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ABSTRACT: This study compares the accuracy of two genomic approaches in estimating genetic diversity levels, which could be
useful for informing species conservation assessments of abundant, exploited fish species. The first approach (SNP-calling-based)
is the commonly used pipeline of SNP calling followed by SNP filtering at a determined Minor Allele Frequency (MAF). The
second approach (genotype-likelihood-based) does not perform SNP calling but estimates the Site Spectrum Frequency (SFS) based
on alignment quality and sample size. The results show up to two-fold differences in the magnitude of the estimated nucleotide
diversities among the analyzed datasets. The SNP-calling-based approach produces overestimates when missing data are considered
in the analysis and shows pronounced deviations of the SFS towards high-frequency SNPs when filtering by MAF > 5%. The
genotype likelihood-based approach showed that nucleotide diversity estimates significantly deviated from neutral expectations, as
expected based on the known history of the case-study fish population analyzed here, regardless of whether missing data were
considered. In contrast, the SNP-calling-based approach only shows this expected difference when no missing data are included
and no MAF filtering is performed. Overall, the results indicate that using the SNP-calling-based approach may hide the effects of
population size declines in abundant exploited fish species, while genotype-likelihood-based estimates of nucleotide diversity can
effectively contribute to informing conservation assessments.
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1. Introduction

Species’ conservation status is commonly assessed by the International Union for Conservation of Nature (IUCN),
which delineates clear criteria, including factors such as population size, rate of decline, area of occupancy, and extent
of occurrence [1]. However, species populations can behave differently across their distribution range due to various
anthropogenic and environmental pressures, which is also considered in the IUCN’s updated criteria [1]. Natural
environments are experiencing rapid changes, primarily due to the pressures of anthropogenic activities (i.e., global
change) [2]. The list of threats that wild populations face is extensive (i.e., climate crisis, landscape changes, ocean
acidification, deoxygenation, pollution, local extinctions, overharvesting, invasive species, outbreaks of new pathogens,
etc.), urging natural resource stakeholders and managers to locally assess the conservation status of species populations
to forecast their long-term survival.

Population genetics can significantly contribute to evaluating a species’ conservation status [3—10]. However,
although the IUCN [1] guidelines acknowledge the importance of considering genetic diversity as part of the broader
assessment of a species’ viability and adaptability, there are no clear criteria for incorporating genetic factors into
conservation status assessments for species populations. The Convention on Biological Diversity (CBD) [11] has
recognized the maintenance of genetic diversity as an important goal in the Global Biodiversity Framework [12]. The
document from the Conference of the Parties (COP15) to the Convention on Biological Diversity highlights the
importance of genetic diversity for ecosystem functioning, species adaptation to environmental changes, and the
provision of ecosystem services. Nonetheless, it also points out the need to establish frameworks and tools for assessing
and monitoring genetic diversity, including the implementation of indicators measuring the genetic health of populations
and their capacity to adapt to environmental changes. Indicators developed and adopted as part of the Global
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Biodiversity Framework (GBF, within CBD 2022) such as the proportion of populations large enough to maintain
genetic diversity (i.e., effective population size, N, > 500), and the proportion of populations maintained [12] reflect
different aspects of genetic diversity and can be inferred in the absence of comprehensive genetic data. Thus, these
indicators allow large-scale assessments for prioritizing management strategies for species populations [13]. Still,
genetic diversity estimates of species populations can provide detailed information about demographic processes
impacting different populations and their degree of genetic flow, which is highly valuable for forecasting their long-
term survival [4—6,14]. Thus, the inclusion of genetic diversity estimates could be of high value in informing species
extinction risk within conservation assessments at the [IUCN. However, there is still controversial evidence regarding
the ability of genetic diversity to predict IUCN Red List threat status, along with ongoing debate over which genetic
diversity statistics may best inform population extinction risk [14,15]. Different species life-history traits, demographic
trajectories, and evolutionary histories, combined with the use of different methodologies to obtain population genetic statistics,
sampling methods, and the use of small sample sizes providing poor statistical power, can make comparative analyses difficult
to interpret, obscuring the importance of considering genetic diversity estimates within conservation assessments.

The neutral theory of molecular evolution states that most genetic variation we can detect in a population across
genomes is selectively neutral [16]. This is because deleterious mutations that deteriorate individual fitness are
eliminated from populations by purifying natural selection. In contrast, adaptive mutations will rapidly increase their
frequency to reach the whole population through adaptive natural selection. Genetic variation arises from mutations,
primarily resulting from DNA replication and repair errors. It is lost at a rate determined by population size through
genetic drift (i.e., random sampling of gametes). Consequently, neutral genetic diversity within a population is expected
to exhibit a direct and positive correlation with population census over time [16]. Thus, under the neutral model of
molecular evolution, genetic diversity, known as 0, is directly proportional to the product of effective population size
(Ne) and the mutation rate (u) (i.e., 0 =4 N.u, [16]). The simplest statistic to estimate 6, can be defined as the average
number of mutations observed in a sample of DNA sequences, known as the Watterson estimator of 0, Ow [17,18], ([19],
equation (25)). However, demographic changes such as population declines can increase the rate of loss of genetic
diversity due to genetic drift, which can be detected by examining the frequency of the mutations observed in a
population [20]. To obtain an early diagnosis of a species’ conservation status, Petit-Marty et al. 2021-2022 [8,9]
suggested using estimates of genetic diversity based on frequency, such as the pairwise differences among all possible
pairs of sequences in the sample, known as nucleotide diversity, wt, or 8, [18], ([19], equation (26)). Frequency-based
estimates of genetic diversity are expected to be more affected by recent changes in population sizes than the average
number of mutations, Ow. This is because low-frequency mutations will be the first to be affected by population changes,
decreasing in number when populations decline due to genetic drift or increasing when populations grow by gaining
new mutations. Therefore, when populations undergo a bottleneck, the Site Frequency Spectrum (SFS) of the mutations
in the population will first be skewed to the right, evidencing the loss of low-frequency variants. However, when the
pressures causing the population declines are released (i.e., overfishing pressures), the population will begin to grow
towards reaching the previous state of population equilibrium. Nevertheless, depending on the magnitude of population
decline and genetic diversity loss, genetic recovery can take longer than the recovery of abundance [9]. Population
growth will then add new individuals to the populations, increasing the number of observed mutations, producing a
skew to the left in the SFS due to the excess of new mutations at low frequency [20]. Hence, insight into the recent
demographic history of the species populations can be obtained by contrasting the observed SFS in the populations with
those expected under constant size or other demographic models [20,21]. However, when working with single molecular
markers, such as the one used in Petit-Marty et al. 2021, 2022 [8,9] (i.e., the Cytochrome Oxidase Subunit I
mitochondrial gene, or COI), adaptive natural selection acting on them can also produce deviations in the SFS of the
mutations [22] which can be confounded with changes in population size.

The advent of high-throughput sequencing technologies allows us to study the patterns of genetic variation at the
whole-genome level, which are expected to behave mostly neutrally and, therefore, be primarily affected by
demography rather than by adaptive natural selection [16]. These technologies enable the implementation of genomic
estimates of genetic diversity within conservation assessments, e.g., [10]. Nonetheless, data produced by these
technologies must be processed and cleaned to eliminate spurious variation produced by sequencing errors. However,
this cleaning could bias the estimates of the levels of genetic diversity, potentially obscuring the effects of recent
demographic changes [23—25]. The most commonly used pipelines to estimate genomic levels of genetic diversity are
based on calling SNPs, followed by filtering the called SNPs using different quality scores. These filters usually include
a Minor Allele Frequency (MAF) cut-off, frequently at 5% for marine fish species (see examples in [26—34]).
Consequently, low-frequency mutations, which are informative of recent demographic events, are excluded from
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genetic diversity analyses, thereby reducing the power of these statistics to inform on recent changes in population size.
Additionally, when SNPs derived from reduced representation sequencing methods, such as Restriction-site-Associated
DNA sequencing (RAD-seq), are analyzed, it is common practice to allow missing data to increase the power of SNP
detection [35,36]. Nevertheless, to make genetic diversity estimates comparable among genomic regions and/or species
populations, these need to be averaged by the total number of analyzed genomic sites (i.e., 0 by site, [18]). Thus, accurate
genetic diversity estimates require precise estimates of the number of invariant sites, which depend on the quality of
alignments [23-25,35]. Thus, the number of invariant genomic positions analyzed should be adjusted when considering
missing data, which is difficult after SNPs are called, leading to an overestimation of genetic diversity levels [23-25].
Therefore, filtering SNPs by MAF and allowing missing data without adjusting the number of invariant genomic
positions could produce biased and non-informative genome-wide estimates of genetic diversity. It could be especially
relevant for abundant species like exploited fish, where low-frequency mutations could provide valuable information
on recent demographic changes in population sizes. Alternatively, the use of a genotype-likelihood-based approach
[19,35] allows for the estimation of the whole Site Frequency Spectrum (SFS), which includes all genomic positions
with available information (i.e., SNPs and invariant genomic positions) for any considered cut-off of missing values.
This approach potentially yields more accurate estimates of genetic diversity and neutrality deviations. RAD-seq data
are a valuable source of population genomic information for non-model species without reference genomes, and they
are widely used for evaluating genetic differentiation and connectivity in fish stocks e.g., [26-34]. Therefore, taking
full advantage of this technique to estimate informative population genetics statistics of population conservation status
seems essential. A full folded SFS can be computed using RAD-seq data by employing the assembled RAD-locus as a
reference (i.e., using Stacks v2 software [36]) and then processing alignments using either SNP-calling or genotype-
likelihood approaches to estimate genetic diversity and neutrality deviation statistics.

In this study, I re-analyse RAD-seq data from a population of an abundant species of high economic importance,
the European hake (Merluccius merluccius), obtained by [26] to estimate 0., the SFS of mutations, and Tajima’s D
statistic by using two different approaches: (1) the commonly used SNP-calling-based approach, and (2) the genotype
likelihood-based approach. This species population belong to the Southern European hake fishery, which has
documented declines in abundance due to fishing activities [37]. Additionally, a 43-fold decrease in the effective
population size (N.), along with a loss of allele richness, has been detected in the last decades of the 20th century for
this fishery through the analysis of mitochondrial and microsatellite genetic markers from various historical samples
collected between 1975 and 2014 [37,38]. Using coalescent simulations, Petit-Marty et al. [8] demonstrate that declines
of more than 70% in effective population size would significantly reduce the levels of nucleotide diversity in the
populations (0., 18). Thus, the enormous magnitude of the decline in N, found for this population should be detectable
using traditional population genetics methods.

2. Methods

Data from Restriction-site-Associated DNA sequencing (RAD-seq) of a European hake population from the
Southern Atlantic stock [26] were downloaded from NCBI (N = 60; PRINA556115 GAV and GAI individuals). Leone
et al. [26] analyzed samples collected in Galician waters during summer (GAV) and winter (GAI) to check for genetic
differences between seasons. They did not find any genetic differentiation between the seasons; therefore, in this study,
samples from summer and winter were grouped to increase the sample size. Briefly, RAD-seq data were produced by
[26] following [39] digesting DNA from each sample using the Sbfl restriction enzyme and then ligating it to [llumina
adapters containing 5 bp sample-specific barcodes and library adapters. Genomic libraries were amplified, and pools
were paired-end sequenced (100 bp) on an Illumina HiSeq2000. The European hake genome was downloaded from
NCBI (Accession: GCA _964260605.1). Fastq files from the RAD-seq data were aligned to the genome using bwa-
mem?2 [40] with default parameters. Genomic alignments were converted to BAM format, indexed, and sorted using
samtools 1.2 [41].

Two different approaches were used to obtain nucleotide diversity, and Tajima’s D neutrality index, and deviations
from expected constant population sizes were tested by a third method using coalescent simulations:

1. Genotype likelihood-based approach: To estimate the folded Site Frequency Spectrum (SFS), BAM files were
analyzed using ANGSD version 0.940 [35] with the following commands: -doSaf 1 -minMapQ 30 -minQ 20 -GL 1,
using identical ancestral (-anc) and reference genome (-ref) parameters, and -minlnd X, where X was 60 (i.e., no missing
data) or 30 (i.e., 50% missing data). The folded SFS was obtained using the realSFS script of ANGSD with the
commands -fold 1 -maxIter 100. Genetic diversity, estimated as the average pairwise differences in the number of
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mutations within a population (0,, [18,19]) and Tajima’s D statistic [20], were derived from the analysis of the SFS
using the realSFS saf2theta and thetaStat do_stat scripts for genomic windows of 50 Kbp and a step of 10 Kbp (-win
50,000 -step 10,000). Nucleotide diversity estimates (0;) by site were calculated by dividing the number of pairwise
differences in the number of mutations by the total number of analyzed genomic positions in the sample.

2. SNP-calling-based approach: SNP calling was performed with beftools v.1.22 mpileup and bcftools call, and
filtered for quality control using vcftools v0.1.17 [41] with the following parameters: --minQ 20 --minDP 10 --remove-
indels --max_missing X and --maf Y, where X was 1 (i.e., no missing data) or 0.5 (i.e., 50% missing data) and Y was
0.008 (i.e., the minimum MAF of the sample) or 0.05. Nucleotide diversity estimates (0;) in sliding windows of 50 Kbp
and a step of 10 Kbp were obtained using vcftools with the command --window-pi-step, and Tajima’s D was calculated
in bins of 50 Kbp with the command --TajimaD. Folded SFS were generated using the command --freq in vcftools, then
clustering Minor Allele Frequencies into frequency categories.

3. Neutral Expectations: To assess the accuracy of the methods for detecting changes in population size, 100 neutral
site frequency spectra (SFS) from a population with a constant size over time were generated using the ms software
(version 14/10/2007) [21], which employs coalescent theory to simulate the genealogical history of a sample of alleles
from a population, considering various demographic parameters such as population size and mutation rates. The
parameters used in the simulations were based on the average number of mutations in 1000 bp (6) found by analysing
the RAD-seq data using the two methods and SNP filtering described in points 1 and 2, where 6 is defined as (4/N.u),
with u representing the mutation rate and N. being the effective population size. The commands used were: ms 120 100
-t 6, with 0 taking values of 37 for the genotype likelihood-based approach with no missing values and 49 with 50%
missing values. For the SNP-calling-based approach without filtering by Minor Allele Frequency (i.e., MAF1), 0 was
31 when missing data were not allowed and 28 when 50% of missing data were permitted. Finally, for the results
produced with the dataset filtered by MAF 0.05, 8 was 15 and 13 for no missing values and 50% missing values,
respectively. Output files from MS were processed with ANGSD software (version 0.940) in the same way as for
analysing the real population data, yielding the SFSs, genetic diversity, and Tajima’s D estimates expected for a
neutrally evolving population with a constant population size over time.

All statistical analyses were performed in R v4.4 [42].

3. Results

Four statistics were compared among approaches and datasets: (1) the percentage of detected SNPs, (2) nucleotide
diversity, 0. [18], (3) the Tajimas’ D neutrality index [20], and (4) the percentage of SNPs with frequencies below 10%
(Table 1).

Compared to conventional SNP-calling methods, the genotype-likelihoods-based approach demonstrates a higher
power to detect SNPs (Table 1). Estimates of nucleotide diversity (6x) from the genotype-likelihoods-based approach
show no significant differences among datasets regarding the allowance of missing data. In contrast, differences in 0
estimates were found when comparing datasets that allowed or did not allow missing data when estimated by the SNP-
calling-based approach (Figure 1). When using the SNP-calling-based approach, 6. values are overestimated when
considering missing values compared to the estimates when no missing data are allowed.

All 0, estimates obtained from analysing the different datasets were significantly different from those expected
under a constant population size (Asymptotic Wilcoxon-Mann-Whitney Test p-value < 2.2 x 107'%), except for the
dataset with 50% missing values and a MAF > 5% (dataset MAF2 miss), where the results were not significantly
different (Figure 1).

Tajima’s D statistic measures the differences between two estimators of genetic diversity, 0w and 0, [20], which
are expected to be not significantly different from O for constant population sizes. For the SNP-calling-based approach,
neutral deviations measured by Tajima’s D were significantly different among MAF datasets (Asymptotic Wilcoxon-
Mann-Whitney Test p-value < 2.2 x 107'°), with a strong deviation towards positive values in datasets filtered by MAF >
5% (Figure 2). Moreover, differences in estimated Tajima’s D were also found when comparing the dataset without
MAF filtering, with or without missing data, showing increased D values in the dataset that included missing data. In
contrast, for the genotype-likelihood-based approach, considering missing data does not significantly affect Tajima’s D
statistic (Figure 2).

When 6, and D estimates are contrasted with the expectations of a constant population size with identical current
effective sizes (see methods) for each dataset (Figures 1 and 2), genotype-likelihood-based estimates of 6, and Tajima’s
D were significantly decreased according to the expectations based on historical abundance estimates (i.e., the
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population experienced a bottleneck). Only the dataset produced by the SNP-calling approach without filtering by MAF
and without missing data shows the same significant tendency (i.e., MAF1 nomiss, Figures 1 and 2). Adding a MAF >
5% filter produces significantly higher Tajima’s D than expected for a constant size (Figure 2).

Table 1. Basic statistics were obtained for each approach, as well as SNP filtering. Datasets: MAF1 indicates no MAF filtering,
and MAF? filtering by MAF > 5%; nomiss indicates that missing data was not included, and miss indicates that 50% of missing
data was allowed in the SNP discovering.

N° of Detected % SNPs MAF < 0.10
A h D y Ps! n Tajima’s D (E 2
pproac ataset SNPs % SNPs (Expected = 58% ?) 0 ajima’s D (Expected )
MAF1-nomiss 201,938 3% 72 6.7x107 —0.80 (—0.040)
. MAF1-miss 547,673 3% 65 1.3x10™ —0.47 (0.002)
SNP-Calling-based ) _
MAF2-nomiss 86,859 1% 34 6.2 %107 0.95 (—0.035)
MAF2-miss 299,745 2% 36 1.2x10* 0.97 (—0.035)
genotype- SFS-nomiss 248,100 4% 74 48 %1073 —1.07 (—0.040)
likelihood-based SFS-miss 1,008,442 5% 73 3.9x107 —1.16 (—0.041)

! Estimated as (N° SNPs/Total N° of analyzed genomic positions) x 100; 2 Expected under a model of constant population size.

3x10*

2x10% |

1x10*

» $ =
+*

0 | |
SFS-nomiss SFS-miss MAF1-nomiss MAF1-miss MAF2-nomiss MAF2-miss

SIM (SFS-nomiss) SIM (SFS-miss) SIM (MAF1-nomiss) SIM (MAF1-miss)  SIM (MAF2-nomiss) SIM (MAF2-miss)

Figure 1. Average pairwise nucleotide differences (0x) estimated for each dataset in sliding windows analyses across the genome
(window size 50 Kbp, step 10 Kbp). Datasets: SFS shows results obtained by the genotype-likelihood-based approach, MAF shows
results obtained by the SNP-calling-based approach, and SIM means simulated datasets under constant population sizes (see
methods). MAF1 indicate no MAF filtering, and MAF2 filtering by MAF > 5%; nomiss indicates that missing data was not included
in the analyses, and miss indicates that 50% of missing data was allowed in the SNP discovering.
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SFS-nomiss SFS-miss MAF1-nomiss MAF1-miss MAF2-nomiss MAF2-miss

SIM (SFS-nomiss) SIM (SFS-miss) SIM (MAF1-nomiss) SIM (MAF 1-miss) SIM (MAF2-nomiss) SIM (MAF2-miss)

Figure 2. Average Tajima’s D estimated for each dataset across the genome in windows of 50 Kbp. Datasets: SFS shows results
obtained by the Genotype-likelihood-based approach, MAF shows results obtained by the SNP-calling-based approach, and SIM
means simulated datasets under constant population sizes (see methods). MAF1 indicate no MAF filtering, and MAF?2 filtering by
MAF > 5%; nomiss indicates that missing data was not included in the analysis, and miss indicates that 50% of missing data was
allowed in the SNP discovering. The composite parameter theta = N.u in 1000 bp used in simulations was estimated to be 37 for
the SFS-based approach when no missing values and 49 when 50% of missing genomic positions were allowed. For the SNP-
calling-based approach without filtering by Minor Allele Frequency (i.e., MAF1), theta was 31 when missing values were not
allowed and 28 when 50% of missing data were allowed. Finally, for the results produced with the dataset filtered by MAF > 5%,
theta was 15 and 13 for no missing and 50% of missing values, respectively.

Figure 3 shows the differences in the Site Frequency Spectrum among methods and filtering, compared to the
neutral expectations for constant effective population sizes. It can be observed that a significant excess of low-frequency
SNPs can be detected by examining the SFS when no MAF filtering is performed. In contrast, filtering by MAF > 5%
resulted in all but the first frequency category presenting overestimates of the proportion of SNPs, completely altering
the SFS and the probable interpretation of the results. Differences in the number of SNPs expected at frequencies lower
than 10% are significantly higher for the genotype-likelihood-based approach and the SNP-calling approach without
MATFF filtering. They are significantly lower for the SNP-calling approach with MAF filtering > 5% (2-sample test for
equality of proportions with continuity correction, p-value < 2.2 x 107'%),
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Figure 3. Site Frequency Spectrum (SFS) of the mutations among the analyzed datasets. Red: expectations from a neutral model
of constant population size. Blue, (SFS-miss): Genotype-likelihood-based methods with 50% missing data. Light blue (SFS-nomiss):
Genotype-likelihood-based methods with no missing data. Purple (MAF 1-miss): SNP-calling-based methods with no MAF filtering
and 50% missing data. Light purple (MAF1-nomiss) SNP-calling-based methods have no MAF filtering and missing data. Green
(MAF2-miss): SNP-calling-based methods with MAF > 5% and 50% of missing data. Light green (MAF2-nomiss): SNP-calling-
based methods with MAF > 5% and no missing data.

4. Discussion

This study demonstrated that the choice of methods used to estimate genome-wide levels of genetic diversity can
lead to disparate results, obscuring the importance of considering genetic diversity estimates and the power of
population genetics statistics in informing conservation status assessments.

Here, an European hake population that experienced a recent strong decline of around 80% of its biomass, along
with a loss of genetic diversity and at least a 40-fold reduction in its ancestral effective size, followed by population
growth driven by the release of fishing pressures [37,38], was analyzed using two different pipelines and various SNP
filtering strategies. Obtained estimates of nucleotide diversity, and deviations from neutrality expectations of constant
population size, indicate that the recent population size change experienced by this population could not be revealed by
using the most popular pipeline based on SNP-calling, followed by SNP filtering allowing for missing data and/or
filtering at Minor Allele Frequency (MAF) > 5%. In contrast, genotype-likelihood-based estimates of genome-wide
levels of nucleotide diversity were congruent with expectations from historical stock abundance estimates. Additionally,
when employing the genotype-likelihood-based approach that allows for missing data to improve the power of SNP
detection, there was no influence on the estimates of nucleotide diversity or Tajima’s D index of neutrality, which
showed the expected pattern based on the known population demographic history.

Two main differences biasing nucleotide diversity estimates are detected between the two approaches used in this
study (i.e., SNP-calling versus genotype-likelihood-based). Firstly, the already known effect of inaccurate estimates of
invariant genomics position in the SNP-calling-based methods, for which corrections have been proposed [23-25].
When allowing for missing data at SNP positions, the number of detected SNPs increases, while the number of invariant
genomic positions remains fixed in the SNP-calling-based approach. Differently, the number of invariant informative
genomic positions changes jointly with the number of SNPs in the genotype-likelihood-based approach, producing more
accurate estimates of nucleotide diversity. The results indicate that by allowing missing data in the SNP-calling-based
approach, both estimates of genetic diversity, Ow and 0, are likely to be overestimated, obscuring the differences
between them and therefore producing non-significant deviations from the neutral expectations of constant population
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size over time. Secondly, filtering by Minor Allele Frequency (i.e., MAF > 5%) in the SNP-calling approach eliminated
around 50% of the genetic variation, decreasing 0, and consequently producing disparate estimates of the Tajima’s D
neutrality index [20] in a manner contrary to what is expected based on the known census history of the population.

In this study, it is also demonstrated that working with a sample size of 60 individuals, and therefore a minimum
MAF of 0.008, it was sufficient to effectively detect changes in the Site Frequency Spectrum using the genotype-
likelihood-based approach, evidencing the recent population bottleneck. Hence, to gain insights into recent population
size declines using RAD-seq data and population genetics statistics, it is of high importance to implement analytical
approaches that consider the full Site Frequency Spectrum of the sample, including invariant genomic positions with
the same alignments and base qualities, as implemented in the genotype-likelihood-based approach of ANGSD software
(version 0.940) [35]. This is especially relevant for abundant fish species under exploitation, where rapid census
recovery after periods of over-exploitation can obscure the loss of genetic diversity produced during the depletion period.
Moreover, in the absence of historical abundance data for such species, the average number of mutations (Ow, [17]) may
not be sufficient to detect loss of genetic diversity. This is because the number of mutations in the population tends to
recover in parallel with population abundance, whereas the recovery of their frequency is considerably slower. Other
estimators of genome-wide genetic diversity that are not based on allele frequency—such as heterozygosity, i.e., [6,43—
45]—have also been shown to be sensitive to sample size, missing data, and SNP filtering thresholds [46], which limits
their reliability for detecting recent fluctuations in population size. Indeed, in the study by Leone et al. (2019) [26], the
observed and expected heterozygosity estimates for the same population data analyzed here showed slight, non-
significant differences. Thus, it is highly recommended to use genetic diversity estimates that consider the frequency of
the mutations in the population, such as nucleotide diversity by site (65, [18]), which will be more sensitive to recent
population size declines [8,9,20]. Given that genetic variation is the raw material for adaptive natural selection
[3,45,47,48], declines in genetic diversity levels can reduce adaptive potential, threatening populations to extinction
under the current scenario of environmental change.

5. Conclusions

This study demonstrates how genome-wide estimates of genetic diversity can be used to infer the current
conservation status of species populations through genotype-likelihood-based estimates of the Site Frequency Spectrum.
It also highlights that commonly used SNP-calling pipelines for estimating genetic diversity can introduce biases in
neutrality tests, potentially limiting the effectiveness of population genetic analyses in informing biodiversity
conservation and the sustainable management of marine resources.
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