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Abstract

Due to its central importance to many aspects of evolutionary biology and population
genetics, the long-term effective population size (Ne) has been estimated for numer-
ous species and populations. However, estimating contemporary N, is difficult and in
practice this parameter is often unknown. In principle, contemporary N, can be esti-
mated using either analyses of temporal changes in allele frequencies, or the extent of
linkage disequilibrium (LD) between unlinked markers. We applied these approaches
to estimate contemporary N, of a relatively recently founded island population of col-
lared flycatchers (Ficedula albicollis). We sequenced the genomes of 85 birds sampled
in 1993 and 2015, and applied several temporal methods to estimate N, at a few
thousand (4000-7000). The approach based on LD provided higher estimates of N,
(20,000-32,000) and was associated with high variance, often resulting in infinite N..
We conclude that whole-genome sequencing data offers new possibilities to estimate
high (>1000) contemporary N, but also note that such estimates remain challenging,
in particular for LD-based methods for contemporary N, estimation.

KEYWORDS
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1 | INTRODUCTION

Effective population size (N,) is one of the key parameters in evo-
lutionary biology. It is defined as the size of an idealized population
(i.e., Wright-Fisher population; Fisher, 1930; Wright, 1931) that
would have the same rate of genetic drift and inbreeding as the
population in focus. N, determines the amount and distribution of
genetic variation in a population in interaction with several evolu-
tionary forces like mutation, recombination, selection and migration

(Crow & Kimura, 1970). As a consequence, it is a good indicator of
evolutionary potential and fitness (Lynch et al., 1995). It is also neces-
sary to predict fixation probabilities of deleterious and beneficial al-
leles (Robertson, 1961), and is essential to infer demographic history
(Hsieh et al., 2016; Juric et al., 2016; Ostrander et al., 2017). Several
ways to estimate N, based on genetic data have been developed (re-
viewed in Luikart et al., 2010; Wang, 2005; Wang et al., 2016). These
approaches differ in the mathematical framework used and range
from approaches based on classic population genetic theory (Crow &
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Kimura, 1970; Evans, 1979) to coalescent theory (Wakeley, 2008) to
estimate either contemporary (very recent) or historical (long-term)
N, (Wang, 2005).

Methods that infer historical N, have been applied to under-
stand demographic history in a wide range of species (Charlesworth,
2009). The advent of next-generation sequencing (NGS) techniques
and whole-genome resequencing protocols has allowed attempts to
infer complex demographic scenarios (Beichman et al., 2018). The
advances of demographic history inference include, for example,
estimation of N, of multiple nonequilibrium populations with dif-
ferent levels of connectivity (Steinrticken et al., 2019) and inference
of historical N, fluctuations over relatively short or long periods of
time (Barbato et al., 2015; Browning & Browning, 2015; Li & Durbin,
2011; Santiago et al., 2020; Terhorst et al., 2017). In contrast, con-
temporary N, remains difficult to estimate in nature, especially for
large populations (Gilbert & Whitlock, 2015; Marandel et al., 2019;
Serbezov et al., 2012).

In principle, by having information on demographic and life his-
tory parameters (such as census size, sex ratio, variance in reproduc-
tive success, mating system and/or pedigree) it is possible to estimate
current N (Caballero, 1994; Wang, 2005; Wang & Caballero, 1999;
Waples & England, 2011). However, detailed data on these parame-
ters are rarely available and generally difficult to collect. In practice,
genetic methods therefore have to be widely used (Palstra & Fraser,
2012). Contemporary N, can be estimated by examining changes in
allele frequencies over time (temporal methods; Hui & Burt, 2015;
Jorde & Ryman, 1995, 2007; Krimbas & Tsakas, 1974; Nei & Tajima,
1981; Pollak, 1983; Waples, 1989). N, can also be estimated from
the extent of linkage disequilibrium (LD) between unlinked loci, as
genetic drift generates correlated alleles at different loci (Hill, 1981;
Waples & Do, 2010).

Temporal methods should give the most direct estimate of drift
but come with the challenge of sampling a population of interest
several generations apart, which can be especially problematic for
organisms with long generation time. All genetic methods to es-
timate contemporary N, are more powerful when N, is small and
when the signal of drift can be seen, even with small sample sizes
and limited number of loci/alleles. In contrast, estimating current N,
inlarge populations (N, > 1000) has proven to be challenging, at least
when the number of markers is low, and often results in N, estimates
indistinguishable from infinity (Marandel et al., 2019; Waples & Do,
2010). However, in theory, data from a large number of loci should
harbor sufficient information to provide information on N, of large
populations (Luikart et al., 2010; Wang, 2016; Waples & Do, 2010).
How much data is needed to precisely estimate N, in such cases re-
mains unclear and conclusions are often based on simulation studies.

Here, we use large-scale genomic data to estimate contemporary
N, of an island population of collared flycatchers (Ficedula albicollis).
We sampled 85 individuals at two time points 22 years (about nine
generations) apart on Gotland, a Baltic Sea island that is thought to
relatively recently have been colonized by collared flycatchers and
with approximately 4500 current breeding pairs (L. Gustafsson,
personal observation). Based on high coverage, whole-genome

resequencing data, we used both temporal and LD methods to es-
timate contemporary N, with data at a scale that rarely has been

applied to natural populations before.

2 | MATERIALS AND METHODS

2.1 | Study population

We sampled 85 collared flycatcher (Ficedula albicollis) individuals
from the Baltic island of Gotland. Forty-five adult birds were sam-
pled in 1993 and another 40 in 2015 (22 years or approximately nine
generations apart). The collared flycatcher is a small passerine bird
that breeds mainly in southeast Europe and southwest Asia but iso-
lated populations are also found at two Swedish islands in the Baltic
Sea (Gotland and Oland). Gotland has been inhabited for at least
150 years but the detailed colonization history remains unknown
(Lundberg & Alatalo, 1992).

2.2 | Sequencing and data filtering
DNA was extracted from blood following established protocols (de-
scribed in e.g., Burri et al., 2015). All individuals were sequenced with
a paired-end approach on an lllumina HiSegX instrument for a read
length of 150 bp and an insert size of 350 bp. Reads were mapped
to a repeat-masked collared flycatcher reference genome assembly,
version FicAlb1.5 (GenBank Accession GCA_000247815.2), using
BWA mem 0.7.13 (Li & Durbin, 2009) and further processed with
Samtools 1.3 (Li et al., 2009). Reads were deduplicated with PICARD
2.0.1 (http://broadinstitute.github.io/picard/), and realigned and re-
calibrated with GATK3.6 (DePristo et al., 2011). Variants were called
independently for each time sample with GATK's HaplotypeCaller
and GenotypeGVCFs 3. The mean genome-wide coverage varied
from 30 to 50 among all sequenced individuals. After variant calling
the data consisted of 19.8 million single nucleotide polymorphisms
(SNPs) in the 1993 sample and 19.3 million in the 2015 sample.
Aiming for a very high quality data set, we applied a strict filtering
using VCFtools (Danecek et al., 2011). Specifically, we conserva-
tively removed all SNPs where any of the individuals had a coverage
lower than 10 or higher than 100, or a mapping quality below 20.
Additionally, we removed all sites within 1 kb from scaffold ends. We
considered variants that were segregating in both time data sets as
well as variants that were only segregating in one of the two cohorts.
To obtain a large number of independent markers in a com-
putationally efficient way, we proceeded in two steps. We first
sampled 1,000,000 SNPs (from 29 chromosomes and the two
largest unassigned linkage groups) before further removing all
sites with neighbouring SNPs within a distance of 2 kb. This dis-
tance is known to be the approximate distance at which linkage
gets back to background levels in the collared flycatcher (Ellegren
et al., 2012, Figure S1; total map length has been estimated at
3132 cM [mean recombination rate for the whole genome equals
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3.1 but ranges from 2.0-11.1 cM/Mb]; large chromosomes have
smaller recombination rate; Kawakami et al., 2014). We used
VCFtools to investigate genetic structure within and between time
cohorts using a principal component analysis (PCA). Fg; (Weir &
Cockerham, 1984) was also obtained between time cohorts, con-
fidence intervals were obtained by resampling the data set 500

times before computing Fg.

2.3 | Contemporary N_ estimation

We used the temporal and LD-based methods to estimate con-
temporary N,. Temporal methods use changes in allele frequen-
cies over several generations to estimate recent N,. This approach
relies on the idea that the variance in allele frequency change be-
tween generations is a function of N, (Krimbas & Tsakas, 1974;
Waples, 1989). The larger changes in allele frequencies over time,
the smaller the inferred N,. Linkage disequilibrium methods are
based on the fact that random genetic drift in a finite popula-
tion creates associations between linked and unlinked alleles and
is therefore informative about N, (Waples, 1989; Waples & Do,
2010). For both types of analyses, we filtered the data by exclud-
ing annotated genes, conserved elements (Craig et al., 2018), and
regions with estimated recombination rate of zero (Kawakami
et al., 2014).

We used three different temporal N, estimators: a likelihood
based NB by Hui and Burt (2015), and two different F-statistics:
F, by Jorde and Ryman (2007) and F_ by Nei and Tajima (1981).
The likelihood-based estimator uses a computationally efficient
hidden Markov algorithm and continuous approximation of al-
lele frequencies. This approach makes the method well suited for
estimation of larger N,. The method is implemented in r package
(NB) and we used a slightly modified version where we allow for a
noninteger number of generations. We used a generation time of
2.5 years, N prior ranging from 50 to 100,000. The two additional
F-statistics are moment-based estimators and can be calculated
by obtaining standardized variance of allele frequencies changes.
Both F-statistics were calculated in NeEstimator v2.1 (Do et al.,
2014). We used the plan | sampling procedure (sampling adults
after the reproduction or before reproduction but returning them
to population; Waples, 1989). To estimate LD-based N, we used
an approach developed by Waples and Do (2008), LDNe, imple-
mented in NEEsTiMaTOR v2. LDNe is based on the mean of squared
interlocus correlations of allele frequencies obtained from the
Burrows method (Waples, 2006; Weir, 1996). We ran LDNe using
two variations of the method, first including comparisons between
all the SNPs in the data set and then omitting comparisons of loci
on the same chromosomes while still comparing each SNP to all
the SNPs on different chromosomes. The latter removed any
physical linkage but greatly reduced the number of comparisons.
We performed analysis for each time cohort independently. We
performed jackknife to estimate 95% confidence intervals for F-
statistics and LD-based estimate. In all methods we ignored SNPs

with a frequency lower than 5%. The number of SNPs after filter-
ing was 78,636 and the median distance between neighbouring
SNPs was >3 kb.

Additionally, in order to investigate the power of all methods, we
created several smaller data sets for both time cohorts by varying
the number of SNPs from 1000 to 78,636 in increments of 500 sites.
To further investigate the influence of physical linkage, we varied
the minimum distance between SNPs in the analysed data sets from
1 to 40 kb with increments of 200 bp, thus creating 196 additional
data sets per time cohort. Importantly, those data sets dramatically
vary in number of SNPs as number of SNPs and average distance
between SNPs are inescapably correlated.

2.4 | Recent N, changes over time

We used the GONE method to infer recent changes of N, over time
from linkage disequilibrium and SNP data (Santiago et al., 2020). We
performed the analysis for each time cohort separately and applied
no frequency filters to the SNP data sets. We used recombination
rates from a collared flycatcher linkage map (Kawakami et al., 2014)
and set maximum recombination rate between pairs of analysed
SNPs to 0.01 (hc = 0.01).

3 | RESULTS

3.1 | Summary of data

We performed whole-genome resequencing of 85 adults of collared
flycatcher from the Baltic Sea island Gotland at a mean coverage
of 38.6x (range: 29.5x-50.2x). Forty-five birds were sampled in
1993 and 40 in 2015. We stringently filtered genotypes based on
the coverage and mapping quality before removing any SNPs with
missing data. Additional filtering of annotated genes, conserved ele-
ments, regions with estimated recombination rate of zero and non-
independent SNPs based on physical proximity reduced our data to
131,902 SNPs.

This data set was used in all downstream analysis and filtered
to 78,636 SNPs according to software settings. The average LD be-
tween the pairs of SNPs was r? = .0228 and r? = .0257 for 1993 and
2015 time cohorts, respectively. Additional data sets were created

to test LD-based method performance as described above.

3.2 | Genetic structure

A PCA of genetic variation (Figure 1) suggested that there was no
clear structure either between or within the time samples. This
was corroborated by the observation of very low genetic differen-
tiation between the cohorts (Fg; = 2.6 x 10™% 95% Cl: 1.73 x 107~
3.34 x 107%). The genomic Fsr landscape was flat and no F¢; peaks
were visible on any of the chromosomes (Figure S1).
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FIGURE 1 Principal component analysis (PCA) demonstrating
the lack of structure between the two time samples of collared
flycatchers from the Baltic Sea island Gotland. Individuals sampled
in 1993 are represented in black and individuals sampled in 2015
are in grey

3.3 | Contemporary N, estimation
Contemporary N, estimates are summarized in Table 1. In general,
all temporal methods gave relatively similar results of contem-
porary N, ranging from approximately 4000 to 7000 individuals.
The likelihood-based estimator provided the highest estimate of
NB = 6921 (95% Cl: 5015-11,079; Figure 2). Both F-statistics pro-
vided lower point estimates, F_ = 5804 (95% CI: 4837-10,341) and
F, = 3921 (95% Cl: 3148-5198). In concordance with the results
from temporal methods, GONE analysis showed that N, for the
most recent past equalled approximately few thousands (Figure 3).
Additionally, the analysis indicated that the collared flycatcher popu-
lation used to be higher (approximately 10,000) and slightly declined
over the last 100 generations.

The LD-based method (with no linkage information included)

provided higher estimates of contemporary N, and varied from

Cl: 8430-Infinity) to 33,000 individuals for the 1993 cohort
(N, = 32,534; 95% Cl: 10,670~ Infinity). We applied two corrections
presented by Waples et al. (2016, Equations 1a and 1b) to account
for linkage between SNPs in the data set. The corrected N, estimates
equaled approximately 38,000 and 23,000 for 1993 and 2015 time
cohorts, respectively, for both corrections. The LD-based method
that is restricted to interchromosomal comparisons, effectively tak-
ing into account physical linkage information by comparing each SNP
to all SNPs on the other chromosomes, returned negative N, with
infinite credible estimates suggesting large N,.

We varied the number of SNPs using both types of methods
(temporal and LD) to explore the effect of sampling on N, estimation
(Figure 4 and Figure S2). Data sets with less than 30,000-40,000
SNPs provided N, estimates with high variance, ranging from ap-
proximately 1000 to infinity. Data sets with a higher number of SNPs
provided similar results to that obtained in the full analyses.

We varied the minimal distance between SNPs (1-40 kb; LD
method) to explore the influence of physical linkage on N, estima-
tion (Figures S3 and S4). The median distance was always higher
than the minimal distance and ranged from 1.8 to 63 kb. We ob-
served a large variance in the obtained N, estimates ranging from
9921 (2015 time cohort) and 12,642 (1993 time cohort) to infin-
ity. Approximately half of the data sets with a distance of >10 kb
between SNPs gave infinite N, (44% and 53% for 1993 and 2015
time cohorts). The variance among data sets with SNPs with larger

distance was also higher.

4 | DISCUSSION

Effective population size is a key concept in population genetics
and evolutionary biology. Paradoxically, it is at the same time one
of the most difficult parameters to estimate, especially for contem-
porary N, and when N, is large (1000 or larger). In this study, we
estimated contemporary N, in a wild bird population using methods
based on linkage disequilibrium and temporal comparisons of allele
frequencies. Our study is one of very few applying whole-genome
resequencing data to estimate current N, and using temporal and

LD methods to estimate effective population size in a large natural

approximately 20,000 for the 2015 cohort (N, = 20,094; 95% population.
Method Data set N, Low95%  High95% I:ntLtsmlporSa‘: ?r:za[‘t')c’;giiz:mates
Temporal - F? 1993 and 2015 3921 3148 5198
Temporal - Fcb 1993 and 2015 5804 4837 10,341
Temporal - Ng© 1993 and 2015 6921 5015 11,079
Linkage disequilibrium? 1993 cohort 32,534 10,670 Infinity
Linkage disequilibrium? 2015 cohort 20,094 8430 Infinity

2Jorde and Ryman (2007).
®Nei and Tajima (1981).
“Hui and Burt (2015).
YWaples and Do (2008).
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FIGURE 3 Recentchangesin N, inferred in GONE analysis

4.1 | Effective population size of Gotland collared
flycatchers

We have previously estimated the historical, long-term N, of col-
lared flycatchers using Approximate Bayesian Computation model-
ling (Nadachowska-Brzyska et al., 2013; Nater et al., 2015) and the
pairwise sequentially Markovian coalescent (PSMC; Nadachowska-
Brzyska et al., 2016). About 200,000 years ago, N, was large,
=500,000-600,000. Populations of collared flycatchers decreased
towards the middle of the Last Glacial Period (50,000 years ago),
and then showed signs of steady increase towards 10,000 years ago.
In contrast to mainland collared flycatcher populations, the Baltic

population declined to a level below 200,000 individuals around
Last Glacial Maximum. This difference may reflect different an-
cestry of current collared flycatcher populations. It is important to
note that PSMC analysis did not provide information on recent N,
reflects historical N, of an ancestral population and is sensitive to
ancestral population structure and admixture (Li & Durbin, 2011).

The colonization history of collared flycatchers on Gotland is
unknown, including lack of knowledge about when (after the Last
Glacial Period) colonization took place and if it was associated with
a severe bottleneck. The distance to the central European main-
land is about 400 km, and the distance to breeding areas further
south where collared flycatchers are abundant is larger than that.
Collared flycatchers were registered on Gotland some 150 years ago
(Lundberg & Alatalo, 1992), while Carl von Linné (Carl Linnaeus) did
not made notes of the species when visiting Gotland in the summer
of 1741 (Linnaeus, 1745). However, Linnaeus arrived on Gotland on
one of the first days of July, when flycatchers no longer sing and are
less conspicuous (unless seen feeding nestlings).

Whole-genome resequencing data indicated that the degree of
genetic diversity in this island population (4.5 x 107%) is comparable
to mainland populations (Burri et al., 2015). Both temporal and LD-
based methods as well as GONE indicated a contemporary N, of at
least few thousands. This is in line with the results from a detailed
analysis of identity by descent (IBD) segments of collared flycatchers
from the nearby island Oland (Kardos et al., 2017), an island that
was probably colonized by flycatchers from the Gotland population
about 50 years ago. That analysis indicated that ancestral N, which
probably reflects the N, of the source (Gotland) population, was at
least 5000. All these results suggest that the Baltic Sea population
has been large for a relatively long time, and there was no strong
bottleneck associated with the colonization event on Gotland island.
Similarly, although GONE analysis indicated some decline of Gotland
population over the last 100 generations, no drastic bottleneck was
detected.

4.2 | LargeN, - performance of genetic methods to
estimate contemporary Ne

Genetic methods to estimate N, rely on the genetic drift signal pre-
sent in the data. It follows that the larger the population the more
difficult it is to estimate its effective population size. In practice,
the estimates for large populations may be indistinguishable from
infinity, especially when the number of individuals and loci ana-
lyzed are small (Waples & Do, 2010). Simulation studies have been
used to evaluate the performance of methods based on temporal
approaches and linkage disequilibrium, and usually considered
populations of small to moderate size (Wang, 2002; Waples, 2006;
Waples & Do, 2010; Waples & England, 2011). The amount of infor-
mation used by temporal methods increases linearly with the num-
ber of loci. For LD-based methods, it increases with the square of
the number of loci as it uses information on LD across all loci. Wang
(2016) explored the possibility of estimating contemporary N, of
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FIGURE 4 The relationship between the number of SNPs used in the analysis and N, estimation using temporal methods and LD-based
methods. (a) F_ (Jorde & Ryman, 2007); (b) F_ (Nei & Tajima, 1981); (c) N (Hui & Burt, 2015); (d) LDNe (Waples & Do, 2008) for 2015 cohort. X

indicates estimates that equal infinity

large populations and showed that LD-based methods can provide
reasonably good estimates of N, even for populations of a size as
high as 30,000. These results were obtained from simulations with
a sample size of 100 individuals and only 20 microsatellite loci.
Another simulation-based study (Waples & Do, 2010) indicated
that LD methods work well for small populations (100-200 or less),
and temporal methods are more precise in contemporary N, es-
timation. The study indicated that it is challenging to obtain esti-
mates for large (N, > 1000) populations due to very weak signal of
drift. Similarly, results from a recent study by Waples et al. (2020)
suggested that precision of LD based methods does not increase
much with data sets larger than a few thousand loci. All studies
mentioned above were based on simulations.

We investigated the possibility of estimating relatively large N,
in a natural population and tested a similar number of individuals but
many more loci (78,636 SNPs after filtering) than in the simulations
of Wang (2016). Using temporal methods, we were able to estimate
contemporary effective population size with quite narrow credible
intervals. All three temporal methods gave similar results suggesting
that N, of an order of a few thousand can be estimated when tem-
poral genomic data are available. On the other hand, LD-based re-
sults were higher and were associated with much higher uncertainty.
Several estimates obtained using LD-based methods on different
number of SNPs and variable physical distance between neighbour-
ing SNPs resulted in infinitive credible intervals. This result is in line
with simulation studies indicating low power of LD-based methods
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for contemporary N, estimation when applied to large populations
and with limited number of loci. Nonindependence of loci used in
LD-based approaches may not only bias results but significantly
also limit the power of LD-based methods due to pseudoreplication
(Waples et al., 2020).

4.3 | Confounding factors

Genetic drift is not the only evolutionary force that changes allele
frequencies over time and thereby affects patterns of LD along the
genome. In the case of contemporary N, estimation, migration is a
force that can drastically influence the distribution of alleles in the
population. Importantly, migration may bias N, estimation in differ-
ent ways. We expect overestimation of N, when there is immigration
from populations with limited differentiation to the focal population;
we expect to see less drift due to the influx of alleles that are already
present in the population. In this case the estimated N, reflects the
N, of a metapopulation. Alternatively, we expect underestimation
of LD-based N, when the population exchanges migrants with sub-
stantially differentiated populations. In this case many foreign alleles
enter the population, giving the impression of stronger drift.

The magnitude of the bias depends on the amount of migration
between populations. Several simulation studies have evaluated the
influence of migration on contemporary N, estimation (Gilbert &
Whitlock, 2015; Ryman et al., 2014) and concluded that migration
rates below 1% (m = 0.01) does not have a strong effect on estimates
(in some cases even migration of the order of 5%-10% did not led
to substantial bias; Waples & England, 2011). In the case of collared
flycatchers on Gotland, a 1% migration rate would correspond to a
large number of new birds coming to the island every year. The clos-
est flycatcher population that could potentially serve as a migration
source is located at Oland island. A substantial part of the Oland
population is ringed and ringed individuals are extremely rare on
Gotland island. While this observation excludes extensive migration
between islands one cannot exclude immigration from other main-
land populations.

Other factors that can potentially bias N, estimation include
selection and overlapping generations in the studied population.
Selection creates linkage disequilibrium and changes in allele fre-
quencies at genomic region under selection. We sought to minimize
this effect by conservatively filtering functional regions potentially
under strong selection pressure (genes, conserved elements) and re-
gions of very low recombination rate where linked selection might
be prevalent.). When applying temporal methods, a bias might arise
from using age-structured populations (overlapping generations).
This can be minimized by taking temporal samples several genera-
tions apart, at least 3-5 generations apart (Waples & Yokota, 2007).
With about nine generations between the two time samples anal-
ysed in this study, results comparable to that obtained with nonover-
lapping generations can be expected.

It was suggested that whole-genome sequencing and/or genotyp-
ing of several thousands of loci can potentially overcome problems

associated with estimation of high contemporary effective popu-
lation size (Luikart et al., 2010; Wang, 2016; Waples & Do, 2010).
Our results indicated that several classic (F-statistics) as well as new
(likelihood-based) temporal methods can provide reliable estimates
of high contemporary effective population size. Nevertheless, the
contemporary N, estimation remains challenging. In particular, tem-
poral methods need population samples taken several generations
apart and such data may be unavailable for many populations of in-
terest. Single sample estimators that rely on LD information do not
have this limitation, but the results may provide very wide credible
intervals and be difficult to interpret. The LD-based results for con-
temporary N, estimation should always be interpreted with caution
and preferably be augmented with another method for estimating

contemporary N, or recent population dynamics.
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