size of N = 225 for the first
2500 generations. The population size was lowered to N =
50 between generations 2501 and 2510, and then increased
to N = 225 for 10 additional generations, at which point the
simulation was ended. The 10-generation population bottle-
neck was included because preliminary simulations without
such a bottleneck resulted in too few ROH to be reliably de-
tected with our analytical approach (data not shown). Each
simulation included two 3-Mb chromosomes, and assumed a
population-scaled mutation rate of 4Nem = 0.006, where Ne

was equal to the initial population size (225). Initial testing
showed that the relatively high value of 4Nem was necessary
to achieve a reasonable level of genetic variation in the SLiM
simulations, likely due to the 10-generation population bottle-
neck. The population-scaled recombination rate (r = 4Ner)
was set to be representative of the range of recombination
rates across the collared flycatcher genome. r was set to
0.0005 between positions 1.2 and 1.8 Mb and to 0.05 else-
where on each chromosome. We simulated strong purifying

selection by specifying that 10% of mutations were deleteri-
ous with a selection coefficient of s = 20.03. The other 90%
of mutations were selectively neutral. ROH analyses were
done on 100 diploid individuals sampled at the end of each
SLiM simulation replicate. If background selection substan-
tively increased the abundance of ROH in low recombination
regions, then we expected to observe a larger increase in
ROH in the low recombination region of the chromosome
with background selection than on the chromosome without
background selection. Repeating the background selection
simulations with the program SFSCODE (Hernandez 2008),
including a larger selection coefficient on deleterious alleles
(s = 20.1), and less genome-wide variation in the recombi-
nation rate (r = 0.003 in low recombination regions and r =
0.03 in high recombination regions) did not substantively af-
fect the results (results not shown).

After all simulationswerefinished,we estimated the abun-
dance of ROH in each population (in nonoverlapping win-
dows) as described above for the analyses of the empirical
flycatcher resequencing data.

Inferring demography from segments of identity
by descent

Weused two approaches to evaluate historicalNe in the study
populations. First, following earlier work in humans (Kirin
et al. 2010, Pemberton et al. 2012), we qualitatively evalu-
ated historicalNe among the study populations via analysis of
the abundance of ROH in different length categories. This

Figure 2 The distribution of IBD segment lengths in
104 Baltic collared flycatchers. (A and B) Physical lengths
of IBD segments. (C and D) Genetic IBD segment lengths.

Identity by Descent in Flycatchers 1323



approach is possible because parents are more closely related
on average (thus increasing the amount of IBD in offspring)
in populations with smaller Ne. We categorized each ROH
according to its map length. Three ROH length categories
were determined so that the analysis would provide informa-
tion on Ne during three different time spans: up to 20 gener-
ations ago, 20–100 generations ago, and .100 generations
ago. The minimum and maximum centimorgan of ROH in-
cluded in each category were determined by solving the
equation l = 100/2g cM (where g is the number of genera-
tions back to the common ancestor for the two homologous
sequence copies within an ROH, Thompson 2013) for l after
replacing g with the number of generations of interest. We
then summed the lengths of ROH within each category for
each individual and divided this by the map length of the
collared flycatcher genome. Populations with a larger aver-
age abundance of ROH in a particular length class were
inferred to have smaller Ne during that particular time span.

We then took advantage of the large amount of sequence
data (104 individuals) from the Baltic collared flycatcher
population to quantitatively estimate a time series of recent

Ne, following the approach of Browning and Browning
(2015). This is possible because the Ne of a population g
generations ago determines the expected frequency of seg-
ments of pairwise IBD with l = 100/2g cM. For this analysis,
we used all SNPs identified in the Baltic collared flycatcher
population after the quality control filtering steps described
above (8.8 million SNPs). We used the program IBDSeq
(Browning and Browning 2013) to identify pairwise IBD seg-
ments, using the default settings for the program. We then
used output from the IBDSeq analysis as input for the pro-
gram IBDNe (Browning and Browning 2015) to estimate a
time series of historical Ne up to 150 generations into the
past. We limited this analysis to data from the 20 chromo-
somes with the longest estimated map lengths according to a
pedigree-based linkage mapping study (Kawakami et al.
2014b). This was done because the method of Browning
and Browning (2015) requires .50 cM of contiguous data
per chromosome for reliable results. Having overlapping gen-
erations means that g and time measured in terms of years
cannot be 100% correlated; this may introduce some impre-
cision in the estimates of recent Ne based on IBD segments.

Figure 3 The physical mapping of all long (.50 kb) IBD segments in 104 Baltic collared flycatchers. Chromosomes are arranged left to right (alternating
gray and white background). The 104 individuals are represented in rows. IBD segments are represented as red and green bars across each individual’s
genome. The density of IBD segments across all individuals is represented in the top panel as the sum of the lengths of all overlapping IBD segments in
nonoverlapping 200-kb windows.
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Data availability

The genome resequencing data used in this study are freely
available in EMBL-EBI European Nucleotide Archive (http://
www.ebi.ac.uk/ena) under accession numbers PRJEB7359
and PRJEB11502.

Results

Genome-wide distribution of ROH

We initially focused on the populationwith the largest sample
size: 104 resequenced genomes of Baltic collared flycatchers
with 8.7million SNPs remaining after quality controlfiltering.
The fraction of the genomes in ROH of any length was what
might be considered surprisingly high for a relatively large
natural vertebrate population, ranging from 0.07 to 0.16 per
individual (Figure S3). The physical lengths of ROH ranged
from 953 bp to 17.5 Mb with the genetic and physical ROH
lengths being correlated (r2 = 0.53, P , 0.001, Figure S4).
ROH ranged from 0 cM (ROH residing entirely in regions
with an estimated recombination rate of 0 cM/Mb) to 27.8

cM in genetic length. The distribution of the lengths of IBD
segments is shown in Figure 2 and examples of ROH from one
chromosome are shown in Figure 1.

The genome-wide distribution of ROH summed over all
104 individuals is shown in Figure 3 (physical ROHmapping)
and Figure 4 (genetic ROH mapping). There were many re-
gions where physically mapped ROH were much more abun-
dant than elsewhere in the genome (i.e., “ROH hotspots,”
Figure 3, upper panel). These ROH hotspots frequently co-
incided with regions with very low recombination rate, and
elevated genetic differentiation within and among species
(Figure 5, Figure S5, Figure S6, File S2, and File S3). The
density of physically mapped ROH was correlated with the
recombination rate [r2 = 0.43 linear regression log(total Mb
in ROH) vs. log(cM/Mb), P , 0.001], with higher measured
ROH abundance occurring in regions with lower recombina-
tion rate (Figure S6). ROH “hotspots” were still present, but
to a lesser extent, when ROH were mapped in terms of their
genetic position in the genome (Figure 4). In particular, the
distribution or ROH abundance across the genome was less
skewed toward high densities (skewness = 0.67) than when

Figure 4 The genetic mapping of all long (.0.15 cM) IBD segments in 104 Baltic collared flycatchers. Chromosomes are arranged left to right
(alternating gray and white background). The 104 individuals are represented in rows. IBD segments are represented as red and green bars across
each individual’s genome. The density of IBD segments across all individuals is represented in the top panel as the sum of the lengths of all overlapping
IBD segments in nonoverlapping 0.5-cM windows.
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ROH were mapped physically (skewness = 1.82) (Figure
S7). Many of the very distinct ROH “hotspots” present in
the distribution of physically mapped ROH nearly disap-
peared when they were mapped genetically.

The observation of a negative association between ROH
abundance and recombination rate is expected since more
recombination results in shorter IBD segments, which are
likely less reliably detected. Specifically, the shorter IBD

Figure 5 Map of ROH, recombination rate, and estimates of genetic diversity across chromosome 1A from 104 Baltic collared flycatchers. The top three
panels (orange points) show nucleotide diversity (p), recombination rate (cM/Mb), and the density of ROH physically mapped in nonoverlapping 200-kb
windows. The bottom two panels show the density of ROH and the number of SNPs (thousands) genetically mapped in nonoverlapping 0.5-cM
windows. The vertical gray lines translate the center points of the 0.5-cM windows in the lower two panels to the corresponding physical positions in the
three upper panels.
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segments in regions with a high recombination rate are
expected to contain fewer SNPs on average, and thus to be
more difficult to discern from non-IBD segments, than the
longer IBD segments typical of regions with lower recombi-
nation rate.Moreover, ROHabundancewas clearly associated
with SNP density per genetic map unit of the genome (Figure
5, Figure 6, and Figure S8) [P , 0.001, r2 = 0.52, linear
regression of log(total cM in ROH + 1) vs. log(number of
SNPs + 1)]. Thus, our approach to detect ROH likely had
elevated power in regions with low recombination rate due
to the physically longer ROH present in these regions. Per-
haps surprisingly, genomic regionswith the lowest nucleotide
diversity often had exceptionally high densities of SNPs per
centimorgan (Figure 5). This is likely the result of a given
genetic distance (e.g., 1 cM) spanning much larger physical
chromosome distances in regions with low recombination
rate.

Effects of recombination rate and natural selection on
the abundance of ROH

We used simulations to explore the effects of recombination
rate and natural selection on the abundance of detected ROH.
First,we simulated chromosomeswith varying recombination
rate. In the absence of selection, the recombination rate
strongly affected the inferred density of ROH (Figure 7).
For example, detected ROH were 4.1 times more abundant
in regions with a recombination rate of 1 cM/Mb than in parts
of the genome with 5 cM/Mb, despite no effect of recombi-
nation rate on observed heterozygosity (and thus individual
inbreeding) (Figure 7) and nucleotide diversity in the ab-
sence of selection (Figure S9).

Natural selection greatly influenced the abundance of ROH
in simulated populations. Specifically, complete and incom-
plete hard selective sweeps substantially increased the abun-
dance of ROH in regions surrounding the positively selected
alleles (Figure 8). Soft sweeps (selective sweeps on standing
genetic variation) had no effect on the density of ROH (Fig-
ure S10). Strong background selection also did not substan-
tively affect the abundance of ROH, not even in genomic
regions with low recombination rate (Figure 9). Specifically,
the increase in ROH abundance in low recombination rate
regions relative to the high recombination rate regions was
not statistically significantly different between the chromo-
somes with and without strong purifying selection (P= 0.72,
randomization test, see File S4 for details). As expected, p
was lower on average (by 53%) in the low recombination
region compared to elsewhere on the chromosomewith back-
ground selection. Only the variance in p (and not its mean)
was affected by the recombination rate on the chromosome
without background selection.

Inferring demography from ROH abundance in different
length categories

The abundance of ROH in different length categories can be
used to qualitatively evaluate the historical demography of
populations and species (Kirin et al. 2010). The results pre-

sented here are based on analyses of an equal density of SNPs
in each study population in order to minimize variation
among the study populations in the power to detect IBD
segments. The distribution of the proportion of the genome
in ROH with estimated g in three different categories is
shown in Figure 10 for each study population. Among col-
lared flycatchers, ROH were more abundant in all g
categories in the Baltic collared flycatcher population.
The high abundance of ROH with both g #20 and g .100
suggests that Ne was small for the Baltic collared flycatcher
both recently and in deep population history compared to the
other collared flycatcher populations. Among the pied fly-
catchers, the highest total ROH abundance, and the highest
ROH abundance in each g category, was found in the Spanish
population. This suggests that the Spanish population has
had the smallest Ne among the pied flycatcher populations,
both recently and in deep history. The Atlas and semicollared
flycatchers had ROH abundances similar to the non-Baltic
collared flycatcher populations, which suggests that Ne has
been relatively large in these populations recently as well as
in deep population history.

A time series of recent Ne for Baltic collared flycatchers

We used resequencing data from the 104 individuals to
estimate recent Ne in the Baltic collared flycatcher popula-
tion, which is thought to have been founded recently. An
estimated time series ofNe based on analyses in IBDSeq and
IBDNe is shown in Figure 11. The estimates of Ne declined
sharply in the population over the last �60 generations,
with the minimum Ne of 1200 occurring nine generations
back, followed by a recent population expansion. Ne

ranged between �8100 and 15,000 before 60 generations
back. This is far less than the estimated long-term Ne

for collared flycatchers, i.e., .100,000 (Nadachowska-
Brzyska et al. 2016).

Figure 6 The density of genetically mapped ROH (y-axis) plotted against
the number of SNPs in 0.5-cM windows (x-axis).
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IBDNe tends to smooth over rapid changes inNe (Browning
and Browning 2015), which may be why the results are char-
acterized by a consistent (rather than sudden) reduction in
Ne, between �60 and 12 generations back. This makes it
difficult to precisely identify the time of the founding event.
The 95% confidence intervals for Ne were quite narrow back
to �50 generations ago. However, the confidence intervals
for Ne were considerably wider for more distant generations.

Discussion

Genome resequencing of flycatchers provided an excellent
opportunity to evaluate the mechanisms underlying genome-
wide variation in the density of ROH, and to infer historical
demography fromsequencedata innatural avianpopulations.
The large number of SNPs resulting from full resequencing of
284 genomes made it possible to identify short ROH with
higher resolution in this vertebrate system compared to pre-
viousanalysesofhumansanddomestic livestockbasedonSNP
genotyping arrays (Kirin et al. 2010; McQuillan et al. 2012;
Pemberton et al. 2012; Ferenčaković et al. 2013). Addition-
ally, the substantial variation in recombination rate present
within and among chromosomes in flycatchers (Kawakami
et al. 2014b) coupled with very high SNP density made it
possible to study the relationship between ROH and recom-
bination at a high resolution.

A major observation in our study was that a substantial
fraction of the genomewas in ROH for individuals from each
study population (Figure 10 and Figure S3). The highest
proportion of the genome in ROH was found for Baltic
collared flycatchers where up to �12% of the genome was
found to be IBD (after equalizing SNP density among
populations, Figure 10). However, individuals from other
populations with estimated Ne . 100,000 over the long
term (Nadachowska-Brzyska et al. 2013, 2016) also had

IBD segments encompassing a considerable fraction of the
genome (i.e., �1–3%, Figure 10). This result highlights the
perhaps counterintuitive expectation from theoretical popu-
lation genetics that individuals from quite large populations
are indeed expected to have a measurable proportion of the
genome that is IBD. Heterozygosity is expected to be lost
(and inbreeding is expected to increase) at a rate of 1/2Ne

per generation (Crow and Kimura 1970). Thus, the mean
IBD proportion of individual genomes in a population with
Ne = 100,000 after 5000 generations is expected to be 0.025.
The great majority of ROH in such large populations are
expected to arise from ancestors in deep history, and this is
what we found in our results. For example, several Baltic
collared flycatcher individuals carried no ROH with esti-
mated g of 20 or fewer generations, while all individuals
had a substantial fraction of the genome in ROH with
g $20 and 100 generations (Figure 10).

Recombination rate and the abundance of ROH

Physically mapped ROHwere substantially more abundant in
genomic regions with low recombination rate (Figure 5 and
Figure S6). This is consistent with results from studies in
humans (Pemberton et al. 2012) and livestock (Curik et al.
2014), where such “ROH hotspots” were also found in re-
gions with low recombination rate. This pattern is expected,
because an individual is more likely to be homozygous for a
physically long haplotype in regions with low recombination
rate than in regions with high recombination rate. The longer
IBD segments in low recombination regions aremore likely to
contain enough genotyped SNPs to reliably call the segment
as being IBD via analysis of sliding windows containing a
given number of SNPs. It is important while interpreting
these results to consider that the probability of an individual
being IBD at a locus is constant across the genome (i.e., it
is unaffected by the recombination rate) under neutral

Figure 7 Effect of recombination rate on the detec-
tion of ROH in a simulated population. The recombi-
nation rate for each 10-Mb chromosome block is given
at the top. The upper panel shows the density of ROH
in nonoverlapping 100-kb windows plotted against
physical position on the chromosome (Mb). The bot-
tom panel shows mean observed heterozygosity plot-
ted against physical position in the same 100-kb
windows. More ROH are detected in low recombina-
tion regions despite no systematic effect of recombi-
nation rate on heterozygosity (and thus individual
inbreeding).
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evolution. Thus, the true abundance of IBD segments with a
given g is not expected to vary across the genome in the
absence of natural selection (see discussion below in Effects
of natural selection and the abundance of ROH).

ROH were also more abundant in regions of low recombi-
nation rate when they were mapped genetically, but this
pattern was less strong (i.e., the distribution of ROH was less
skewed) compared to the physically mapped ROH. This likely
occurred because the genetic map lengths of ROH are un-
affected by the recombination rate. Our results suggest that
at least part of the genome-wide variation in the abundance
of genetically mapped ROH is due to the effects of SNP
density on the power to detect ROH. Specifically, the higher
density of SNPs per genetic map unit in regions with low

recombination rate appears to have increased the likelihood
of detecting ROH in these regions.

The fact that there was a clear positive relationship be-
tween the number of SNPs per centimorgan and the abun-
dance of ROH (Figure 6) suggests that the power to detect
ROH was indeed higher in regions with low recombination
rate. Results from the neutral coalescent simulations, where
the density of detected ROH was much higher in low recom-
bination regions (despite no effect of recombination rate on
genetic diversity), further support this view. As an example of
how recombination rate is likely to affect power to detect
ROH, consider a large number of ROH with g ¼ 50 genera-
tions. Such ROH are expected to have mean genetic map
lengths of 1 cM, and a mean physical length of 100 kb in
regions with a recombination rate of 10 cM/Mb but only
10 kb in regions with a recombination rate of 1 cM/Mb.
The number of SNPs residing within such an ROH will obvi-
ously be much higher on average in the low recombination
regions (assuming constant nucleotide diversity across the
genome), clearly resulting in an increased likelihood of
detecting ROH with a given g in the low recombination
regions.

Perhaps surprisingly, the genomic regions with very low
nucleotide diversity and recombination rate often had excep-
tionally high densities of SNPs per centimorgan (Figure 5).
This means that power to detect ROH with any given g was
elevated in the regions with low nucleotide diversity, at least
partially explaining the frequent observation of high ROH
abundance in regions of low recombination and very low
genetic variation. However, as discussed below, we cannot
exclude the possibility that natural selection is responsible
for part of the variation in the abundance of ROH across
the genome.

These results have implications for the design and inter-
pretation of future studies of ROH in any species. Chromo-
some segments are inherited as a result of Mendelian
segregation and recombination events throughout an individ-
ual’s ancestry. Our theoretical understanding of the inheri-
tance of IBD segments is thus naturally written in terms of
their expected map lengths (Fisher 1954; Thompson 2013).
Additionally, formal inference of demography from ROH or
pairwise IBD requires segments to be defined in terms of their
genetic mapping positions. Thus, while previous studies have
generally focused on physical mapping of ROH (Pemberton
et al. 2012; Curik et al. 2014), we recommend that future
studies focus analyses on genetic mapping positions of
ROH, when possible. Genetically mapping ROH will gener-
ally result in a more homogeneous distribution of the density
of ROH across the genome, and will explicitly account for the
effects of varying recombination rate, andmay therefore help
to determine whether other factors of interest (e.g., natural
selection) substantially affect ROH abundance. Similarly, ac-
counting for the effects of SNP density (i.e., number of SNPs/
mapping unit of the genome) on the power to detect ROH
will help to accurately identify regions where natural selec-
tion has caused a high abundance of ROH.

Figure 8 Effects of hard selective sweeps on the abundance of ROH.
Results from simulations of complete selective sweeps are shown in the
top panel, and results from incomplete selective sweeps are shown in the
lower panel. The orange lines represent the total Mb in ROH in 100-kb
windows for each of 20 replicate simulations. The black links represent
the mean Mb in ROH across all simulation repetitions in the same 100-kb
windows.
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Effects of natural selection and the abundance of ROH

The simulations including natural selection suggest that com-
plete and incomplete hard selective sweeps substantially in-
creased the abundance of ROH in the region of the selected
mutation(s). These results support the idea that regions with
high ROH abundance are likely to arise around loci subjected
to positive selection (Pemberton et al. 2012; Curik et al.
2014). However, ROH abundance was unaffected by soft se-
lective sweeps according to the simulations, which demon-
strates that positive selection is unlikely to create regions of
high ROH abundancewhen the selected allele has a relatively
high frequency at the onset of selection.

The high ROH abundance in low recombination regions
observed in the Baltic collared flycatcher population may be
partially caused by positive selection. However, our results
suggest that selection cannot be the sole cause of higher
abundance of ROH in regions with low recombination, where
increased SNP density per centimorgan increases the likeli-
hood of detecting ROH. Because of the strong effects of
positive selection expected on ROH abundance, observing
regions with high ROH outside of low recombination rate
regions would strongly suggest positive selection as a likely
explanation. We did not observe such regions in our study.

Strong background selection did not affect the abundance
of ROH in our simulations (Figure 9). We expected that if
there was an effect of purifying selection on ROH abundance,
it would have been most visible in the low recombination

regions, where this mode of selection can strongly affect ge-
netic variation (Figure 9 and Charlesworth et al. 1993). How-
ever, there was no such effect, despite nucleotide diversity
being strongly reduced in these regions (Figure 9). Thus, we
believe that background selection is unlikely to have contrib-
uted to the observed high ROH abundance in regions with
low recombination rate.

The absence of effects of soft sweeps and background
selection on ROH abundance should be seen in the context
of the nature of their effects on haplotype diversity. While a
hard selective sweep dramatically increases the frequency of a
single haplotype in a population, neither soft selective sweeps
nor background selection have such an effect. While both soft
and hard sweeps increase the frequency of a mutation in the
population, only hard sweeps act on a single haplotype,
because by definition a hard sweep operates on a de novo
mutation. However, when positive selection operates on an
allele at relatively high frequency at the onset of selection, a
potentially very large number of haplotypes are linked to the
positively selected allele, meaning that haplotype diversity
can be quite high around the positively selected mutation
(Pennings and Hermisson 2006).

Recombination plays a key role in studies of inbreeding,
inbreedingdepression, andhistorical demography. It is clearly
crucial to account for recombination rate variation across
the genome when using IBD information to infer historical
demography (Browning and Browning 2015), and when

Figure 9 Effects of recombination rate and background
selection on the abundance of ROH. The left panels
show the density of ROH (top panel) and nucleotide di-
versity (bottom panel) in 10-kb windows on the chromo-
some without purifying selection. The panels on the
right show the same results for the chromosome with
background selection. The region between 1.2 and 1.8 Mb
on each chromosome has a recombination rate 100 times
lower than elsewhere on the chromosome. Yellow lines rep-
resent the estimates from individual simulation repetitions.
The black lines represent the mean windowed estimates
across all 20 simulation repetitions.
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estimating individual inbreeding (Kardos et al. 2016).
Recombination rate may also influence the dynamics of in-
breeding depression and the efficiency of natural selection at
purging of deleterious recessive alleles (Bersabé et al. 2016).
Any type of directional selection on a site in the genome will
reduce Ne at closely linked sites. The reduction in Ne as a
result of selection extends over larger distances across a chro-
mosome when the recombination rate is low (Hill and
Robertson 1966; Smith and Haigh 1974; Charlesworth et al.
1993). Selection against deleterious recessive alleles (as with
any form of selection) is less efficient when Ne is small
(García-Dorado 2012). Thus, it is plausible that populations
and genomic regions with low recombination rate may tend
to harbor a higher density of deleterious recessive alleles, to
suffer stronger inbreeding depression, and to be less respon-
sive to purging selection.

Abundance of ROH and demographic inference
in flycatchers

Sequencing individuals frommultiple species andpopulations
allowed us to compare ROH abundance among populations,
and thus to qualitatively infer differences in historical de-
mography. The very high abundance of ROH with estimated
g#20 generations in the Baltic collared flycatcher population
is consistent with recent founding of this population. The
large abundance of ROH with larger g in the Baltic collared
flycatcher population relative to other collared flycatcher
populations suggests that deep historicalNe was also relative-
ly small for this population. This means that the founders of
(and immigrants into) the Öland collared flycatchers likely

originated from a relatively small source population (e.g., the
neighboring Baltic island of Gotland is a possible source of
the founders and immigrants into the Öland population
of collared flycatchers). The substantially lower abundance
of ROH in the Hungarian, Italian, and Czech collared fly-
catcher populations suggests that these populations have
had relatively large Ne for long periods of time.

Figure 10 Fiddle plot of the fraction of the genome in ROH in three classes of the estimated TRMCA (three left panels), and when considering all ROH
(far right panel). Color codes: orange (collared flycatchers); green (pied flycatchers); gray (Atlas flycatchers); light blue (semicollared flycatchers).

Figure 11 Estimates of recent historical Ne based on pairwise IBD seg-
ments in the Baltic collared flycatcher population. The solid black line
represents the point estimates of Ne. The dashed lines represent the
95% confidence interval for Ne.
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The detection of pairwise IBD segments among the large
numberof resequencedBaltic collaredflycatchersusing IBDSeq
and IBDNe (Browning and Browning 2013, 2015) provided a
rare genomic glimpse into the recent demographic history of
this population. The time series of estimates of Ne suggest a
recent and substantial restriction in this population (Figure
11). These results are consistent with the hypothesis of a
recent founding event for the collared flycatchers on the
island of Öland (Qvarnström et al. 2009).

It is difficult to determine from our results with precision
how small the founding populationwas, andwhen the found-
ing event occurred. IBDNe assumes a closed population
(Browning and Browning 2015), which is unlikely to hold
in this study population. Immigration into the study popula-
tion from elsewhere likely inflated the estimates ofNe relative
to a truly closed population of the same size as the local
population. Thus, the estimated minimum Ne during the
founding event is likely to overestimate the true minimum
during this time period. Additionally, the tendency of IBDNe
to smooth over sudden changes in Ne (Browning and Browning
2015) means we cannot precisely pinpoint the timing of
the founding event. However, our results suggest that the
population was founded no earlier than �60 generations
ago (Qvarnström et al. 2009).

We interpret the Ne estimates for the time period before
60 generations ago as reflecting the Ne of the source popula-
tion for Baltic collared flycatchers. The global long-term Ne

for collared flycatchers has been estimated at .100,000
(Nadachowska-Brzyska et al. 2013). This suggests that Öland
was colonized by individuals from one or a few subpopula-
tions of collared flycatchers (e.g., neighboring Baltic island
Gotland).

One of the more surprising results from our ROH analyses
was that the Spanish pied flycatcher population had the
highest abundance of ROH for all g categories among all
populations in this species. Spain is thought to be a glacial
refugium from which other European pied flycatchers origi-
nated (Nadachowska-Brzyska et al. 2016). Additionally,
PSMC analysis results suggest that deep historical Ne was
larger in Spain than elsewhere (Nadachowska-Brzyska et al.
2016). Spain being the source population for the other
European pied flycatchers would predict higher genetic
variation and lower inbreeding in Spain than in the Czech,
Swedish, and Baltic populations. However, we observed
higher inbreeding (Figure 10) and lower genetic variation
(Table S1) in Spain than in the other study populations.
These results suggest either that Spain was not the source
population for the other study populations, or that demo-
graphic events within Spain after other populations had
emigrated to the rest of Europe resulted in low genetic
variation and high inbreeding in Spain. For example, low
habitat quality or climatic events that were most extreme
in Spain relative to the rest of Europe could have caused
particularly strong recent restrictions in Ne in Spanish pied
flycatchers. The lower abundance of ROH in the Czech,
Swedish, and Baltic pied flycatchers suggests that these

populations have been relatively large for many generations.
The Atlas and semicollared flycatchers had ROH abundances
similar to collared flycatcher populations aside from the
Baltic populations, which suggests that Ne has been relatively
large in these populations for quite some time.

In conclusion, our study illustrates that genomic signatures
of IBD can provide valuable glimpses into individual inbreed-
ing and the historical demography of natural populations
(in this case Ficedula flycatchers) (Palkopoulou et al. 2015;
Xue et al. 2015). We expect that many similar investigations
will follow as genomic resources become increasingly avail-
able for natural populations and as the cost of large-scale
sequencing continues to decline. Such investigations will
undoubtedly help to elucidate demographic history, the
effects of natural selection on the genome-wide patterns of
IBD, and the strength of inbreeding depression and its genetic
basis in wild populations.
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