Novo et al. Genetics Selection Evolution (2023) 55:86
https://doi.org/10.1186/512711-023-00859-2

Genetics Selection Evolution

'RESEARCHARTICLE ~ OpenAcess,
®

Check for
updates

Impact of population structure
in the estimation of recent historical effective
population size by the software GONE

Irene Novo' @, Pilar Ordas', Natalia Moraga', Enrique Santiago?, Humberto Quesada' and Armando Caballero'

Abstract

Background Effective population size (N,) is a crucial parameter in conservation genetics and animal breeding.

A recent method, implemented by the software GONE, has been shown to be rather accurate in estimating recent
historical changes in N, from a single sample of individuals. However, GONE estimations assume that the population
being studied has remained isolated for a period of time, that is, without migration or confluence of other popula-
tions. If this occurs, the estimates of N, can be heavily biased. In this paper, we evaluate the impact of migration

and admixture on the estimates of historical N, provided by GONE through a series of computer simulations consid-
ering several scenarios: (a) the mixture of two or more ancestral populations; (b) subpopulations that continuously
exchange individuals through migration; (c) populations receiving migrants from a large source; and (d) populations
with balanced systems of chromosomal inversions, which also generate genetic structure.

Results Our results indicate that the estimates of historical N, provided by GONE may be substantially biased

when there has been a recent mixture of populations that were previously separated for a long period of time.
Similarly, biases may occur when the rate of continued migration between populations is low, or when chromosomal
inversions are present at high frequencies. However, some biases due to population structuring can be eliminated

by conducting population structure analyses and restricting the estimation to the differentiated groups. In addition,
disregarding the genomic regions that are involved in inversions can also remove biases in the estimates of N..

Conclusions Different kinds of deviations from isolation and panmixia of the populations can generate biases

in the recent historical estimates of N,. Therefore, estimation of past demography could benefit from performing
population structure analyses beforehand, by mitigating the impact of these biases on historical N, estimates.

Background

Effective population size (N,) [1] is a fundamental param-
eter that plays a key role in quantifying the impact of
genetic drift and inbreeding in a population. Its relevance

*Correspondence:

Irene Novo

irene.novo.gimenez@uvigo.gal

! Centro de Investigacion Marifa, Universidade de Vigo, Facultade de
Bioloxfa, 36310 Vigo, Spain

2 Departamento de Biologfa Funcional, Facultad de Biologfa, Universidad
de Oviedo, 33006 Oviedo, Spain

B BMC

extends across several fields of study, including conserva-
tion genetics, evolutionary biology, and animal and plant
breeding [2, 3], and it is regarded as a main indicator
for biodiversity conservation [4, 5]. There is a plethora
of methods to estimate both the contemporary and the
historical effective population sizes from genetic mark-
ers [6]. Among the estimators of N, that require a single
sample, the method that is based on the linkage disequi-
librium (LD) between genetic markers [7-11] stands out
and is considered as highly reliable in a wide range of sce-
narios [12]. The use of unlinked markers allows the esti-
mation of contemporary N,. However, the availability of a
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vast amount of linked genetic markers provided by cur-
rent genotyping and sequencing methods also allows for
the estimation of N, in past generations [13, 14]. A recent
refinement of the method to estimate historical N, from
linked markers has proven to be highly accurate for infer-
ring significant population changes that have occurred
over the past 100 to 200 generations [15]. This method,
which is implemented in the software GONE (available
at https://github.com/esrud/GONE), has been evaluated
with simulations for a range of scenarios [15-19] and
applied to multiple sets of empirical data from different
species. The possibility of estimating changes in popula-
tion size in the recent past is particularly useful in live-
stock species, for which the start of breeding programs
may imply substantial changes in N,. To date, this soft-
ware has been applied to various breeds of pigs [20], cat-
tle [21, 22], sheep [23, 24], horses [25] and chickens [26,
27], and fish species such as turbot, seabream and seabass
[16], Baltic herring [28], pikeperch [29], coho salmon
[30], catfish [31] and sailfish [32].

The software GONE provides estimates of the effec-
tive population size from the variance of progeny number
(N, [19]). For a panmictic Wright—Fisher population,
N, = N, the number of breeding individuals in the pop-
ulation. The estimates assume that the population under
study is closed or has remained isolated for a long period
of time. However, admixture and population substructure
are almost universal in most species. For example, artifi-
cial populations used to start breeding programmes are
initially composed of a mixture of other populations [33,
34]. In addition, many populations are made up of sub-
populations in the form of herds, colonies, or other types
of aggregations [35]. This subdivision of the population
leads to genetic differentiation among subpopulations
and can be counteracted by migration, an important
force of change in allele frequencies [36]. Migration not
only produces changes in allele frequencies over time, but
also in the magnitude of linkage disequilibrium between
loci [37-39]. In fact, for structured populations with
migration, there may be differences in the estimates of N,
depending on its definition (e.g. N, based on inbreeding,
on allele frequency variance, on linkage disequilibrium,
etc.) [40-44].

The impact of immigration and population structure
on the estimates of contemporary N, and historical popu-
lation size has been previously studied. Regarding con-
temporary N,, Waples and England [43] investigated the
scenario of a population composed of a number of sub-
populations that exchange migrants over time. By means
of analytical methods and computing simulations, they
showed that the estimates of contemporary N, are gen-
erally robust to equilibrium migration among subpopula-
tions. When individuals from a focal subpopulation are
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sampled, the estimates of local N, are generally accurate
unless the migration rate between subpopulations is high
(higher than 5-10%), in which case N, estimates converge
to the global population N,. In addition, when sampling
involves individuals from several subpopulations, the
estimates may also converge to the global population N,
(43, 44].

Regarding historical population size, migration is
known to generate spurious signals of changes in the size
of populations which are kept at a stable size [45-52].
Mazet et al. [50] showed that inferential methods of past
population demography, such as the pairwise sequen-
tially Markovian coalescent (PSMC) method [53], which
provides estimates of historical population size in the
long term, may infer inexistent changes in population
size if the populations are structured. Moreover, Santiago
et al. [15] carried out some simulations to investigate the
bias incurred by their method for the estimation of short-
term historical population size in structured populations
with migration and admixture. They showed that there
was little distortion in N, estimates when there is a meta-
population established through the mixture of two popu-
lations. However, this study was limited to a particular
scenario in which the mixture had taken place many gen-
erations before the estimation time. In addition, Santiago
et al. [15] considered a model of two independent sub-
populations that exchange migrants at different rates. If
individuals were sampled from the two subpopulations
and the migration rate between subpopulations was high,
there was no bias in the estimation of the total size of the
population. However, when the migration rate was low
there were substantial biases in the estimates for recent
generations.

In the present study, the objective is to further inves-
tigate the impact of admixture and migration on the
estimates of recent historical N, obtained from link-
age disequilibrium between markers by the software
GONE. To do so, we extended the number of scenarios
considered by Santiago et al. [15]. For the generation of
synthetic populations, we consider populations with a
different number of generations evolving separately and
different times of population mixture. In the case of the
exchange of migrants between subpopulations, we con-
sider cases of two or ten subpopulations, a wide range
of migration rates, and a sampling process made either
from several subpopulations or from only one of them.
In addition, we consider a model in which a population
is continuously receiving migrants from a source popula-
tion of a much larger size.

We also analyse another source of intrinsic population
structuring, which arises from chromosomal inversions,
a scenario that has not been previously considered. Chro-
mosomal inversions are regions of the DNA sequence,
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which have a reverse orientation compared to the normal
karyotype and are found in a wide variety of species [54,
55]. During meiosis, crossing-over within the inverted
region often leads to nonviable gametic products in indi-
viduals that are heterozygous for the inversion, and thus
are semi-sterile. Therefore, inversions are deleterious
and tend to be lost in most species. However, some spe-
cies have developed mechanisms that prevent the del-
eterious impact of inversions, and these are frequently
observed on different chromosomes. In fact, in some spe-
cies, inversions provide an evolutionary advantage to the
carrier individuals, because their genome contain non-
recombining gene clusters that are involved in adapta-
tion [56—-58]. For example, in the genus Drosophila, many
inversions are observed that can exhibit variations in lati-
tudinal and altitudinal gradients, indicating a role in the
adaptation and natural selection of the population to the
environmental conditions in which they are found [59—
61]. In other cases, inversions are known to be involved
in speciation, creating barriers between species (such as
reproductive isolation) through linked groups that cause
sterility [62]. Large-scale inversions are the most com-
mon chromosome rearrangements in plants and animals,
with their average size ranging from 130 kb to 100 Mb
[62]. Because in heterozygous individuals chromosomal
inversions inhibit recombination within the inversion
region, some segments within this region will exhibit
strong linkage disequilibrium and thus clearly distort the
estimation of historical N, based on it.

Methods

We used the software SLiM v3 [63] to carry out forward-
in-time individual-based simulations. Populations were
typically composed of N=500 or 1000 individuals and
were run for a total period of 10,000 generations under
random mating and discrete generations, accounting for
mutation, recombination, genetic drift and migration.
The simulated genome consisted of a sequence of 250 Mb
where mutations appear at a rate between 1 and 5x107°
mutations per nucleotide and generation. Only neutral
mutations were considered. The recombination between
adjacent nucleotides was set at 1078, implying a uniform
recombination rate of 1 cM/Mb, which is an approximate

(See figure on next page.)
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average value obtained in multiple species [64]. In the
last simulated generation, 100 individuals were sampled
to carry out the analysis of historical N, estimation. The
final results are based on 40 replicates of the simulation
for each scenario considered.

Demographic scenarios
Four scenarios were considered for simulations (Fig. 1):
(a) a synthetic population generated by the mixture of
different populations; (b) a population subdivided into
two or ten subpopulations with continuous migration
between them; (c) a population receiving migrants from
a large source population; and (d) a closed population in
which individuals carry a large chromosomal inversion.
For the synthetic population scenario, we simulated a
population with a constant census size of N=1000 indi-
viduals, which diverged at time 7'=100, 200, 500 or 1000
generations ago into two or five populations of N=1000
individuals each, and were subsequently (at time £=5, 10,
20 or 50 generations ago) mixed into a single synthetic
population of N=100 or 1000 individuals (Fig. 1a). For
the migration scenario, a population was subdivided into
two subpopulations of N=1000 individuals or ten sub-
populations of N=500 individuals, and these were main-
tained with a reciprocal migration rate per generation
(m) ranging from 0.0001 to 0.04 (Nm from 0.05 to 20)
(Fig. 1b). In the last simulated generation, two types of
sampling were performed: sampling 100 individuals from
a single subpopulation, or sampling an equal number of
individuals from each subpopulation to obtain a sample
size of 100, i.e., 50 per subpopulation in the scenario of
two subpopulations, and 10 per subpopulation in the sce-
nario of 10 subpopulations. For the source-sink scenario
(Fig. 1c), a population with N=1000 individuals received
migrants at a rate 71 between 0.0001 and 0.1 in each gen-
eration (Nm ranging from 0.1 to 100) from a larger popu-
lation with a constant size N; = 10,000 individuals. The
recipient population was either maintained with a con-
stant population size or suffered from drastic changes (a
decline in size, a bottleneck and recovery, or a population
expansion) in the most recent generations.

In addition, we simulated a closed population with
a constant size N=1000 individuals carrying a large

Fig. 1 Population scenarios considered. a A synthetic population of size N individuals was generated t generation ago by the mixture of two

or five populations of size N= 1000 individuals, which diverged T generations ago from an ancestral population (t< 7). b A population subdivided
into two or ten subpopulations was run with continuous migration between them with a reciprocal migration rate m per generation. ¢

A population with N=1000 individuals was maintained and received migrants from a larger source population of size N, = 10,000 individuals

at a rate m per generation. The recipient population was either kept at a constant population size, or suffered from a recent decline in size, a recent
population bottleneck and recovery, or an expansion. d A closed population was run in which individuals carried a large chromosomal inversion.
The population was either kept at a constant size or was subjected to a recent drastic drop, or a bottleneck and later recovering the previous size.
Generation 0 is the current one, and generations are shown back in time in all cases
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inversion of 50 Mb in the middle of the simulated
sequence (Fig. 1d). Recombination was precluded within
the inverted region in individuals that are heterozygous
for the inversion. In order to maintain an intermedi-
ate frequency for the inversion, a frequency-dependent
selection model was assumed following the model sug-
gested in the SLiM manual (version 3.6): the effect of the
inversion on fitness was assumed to be 1 — [(g—0.5) X 0.2],
where g is the frequency of the inversion. Thus, for
q=0.5 the inversion effect on fitness is 1, and this effect
is higher than 1 (the inversion is advantageous) if 4<0.5,
and lower than 1 (the inversion is deleterious) if g>0.5.
In this scenario, two demographic changes (other than
constant population size) were also considered: a drop
in population size to N=100 individuals that occurred at
generation 10 before present, and a bottleneck to N=100
individuals that occurred at generation 30 before present
to later recover the initial population size. In addition,
we considered the case when the frequency of the inver-
sion was low (about 0.15) by introducing the inversion in
the population in the last 50 generations, so that the time
elapsed was not sufficient for the inversion to reach an
intermediate frequency.

Estimation of the historical N, and population structure
The program GONE [15] was used to obtain estimates of
the historical effective population size from linkage dis-
equilibrium using all available pairs of single nucleotide
polymorphisms (SNPs) at distances between ¢=0.05 and
0.001 Morgan in samples of 100 individuals. The data was
assumed to be unphased. First, an in-house C program
was used to generate the map and ped format files from
the SLiM output files. Two estimates of the historical N,
were obtained by combining the data of 20 SLiM repli-
cates (mimicking 20 chromosomes), which involved a
total number of SNPs of 0.5 to 1 million for the analysis.
The two obtained estimates were very close to each other
and were averaged.

The estimation of N, was also carried out after discard-
ing the inverted genomic region using the programme
PLINK v.1.9 [65], which was also used to perform an
analysis of principal components in the populations. The
software STRUCTURE [66] was used to visualise the
population structure generated in the different scenarios.
The ped files were converted to STRUCTURE input files
using the programme PGDSpider [67].

As explained above, GONE provides estimates of
N, from the variance of progeny number (N,,) with-
out accounting for migration. Therefore, the simulation
results presented in the next section are compared to this
expected N,,, which, for the assumed simulation model,
equals N, the number of breeding individuals. When sev-
eral contemporary populations or subpopulations are
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simulated, the total expected N, is considered to be the
sum of the N, of all the populations. Thus, the N, of a
subpopulation or the sum of several subpopulations are
the references with which all estimations of historical N,
are compared.

Results

Synthetic populations

Figure 2 shows the estimation of the historical N, when a
synthetic population has been created ¢ generations ago
from the mixture of five populations which have diverged
independently T generations ago. If the synthetic popula-
tion has a small size (N=100 individuals; Fig. 2a—d), the
estimation of the time of admixture is rather accurate,
with more error incurred when the time of admixture
took place a long time ago (£=20 or 50 generations). The
estimated current N, is generally close to the true N,
whereas the ancestral total size of the five populations
combined together (N,,; = 5000) is usually overesti-
mated, although it can also be underestimated, particu-
larly if the time of admixture is long (¢=50 generations;
Fig. 2d).

When the synthetic population has a large size
(N=1000 individuals; Fig. 2e—h the estimated N, is more
variable, with the time of admixture generally overesti-
mated. If the ancestral populations have been isolated for
a long time (T=1000 generations; blue lines), the most
recent N, is greatly biased downwards when the time of
admixture is short (¢=5 or 10 generations). For longer
times since admixture (¢=20 or 50), there is a reduction
in the estimated N,, which progressively reaches the true
recent N, in the most recent generations.

Additional file 1: Figure S1 shows the results for syn-
thetic populations generated from the mixture of two
ancestral populations, instead of five, and provides analo-
gous conclusions to those of Fig. 2.

Migration between subpopulations
Figure 3 shows the estimated N, values in a population
subdivided into two subpopulations, between which
there is a continuous flow of individuals at different rates.
The analysis can be made using sampled individuals from
a single subpopulation (blue lines), or from both sub-
populations (red lines). In the first case, the estimated
contemporary N, is close to the true N, if the rate of
migration is low (Nm < 5), and tends to increase back in
time as the migration rate between the two subpopula-
tions is higher. For high migration rates (Nm >10), the
contemporary N, of a subpopulation gets closer to the
sum of the N, of the two subpopulations, as expected.
If the sampled individuals belong to both subpopula-
tions (red lines in Fig. 3), the estimated N, is close to the

N,y of the whole population when migration rates are
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Fig. 2 Estimates of the historical effective population size (N,) obtained by the software GONE for a synthetic population. The synthetic population
was generated t generationsago (@and e t=5,band ft= 10, cand g t = 20, d and h t = 50) from the mixture of five populations which diverged T
generations ago from an ancestral population. The expected N, from the variance of the progeny number (Exp N, is shown as a black dotted line.
Before mixing, the expected N, is the sum for all populations (5000). After mixing, the expected N,, = 100 for a-d, and 1000 for e-h. The sample

size at generation zero is 100

individuals
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Fig. 3 Estimates of the historical effective population size (N,) obtained by the software GONE for a population subdivided into two
subpopulations. The n=2 subpopulations of size N= 1000 individuals each have continuous reciprocal migration at a rate m per generation (a
Nm =1 migrant each generation, b Nm = 2 migrants each generation, ¢ Nm = 5 migrants each generation, d Nm = 10 migrants each generation,
e Nm = 20 migrants each generation, f Nm = 1 = 10 migrants each 10 generations). The two black dotted lines show the expected N,

of one subpopulation (lower line) or both together (upper line). The red lines correspond to estimates obtained from 100 individuals sampled

at generation zero from the two subpopulations (half of each), whereas the blue lines correspond to estimates obtained from 100 individuals

sampled from a single subpopulation

high (Nm>5). However, a substantial bias is observed
when migration rates are low, with a very large increase
in N, over time and a sudden drop in the most recent
generations. A scenario with m=0.01 every ten genera-
tions (Fig. 3f), which would imply an average m=0.001
per generation, gives results closer to those of the sce-
nario with m=0.01 per generation (Nm=10; Fig. 3d)
than to those with m=0.001 per generation (Nm=1;
Fig. 3a).

The scenario of subpopulations with a very low migra-
tion rate between them generates substantial structuring

in the population, as illustrated in Additional file 1: Fig.
S2. This allows for a possible solution to the above biased
estimation. Additional file 1: Fig. S3 shows an analysis of
principal components for the scenarios in Fig. 3. If the
structure of the population is clear, one could possibly
select individuals from only one of the groups (as marked
with a circle in the graphs of Additional file 1: Fig. S3) and
use these for N, estimation. This would be equivalent to
sampling within a single subpopulation. The correspond-
ing resulting estimates are also shown in Additional
file 1: Fig. S3, indicating that the large artefacts observed
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in Fig. 3 are removed and the estimates are reasonably
accurate for values of Nm < 10 and the 50 most recent
generations.

Figure 4 shows the scenario of an island model with
n=10 subpopulations of N=>500 individuals and a range
of migration rates among them. The results are qualita-
tively similar to those of Fig. 3, with some differences in
time scale. When samples are taken from one subpopula-
tion (blue lines), the estimated N, becomes closer to the
subpopulation’s N,,, in fewer generations than for the
two-subpopulation model for a given migration rate (e.g.,
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cf. Figs. 3a and 4d for Nm=1). When samples are taken
from all subpopulations (red lines), the ancestral total
N,y = 5000 is well estimated across time for all scenarios
except for very low migration rates (Nm=0.05-0.2) and
in the very recent generations, for which there is a drastic

drop in the estimated N,

Source-sink scenario

Results for the source-sink scenario are shown in Fig. 5.
When the migration rate into the target population is
low (Nm=0.1-1), the estimation of the historical N, is
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Fig. 4 Estimates of the historical effective population size (N,) obtained by the software GONE for a population subdivided into ten subpopulations.
The n=10 subpopulations of size N=500 individuals each, have continuous reciprocal migration between each other (island model) at a migration
rate m per generation (@ Nm = 0.05 = 1 migrant each 20 generations, b Nm = 0.2 = 1 migrant each 5 generations, c Nm = 0.5 = 1 migrant each 2
generations, d Nm = 1 migrant each generation, e Nm = 2 migrants each generation, f Nm = 20 migrants each generation). The two black dotted
lines show the expected N, of one subpopulation (lower line) or all of them together (upper line). The red lines correspond to estimates obtained
from 100 individuals sampled at generation zero from the ten subpopulations (10 individuals from each subpopulation), whereas the blue lines
correspond to estimates obtained from 100 individuals sampled from a single subpopulation
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Fig.5 Estimates of the historical effective population size (N,) obtained by the software GONE for a population with N=1000 individuals which
continuously receives migrants from a larger source population (N;=10,000) at a rate m per generation. The recipient population was either a kept
at a constant population size, b subjected to a recent decline in size, ¢ subjected to a recent population bottleneck and recovery, or d subjected
to a recent expansion. The black dotted line shows the expected N, from the variance of the progeny number (Exp N,,) of the recipient population

generally not affected by migration, except in the recent
expansion scenario (Fig. 5d), in which the expansion is
underestimated. However, when the migration rate from
the large source population is higher (Nm >5), there is
an increasing impact on the estimates as the migration
rate increases. If the recipient population has a constant
size (Fig. 5a), the impression is that N, typically declines
over time. If a drastic drop has occurred, its estimated
time is more recent than the true time for high migra-
tion rates (Nm > 50; Fig. 5b). Finally, a recent bottleneck
is still detected even with Nm as large as 10 (Fig. 5¢), but
a recent expansion would be undetected for high migra-
tion rates (Fig. 5d). With a very high migration rate
(Nm=100), the estimated N, is close to the N,; of the

source population (10,000) with only a decline in N, in
the last ten generations in the drop scenario (Fig. 5b).

Chromosomal inversions

Finally, Fig. 6 presents the estimated historical N, val-
ues in a population in which a large genomic inversion
is segregating. Figure 6a shows the results for a constant
population size. When the frequency of the inversion is
intermediate (red line), the estimation of the historical
N, is highly biased, with an outcome very similar to that
of Figs. 3 and 4 with a low migration rate. This occurs
because the inversion also generates a population struc-
ture, as shown in Additional file 1: Fig. S4. This artefact
is also seen in the scenarios with a drop in N (Fig. 6b) or
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Fig. 6 Estimates of the historical effective population size (N,)
obtained by the software GONE for a closed population with N=1000
individuals carrying a large chromosomal inversion. The population
was either a kept at a constant size, b subjected to a recent
drastic drop, or ¢ subjected to a bottleneck and later recovering
of the previous size. The red lines correspond to the scenario
where the inversion is present in the population at an intermediate
frequency (around 0.5). The brown lines show the case for which
the inversion is at a low frequency (0.15) in the population. The
green lines refer to the estimated N, values when the inverted region
is discarded in the analysis. Finally, the black dotted line shows
the expected N, from the variance of the progeny number (N,,)

a population bottleneck (Fig. 6¢c). When the frequency of
the inversion is lower (around 0.15), the impact on the
recent estimated N, is much smaller (brown lines). Fortu-
nately, when the inverted genomic region can be identi-
fied and the SNPs within this region are discarded in the
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analysis, the estimation becomes quite accurate (green
lines).

Discussion

Migration and population structuring have been shown
to generate biases in the estimates of contemporary effec-
tive population size, obtained from the temporal change
in allele frequencies [68], from linkage disequilibrium
between markers [43], or from continuously distributed
populations [69]. These biases have also been shown
to occur in the historical estimates of population size
[46-52]. In this study, we have investigated the impact
of population structuring on the estimation of histori-
cal effective population size from linkage disequilibrium
between linked markers using GONE, a novel tool capa-
ble of accurately estimating the historical effective popu-
lation size in the recent past [15]. GONE is expected to
provide estimates of N, from the variance of progeny
number (N,,,) assuming the population is closed, so that
it does not account for population structuring. This is a
problem common to all methods used to infer past pop-
ulation size from a single contemporary sample of indi-
viduals. We considered alternative models which can be
encountered in different situations and potentially affect
the estimates obtained. The first scenario examined the
model that involved the mixture of populations, either
naturally or artificially, to generate a synthetic popula-
tion. This is a common procedure in the creation of base
populations to start breeding programmes in aquaculture
settings [33, 34]. Our results suggest that the estimation
of the historical N,, either before or after the creation of
the synthetic population, is relatively accurate, but biases
of the estimates increase when the synthetic popula-
tion has a large size and the time of divergence between
the mixed populations is very long. The linkage dis-
equilibrium generated when populations are mixed [37]
explains why the estimates deviate further from the sim-
ulated value when the divergence is more ancient, since
the longer the populations have remained separated, the
greater the differentiation between allele frequencies at
the time of convergence. It also explains why estimates of
N, that deviate further from the true N, were obtained
when the separation resulted in a larger number of pop-
ulations (5 versus 2), as it leads to the fixation of allele
variants in five different populations. Santiago et al. [15]
considered the case in which two populations of size
N=1000 separated by 100 generations confluence in
a single one 50 generations in the past, showing a good
estimation of N,;, which is in agreement with our result
shown by the red line in Additional file 1: Fig. S1h for
t=50 and T'=100. However, when the mixed populations
have been separated by a longer period of time (7=500
or 1000 generations), the estimates are not so precise. In
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this case, recent estimates are particularly biased down-
wards when the synthetic population has been created
a short time ago (t=5 or 10 generations) (Fig. 2e, f and
Additional file 1: Fig. Sle, f). This occurs because the
strong initial linkage disequilibrium that occurred after
mixing is decreased by recombination [43], so that a
number of generations are needed to recover from the
effects of mixing. This can be clearly seen in the results
of Fig. 2g, h and (see Additional file 1: Fig. S1g, h) corre-
sponding to £=20 or 50 and 7'=500 or 1000 (orange and
blue lines), for which N, declines considerably around the
time of mixing to further reach an estimate of contem-
porary N, very close to the true N, ;. In general, the esti-
mates of recent N, obtained by GONE are more precise
than ancient estimates, as the footprint of linkage slowly
disappears over time [15, 16].

In the above results, it is assumed that the current pop-
ulation is known (or deduced) to be the result of a mix-
ture from two or more ancestral populations in the past,
for example in the case of the creation of a synthetic pop-
ulation to start a breeding program. However, if the exist-
ence of a previous mixture was not known, the results
from the estimation of the historical N, could be inter-
preted as those of a closed population which has suffered
from a drop in size in the past. This should be acknowl-
edged in the interpretation of empirical results.

The second scenario investigated considered a popula-
tion structured in two or ten subpopulations with con-
tinuous reciprocal migration between them. The sampled
individuals can be taken only from a single (focal) sub-
population. In this case, the estimates of local recent N,
are generally close to the true N,;; when the migration
rates are low, but tend towards the N, of the entire popu-
lation as migration rates increase (Figs. 3 and 4). This is
consistent with the results of previous studies showing
that linkage disequilibrium estimates of local contem-
porary N, are accurate for migrations rates m lower than
about 0.05 to 0.1, but increase substantially for higher
migration rates [43, 44]. Regarding ancient estimates of
historical N,, the effect is greater than for the recent N,
(Figs. 3 and 4), giving the impression of a continuous
linear decline of N, over time while, in fact, this is kept
invariable over time.

The estimates of N, can also be obtained from a sam-
ple belonging to the different subpopulations (Figs. 3 and
4), for example when the boundaries of the subpopula-
tions are unclear or when sampling is made at locations
and times where the individuals of different subpopula-
tions are intermixed [43]. The impact of sampling on
the estimation of N, in structured populations has been
reported by different studies (e.g. [50]). In this situation,
the estimates of the historical N, show a very large bias
with substantial overestimation, leading to a sudden drop
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in the most recent generations. This is clear for migration
rates up to m=0.005, which corresponds to Nm =5 in the
simulations of Fig. 3 and up to m=0.002 (Nm=1) in the
simulations of Fig. 4, and disappears for higher migra-
tion rates, for which the estimated N, is close to the N,
value of the entire population. Santiago et al. [15] showed
that this undesired effect can be improved by consider-
ing pairs of SNPs in the analysis with recombination rates
lower than the maximum value of 0.5. A value of 0.05 was
recommended and considered by default in the software
GONE, and this is what we used in all the analyses of the
present paper. Even so, the biases incurred are evident for
low values of gene flow between subpopulations. This can
make it difficult to distinguish whether there has been a
real sharp decline in N, in the most recent generations in
a closed population or whether it is an artefact caused by
population admixture. This type of result can be seen in
some recent analyses such as those in two or three Croa-
tian sheep breeds analysed by Drzaic et al. [23] and one
of the horse breeds analysed by Criscione et al. [25]. In
addition, a similar result has been found in experimen-
tal populations of Drosophila melanogaster maintained
in bottles with 50% mixture between them every genera-
tion [19]. Thus, these results should be interpreted with
caution. One possible solution, as previously suggested
[10, 43], is to use population structure or assignment
methods to try to identify particular migrants or a clear
structuring of the population. In extreme cases, such as
those illustrated in Additional file 1: Fig. S3, where the
individuals of the two subpopulations can be identified,
independent analyses for each of the groups can provide
estimates of historical N, without such an artefact.

The third scenario considered a focal population
receiving migrants from a source population with a
considerably larger size (Fig. 5). As expected, for low
migration rates (Nm<1) the estimates of N, reflect
the N,y of the local population, whereas for very high
migration rates (Nm=100) the estimated N, reflects
that of the source population. However, for intermedi-
ate values of migration (1 <Nm<50), the ancient esti-
mated N, progressively declines from values closer to
that of the source population to values closer to that of
the recipient population if this latter has a constant size
(Fig. 5a). Again, some of the results suggest a decline
in historical N, over time. This decline could be inter-
preted as the local population getting shrunk in size
or some events of genetic drift causing this reduction.
However, this is not the case, and it is just the reflection
of continuous migration from a larger source popula-
tion. When the recipient population suffers from a real
decline in size, a bottleneck, or a recent expansion, this
change can be observed although its timing or magni-
tude may not be correct (Fig. 5b—d).
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Our results are consistent with previous studies that
addressed the impact of migration on the estimation of
past demography [46-52]. Mazet et al. [50] introduced a
parameter, the “inverse instantaneous coalescence rate”
(IICR), which reflects the true population size in closed
panmictic populations, but can be strongly disconnected
from the real demographic history in admixed popula-
tions. They tested their method with simulation data and
analyses using the pairwise sequentially Markovian coa-
lescent (PSMC) method [53], which provides estimates
of historical population size in the long term and actu-
ally infers the IICR curves. Their analyses showed that, in
a population subdivided in several subpopulations with
migration between each other (island model), the demo-
graphic inference made with PSMC and predicted by
IICR, is a decline in population size with time although
the size of all the subpopulations is kept constant over
time. Thus, the inference of a population decline with
empirical data could be due to a true demographic
change but also to population structuring with migration
[50-52].

Our results in Fig. 4c, considering an island model of
10 subpopulations with N=500 diploid individuals (i.e.
whole population size of 5000 individuals), and a migra-
tion rate m=0.001 (Nm=0.5), is analogous to that con-
sidered by Mazet et al. [50]. Although the results from
both studies are qualitatively similar, there are several
large quantitative differences between them. In the esti-
mations obtained by PSMC or the IICR prediction,
when the sampling of individuals is made from a sin-
gle subpopulation (Figure 4a in Mazet et al. [50]) the
estimated population size from PSMC and IICR over-
predicts the whole population size of 5000 individuals
(estimates around 8000), and drops since the last 3000
generations onwards, down to the subpopulation size
(500 individuals). The estimates by GONE for the same
model (blue line in Fig. 4c) show a more accurate predic-
tion of the ancestral global population of 5000 individu-
als over the last 500 generations, dropping down to the
subpopulation size (500 individuals) only for the last 100
generations. When samples were taken from different
subpopulations (Figure 4b in Mazet et al. [50]), the ances-
tral inferred population size was again an overestimation,
further increasing in the last 1000 generations towards
much larger values of tens of thousands of individuals. In
contrast, the estimates by GONE, shown by the red line
in Fig. 4c predicted well the ancestral global population
of 5000 individuals, and the drastic decline toward val-
ues closer to the subpopulation size occurred only in the
most recent 10 generations.

The above results suggest that GONE provides more
accurate short-term estimates of historical popula-
tion size than PSMC and IICR in scenarios that involve

Page 12 of 15

migration between subpopulations. The software PSMC
provides estimates of past population size from one
sampled diploid individual, which can be extended to a
few more individuals by MSMC [70]. Santiago et al. [15]
showed that, for relatively recent timespans of about 200
generations back in time, MSMC [70] and Relate [71] are
generally unable to detect changes in population size.
These mutation-recombination-based methods to infer
past population size are expected to be more accurate for
long-term evolutionary estimations than for very recent
times. In contrast, GONE, which provides estimates for
up to about 500 generations at most, is only reliable for
periods of about 100 to 200 generations.

The final scenario that we considered refers to the pres-
ence of chromosomal inversions in the population. By
inhibiting recombination in the inverted region in hete-
rozygotes [72], inversions alter the linkage disequilibrium
relationships between loci, creating genetic structuring
by separating genomes into two groups (with and with-
out the inversion) with no genetic exchange within the
inverted region (see Additional file 1: Fig. S4). This leads
to a bias in the estimation of N,; (Fig. 6). We simulated
a rather extreme scenario, where the inverted region
represents a large part of the genome sequence ana-
lysed and the inversion is maintained at an intermedi-
ate frequency by frequency-dependent selection. In that
situation, a substantial bias in the estimates of historical
N, is observed. Because of the lack of recombination in
the inverted region, distant loci maintain a strong link-
age disequilibrium, and the software interprets this as a
drastic reduction in the recent N,. This type of generated
bias is very close to that observed above for a subdivided
population with a very low migration rate between sub-
populations and sampling from both of them (Figs. 3a, b
and 4a, b). Fortunately, the bias is much smaller when the
inversion is at low frequency, and can be removed alto-
gether when the inverted region can be identified and
discarded from the analysis (Fig. 6). Furthermore, there
may be some genetic exchange in the central regions of
the inversion [59, 73], so that, for old inversions, the link-
age disequilibrium between loci within the inversion may
not be as extreme as simulated here.

Conclusions

In summary, the software GONE is a novel tool that can
accurately estimate the historical effective population
size from the variance of progeny number of populations
as long as the assumptions made for the model (a pan-
mictic closed population) are achieved. The alteration of
the linkage disequilibrium pattern caused by population
structure and chromosomal inversions may prevent the
correct estimation of historical N,,;. A pattern that is
repeatedly observed because of population structuring is
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a reduction in N, over time, sometimes as a very drastic
drop in the most recent generations, and sometimes as a
continuous linear decline. Thus, empirical results show-
ing these patterns should be interpreted with caution.
Although some actions can be taken to mitigate these
biases, such as performing an analysis of population
structure beforehand and the removal of genomic regions
involved in chromosomal inversions, further theoreti-
cal developments are needed to account for population
structure.
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Additional file 1: Figure S1. Estimates of the historical effective popula-
tion size (N,) obtained by the software GONE for a synthetic population.
The synthetic population was generated t generations ago (aand e t =

5 bandft=10,candgt=20,dand h t=50) from the mixture of two
populations which diverged T generations ago from an ancestral popula-
tion. The expected N, from the variance of the progeny number (Exp N,,)
is shown as a black dotted line. Before mixing, the expected N, is the
sum for all populations (2000). After mixing, the expected N, = 100 for
a-d, and 1000 for e-h. The sample size at generation zero is 100 individu-
als. Figure S2. Analysis of population structuring obtained with the
software STRUCTURE for a replicate of the scenarios shown in Fig. 3. The
scenario corresponds to a population subdivided into two subpopula-
tions of size N=1000 each with continuous migration between them and
a reciprocal migration rate m per generation. The 100 individuals analysed
are sampled from the two subpopulations (half of each), and refer to the
cases with migration rates per generation Nm=1 (a), 2 (b), 5 (c), 10 (d), 20
(e),and 1 (m=0.01 every 10 generations) (f). Figure S3. Principal com-
ponent analysis of the analysed individuals corresponding to a simulated
replicate of the scenario in Fig. 3, regarding two subpopulations run with
continuous reciprocal migration between them at a rate m per genera-
tion. Graphs (a—d): representation of the two main principal components
for each of the scenarios. The circles show the groups of individuals
recognised as belonging to each of the two subpopulations. Graphs (e-g):
estimates of the historical effective population size (N,) obtained by the
software GONE considering only the group of individuals ascribed to a
single subpopulation (a—c). The black dotted line shows the expected N,
from the variance of progeny number (N,,) of the subpopulation. Figure
S4. Analysis of population structuring obtained with the software STRU
CTURE for a replicate of the scenario of a closed population. The closed
population had N=1000 individuals carrying a large chromosomal inver-
sion at an intermediate frequency (corresponding to the red line of panel
(a) in Fig. 6). The graph shows the 100 sampled individuals that are carriers
of the inversion or non-carriers (green or red), as well as the heterozygous
individuals for the inversion (bars with both colours).
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