[bookmark: _d0g2skesrbwr]SUPPLEMENTARY MATERIAL 1 - DNA extraction and quality control
The DNA extraction protocol adopted in this study was critical for ensuring the high quality of DNA necessary for the ddRAD method, which demands accurate quantification and equitable representation of all samples in the final library. The following 6-steps workflow was adopted in the study: 1) initial DNA extraction; 2) first quality control check using gel electrophoresis and Nanodrop spectrophotometer measurements to assess purity and integrity; 3) post-extraction treatment included RNase application to remove residual RNA, which might interfere with subsequent analyses; 4) second quality control with gel electrophoresis ensured RNA removal and DNA integrity; 5) DNA quantification using a Qubit Fluorometer and Qubit dsDNA BR Assay to confirm sample quality; 6) final concentration adjustments for library construction, including diluting and transferring samples to 96-well plates.
Quality was categorized based on the presence and clarity of high molecular weight (HMW) DNA bands: good quality samples showed a sharp, distinct HMW DNA band with no smearing; medium quality had both a HMW DNA band and some smearing; poor quality was indicated by the absence of a HMW DNA band, making the sample unsuitable for use.
Attempts to use alternative DNA extraction methods involving commercial kits were made, particularly for problematic samples, but these did not yield HMW DNA, likely due to the low quality of the tissues available and the reduced efficiency and yield of these kits.
[bookmark: _kah0wmo4o3lk]
SUPPLEMENTARY MATERIAL 2 - Library preparation and sequencing
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Supplementary Figure 2.1 - DNA quality distribution across geographical localities
DNA quality of the 1,373 Mullus barbatus specimens included in the sequencing libraries. No specimens with poor-quality DNA were finally included. 
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Supplementary Figure 2.2 - Distribution of individuals across sequencing libraries
Distribution of the 1,373 M. barbatus specimens selected for sequencing across five sequencing libraries. The first library (red) served as a pilot to refine the sequencing protocols, while the subsequent four libraries (blues) were part of the comprehensive study.

[bookmark: _93aplgsd2ohc]SUPPLEMENTARY MATERIAL 3 - Raw data processing and genome mapping
Raw fastq files generated at the sequencing facilities underwent comprehensive pre-genotype calling filtering, focusing on read and mapping qualities (1).
The initial step involved demultiplexing, adapters trimming and quality filtering using the process_radtags program from Stacks (v2.62, (2)). This program was used with default settings to first verify the integrity of the barcode and the RAD cutsite. It allows for corrections in the barcode or RAD site within a specified tolerance. Following this, it applies a sliding window analysis (15% of the read length) to assess the average quality score within the window. Reads are discarded if the score falls below a 90% probability of accuracy (phred score of 10). Additionally, reads exhibiting excessive poly-G runs at the 3’ end are also discarded.
This filtering process resulted in an average of 2,160,405 reads per individual. However, performance varied across geographical sites, with some sites yielding lower number of reads (Supplementary Figure 3.1). 
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Supplementary Figure 3.1 - Number of processed reads per geographical site
Number of reads resulting from running Stacks process_radtags on 1,373 M. barbatus specimens. The y-axis, representing the number of reads, is displayed on a logarithmic scale to better visualize the range and distribution across several orders of magnitude. Each box represents the interquartile range of reads per site, with the median marked inside the box. Individual specimens are depicted as black dots.

Processed reads were aligned to the newly produced reference genome using the bwa mem algorithm (v0.7.17, (3)), which is recognized for its speed and accuracy with reads longer than 100bp. Default settings were applied during the mapping process to maintain consistency and reliability in the results. Post-alignment, mapping statistics were extracted using the samtools flagstat program (v1.7, (4)). 
The mapping step resulted in a slight reduction in the average number of reads retained for downstream analyses, with an average of 2,149,809 reads per specimen. The high average mapping efficiency, at 93.78%, reflects the robustness of the reference genome and the effectiveness of the alignment process. However, performance varied notably across geographical sites, with some sites, particularly those sequenced in Library 3, displaying a lower percentage of mapping (Supplementary Figure 3.2).
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Supplementary Figure 3.2 - Number and percentage of mapped reads per geographical site
a) Number of mapped reads for 1,373 M. barbatus specimens, grouped by geographical site and sequencing library. The y-axis, representing the number of mapped reads, is displayed on a logarithmic scale to better visualize the range and distribution across several orders of magnitude. b) Percentage of mapped reads. In both figures each box represents the interquartile range of reads per site, with the median marked inside the box. Individual specimens are depicted as black dots.

Pre-genotype calling filtering should encompass not only read and mapping quality but also read depth (1). This statistic was measured using the samtools depth utility on BAM files generated from the mapping process. This depth analysis revealed significant variability in per-base read depth both within and across geographical sites (Supplementary Figure 3.3). A notable portion of the specimens displayed extreme values in read depth: 305 specimens had a median per-base read depth lower than 10, while 204 specimens exhibited values higher than 100. These disparities underscore the inconsistent performance across sequencing libraries previously observed.
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Supplementary Figure 3.3 - Read depth per individual
Per-base read depth for 1,373 M. barbatus specimens as derived from BAM files using the samtools depth utility. Each specimen's read depth variation is visualized by blue bars representing the interquartile range, with the median read depth for each specimen marked by a blue dot. Specimens are organized by sequencing library, with divisions between libraries indicated by vertical grey lines. 

During the individuals filtering and genotype calling stages, loci with low coverage are typically excluded from downstream analyses to maintain data quality. However, in this study, a significant challenge was presented by the widespread high depth observed across many loci and individuals. Removing these highly covered loci would have further reduced the number of SNPs available for population genomics analyses, thus negatively impacting the study’s overall genomic resolution. Additionally, the ddRAD sequencing protocols used do not allow for the identification and removal of PCR duplicates, which could have indeed mitigated the potential biases introduced by the latter on genotype calls (5,6). This limitation required the inclusion of highly covered loci in the dataset while carefully considering the potential biases they might introduce in the interpretation of the final results.

[bookmark: _9anox0y0rsiw]SUPPLEMENTARY MATERIAL 4 - Call rate thresholds and missing data patterns
Following published guidelines (1,7) SNP data were defined following these criteria: a minor allele frequency of 0.01 (--min-maf 0.01), a maximum observed heterozygosity of 0.70 (--max-obs-het 0.70) and a minimum call rate threshold of 80% within each geographical site (-r 80 -p 32).
Under the above described criteria no SNPs were resulting from the dataset of 1,373 individuals, highlighting the inflation of poorly sequenced samples within the dataset, as already observed in previous data processing steps (Supplementary Material 3). When switching the minimum call rate from population to whole dataset level, more SNPs were recovered underlying the inconsistent distribution of poorly sequenced samples across geographical sites already observed (Supplementary Figure 4.1).
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Supplementary Figure 4.1 -  SNP retention across different call rates
Number of SNPs retained from 1,373 M. barbatus specimens across 32 geographical sites, under increasing per-site minimum call rates (Stacks populations r parameter) (a) and overall minimum call rates (R parameter) (b). Additionally, the minimum minor allele frequency (--min-maf) was set to 0.01 and the maximum observed heterozygosity (--max-obs-het) to 0.70. 

Indeed, even though the use of filters on the overall loci call rate (-R parameter) led to a higher number of SNPs saved, it also caused inconsistent levels of missing data across geographical sites. Same inconsistency is observed across sequencing libraries (Supplementary Figure 4.2). 
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Supplementary Figure 4.2 - Missingness across different call rates
Individual missingness at 1,373 M. barbatus specimens across 32 geographical sites, under increasing per-site minimum call rates (Stacks populations -r parameter) (a) and overall minimum call rates (Stacks populations -R parameter) (b). Additionally, the minimum minor allele frequency (--min-maf) was set to 0.01 and the maximum observed heterozygosity (--max-obs-het) to 0.70. The sequencing library from the pilot study (Library1) is reported in red, while the ones from the comprehensive study are shown in blue.

Missing loci in RADseq data are often attributed to polymorphisms at restriction sites, although this typically exerts a minor effect unless genetic diversity is exceedingly high (5,8,9). Accordingly, given the low genetic diversity measured in the present and previous studies (10–14) and the batch effect observed in previous data processing steps (Supplementary Material 3), poor and inconsistent library complexity is most likely the primary cause of missing data in this study (5,6). This strengthened the strategy of filtering over the minimum call rate across geographical sites (-r parameter).

[bookmark: _ni39j4kehiu1]SUPPLEMENTARY MATERIAL 5 - Iterative filtering
High missingness can obscure biological signals in population structure analyses (15). In such cases, filtering loci with high missingness is preferable (1,7,16). However, when poorly sequenced specimens are widespread, this approach can drastically reduce the SNP set. Iterative filtering approaches (1,17) are better suited for such cases since high missingness individuals and loci are gradually removed almost simultaneously, optimizing the balance between individual retention and SNP call rate.
Given the widespread inflation of poorly sequenced specimens across the dataset (Supplementary Material 3) a first individual filtering on the sequencing and mapping performance was applied. Specimens with a number of mapped reads lower than 500,000 or a mapping performance lower than 95% were removed. Finally, geographical sites ending up with less than 15 individuals were completely removed. 768 individuals from 26 geographical sites resulted from this first filtering step (Supplementary Figure 5.1).
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Supplementary Figure 5.1 - First step of individual filtering
Number of M. barbatus specimens removed from the starting 1,373 individuals dataset at the first individual filtering step: 491 individuals with less than 500,000 mapped reads (light red), 84 individuals with less than 95% of mapped reads (red) and 6 geographical sites (30 individuals) with a sample size smaller than 15 (dark red). 768 individuals from 26 geographical sites were finally kept (blue). A red horizontal line is drawn at the minimum sample size.

In order to finally keep a consistent representativeness across geographical sites we set a minimum and maximum sample size, 15 and 25 respectively, as a compromise between the number of high quality individuals within savable sites (resulting from previous filtering attempts) and the sample size required for population genomics inferences. These criteria led to the 625 specimens showing the least missingness from each of the 26 sites resulting from the first filtering step (Supplementary Figure 5.2).
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Supplementary Figure 5.2 - Second step of individual filtering
Missingness (measured from SNPs defined by the -r80 -p27 Stacks populations parameters) of the 768 M. barbatus specimens resulting from the previous filtering step. 143 individuals with the highest missingness were removed from geographical sites exceeding the maximum sample size (25) (red) at the second filtering step. 625 individuals from 26 geographical sites were finally kept (blue).

Starting from the resulting 625 individuals dataset the iterative filtering has been performed: at each step individuals showing a missingness at the r80 SNPs dataset lower than 0.1 were removed, consequently geographical sites with a sample size lower than 15 are completely removed. After three iterations no individuals were further removed given the low and consistent missingness measured at the obtained dataset of 416 individuals from 18 geographical sites (Supplementary Figure 5.3).
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Supplementary Figure 5.3 - Iterative filtering
Number of M. barbatus specimens removed at each iteration of the iterative filtering from the 625 individuals dataset resulting from the previous filtering step: 51 individuals and 1 geographical site from iteration #1 (light red), 74 individuals and 4 geographical sites from iteration #2 (red), 84 individuals and 3 geographical sites from iteration #3 (dark red). 416 individuals from 18 geographical sites were finally kept (blue). A red horizontal line is drawn at the minimum sample size.

Given the low number of individuals from certain kept geographical sites, a further sample size reduction to 20 was applied to geographical sites exceeding this size to guarantee consistency. Differently from what was done previously, individuals were randomly selected within each geographical site at this final step in order to maintain consistency in terms of missingness across sites.
A final dataset of 350 high quality individuals consistently arranged across 18 geographical sites was produced. The entire Mediterranean coverage was maintained, but some areas were unfortunately lost due to low quality (e.g. Northern Adriatic and Northern Tyrrhenian Seas) (Supplementary Figure 5.4).
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Supplementary Figure 5.4 - Sampling sites included in the final dataset
Map showing the locations of the 1,373 M. barbatus specimens sequenced. 350 individuals included in the final dataset are reported in blue, removed individuals in red. 

This filtering strategy effectively standardized sequencing yield and mapping performance. In the initial dataset of 1,373 specimens, the number of reads per individual ranged from 568 to 59,036,450 (Supplementary Figure 3.1), with mapping performance between 11.31% and 99.88% (Supplementary Figure 3.2). After filtering, the final dataset of 350 specimens showed a more consistent range of 526,068 to 7,108,806 reads per individual, with mapping performance improving to 96.48%–99.86% (Supplementary Figure 5.5).
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Supplementary Figure 5.5 - Number of reads and percentage of mapping per geographical site in the final dataset
a) Number of reads for 350 M. barbatus specimens, grouped by geographical site and sequencing library. The y-axis, representing the number of reads, is displayed on a logarithmic scale to better visualize the range and distribution across several orders of magnitude. b) Percentage of mapped reads. In both figures each box represents the interquartile range of reads per site, with the median marked inside the box. Individual specimens are depicted as black dots.

This iterative approach effectively optimized the balance between individual retention and SNP call rate. While the number of individuals was reduced from 1,373 to 350, the number of called SNPs increased from 0 to 7,569, with 1,592 retained when randomly selecting one SNP per locus, as applied in the population structure analysis (Supplementary Figure 5.6).
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Supplementary Figure 5.6 - Number of individuals and SNPs at each filtering step
Number of M. barbatus specimens and SNPs used for population structure analysis (Stacks populations -r80 -p[N_POP] -min-maf0.01 -max-obs-het -write-random-snp) at each filtering step.

To note, sequencing library 1 was completely removed and one single geographical site was kept from sequencing library 3 (Supplementary Figure 5.7). This further proved the effectiveness of the adopted filtering strategy in removing the batch effect resulting from different quality across sequencing libraries observed at previous data processing steps (Supplementary Material 3).
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Supplementary Figure 5.7 - Number of individuals kept from sequencing libraries at each filtering step
Number of M. barbatus specimens kept at each filtering step from each of the five sequencing libraries.

The final dataset displayed consequently consistent levels of missing data across geographical sites and sequencing libraries (Supplementary Figure 5.8).

[image: ]
Supplementary Figure 5.8 - Missingness across geographical sites in final dataset
Missingness (measured from SNPs defined by the -r80 -p18 Stacks populations parameters) of the 350 M. barbatus specimens resulting from the final filtering step. Each box represents the interquartile range of missingness per site, with the median marked inside the box. Individual specimens are depicted as black dots.

[bookmark: _c76kgh1nkxvd]SUPPLEMENTARY MATERIAL 6 - Macro-areas subdivision for AMOVA and outliers detection
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Supplementary Figure 6.1 - Sampling sites grouped by macro-areas
Map showing the locations of the 350 M. barbatus specimens included in the final dataset, grouped in five macro-areas based on the subregional technical units defined by the General Fisheries Commission for the Mediterranean (GFCM, (18)). The western Mediterranean macroarea has been splitted in two macro-areas given the larger sample coverage compared to other macro-areas.

[bookmark: _9oi0spaqb8md]SUPPLEMENTARY MATERIAL 7 - Population structure
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Supplementary Figure 7.1 - Percentage of variance of each principal component from PCA
Percentage of variance kept by each principal component from PCA shown in Figure 2b.
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Supplementary Figure 7.2 - Detection of the true number of groups from STRUCTURE output
a) Mean and standard deviation of the posterior probability of the data for each K (10 runs each), as the model choice criterion implemented in structure to detect the true K (19). b) Second order rate of change of the posterior probability function with respect to K, as the model choice criterion implemented in Evanno et al. (2005) (20).
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Supplementary Figure 7.3 - Ancestral proportions from each inspected model in STRUCTURE
Ancestral proportions of 350 M. barbatus specimens for each K model (10 runs each) as resulting from CLUMPAK (21). Mean similarity scores: K1 1.000, K2 0.999, K3 0.987, K4 0.959, K5 0.959, K6 0.955, K7 0.886, K8 0.819, K9 0.817, K10 0.845.
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Supplementary Figure 7.4 - Pairwise FST values and statistical significance
Pairwise FST values (a) and p-values (b) calculated from 350 M. barbatus specimens across 18 geographical sites using StAMPP (v1.6.3; (22)) with 100,000 permutations. No values showed statistical significance after correction for multiple tests (α < 0.05, (23)).

Supplementary Table 7.1 - Results from Powsim
	Fst
	Ne
	Generations
	Power

	0.0010
	4820
	10
	70%

	0.0012
	4820
	12
	100%

	0.0012
	7228
	18
	90%

	0.0014
	7228
	20
	100%

	0.0011
	14294
	32
	80%

	0.0013
	14294
	36
	100%


This table presents the results of Powsim (v4.1, Ryman & Palm, 2006), using Powsim_b. We evaluated a range of expected divergence levels to determine the smallest detectable FST. Effective population size (Ne) was estimated directly from our SNP dataset using the linkage disequilibrium method in NeEstimator (v2.0, Do et al., 2014) (Supplementary Table 7.2). Power was assessed through 10 replicates. At the end of each simulation, samples were drawn with the same number and sizes as in the empirical dataset. Statistical homogeneity was tested using chi-square and Fisher’s exact test approaches. The proportion of significant outcomes (p < 0.05) across replicates was used to estimate statistical power.

Supplementary Table 7.2 - Results from NeEstimator
	Harmonic Mean Sample Size
	Independent Comparisons
	OverAll r^2
	Expected r^2 Sample
	Estimated Ne
	95% CIs for Ne

	320.2
	148764
	0.003188
	0.003142
	7228.3
	4819.4 - 14294.2


This table presents the results of NeEstimator (v2.0, (24)). Effective population size was estimated directly from the empirical 1,592 SNP dataset used for population structure inferences. The linkage disequilibrium method implemented in NeEstimator was used.

Supplementary Table 7.3 - Results from AMOVA
	Source of variation
	df
	Sum of squares
	Variance component (σ²)
	p-value
	Variance coefficient
	Phi-Statistics (Φ)

	Pop (macro-areas)
	4
	459.8294
	0.036124
	0.2465
	19.39639
	0.0003234266

	Subpop (geographical sites)
	13
	1462.1272
	0.044339
	0.3148
	19.56887
	0.0007204020

	Ind
	332
	37054.9542
	111.611308
	
	68.60714
	0.0003971038


Table presenting the results of Analysis of Molecular Variance (AMOVA) performed in pegas (v1.3, (25)) based on 100,000 permutations. Source of Variation: The hierarchical levels at which genetic variation is assessed. df (Degrees of Freedom): The number of independent comparisons for each level. Sum of Squares: The total genetic variation attributed to each level. Variance Component (σ²): The estimated genetic variance at each level. p-value: Statistical significance of variance at each level, testing whether the genetic differentiation is greater than expected by chance. Variance Coefficient: The proportion of total variance attributed to each level. Phi-Statistics (Φ): Measures of genetic differentiation indicating the proportion of genetic variance explained at each hierarchical level.

[bookmark: _gp0za214appw]SUPPLEMENTARY MATERIAL 8 - Parameters and results of outliers detection pipelines 
Bayescan (v2.1, (26))
Bayescan allows the identification of SNPs that are under selection because they show FST coefficients that are significantly more different than expected under neutrality and a given demographic model. BayeScan uses logistic regression to partition FST coefficients into a population-specific component (β), common to all loci, and a locus-specific component (α), common to all populations. Selection is detected when α is significantly different from zero, which occurs when the locus-specific component α explains the observed pattern of diversity. If α > 0, directional selection is assumed to be acting on the locus under analysis, whereas α < 0 suggests balancing or purifying selection.
BayeScan analyses comprised 50 pilot runs of 5,000 iterations, a burn-in of 50,000 iterations, a thinning interval of 50 (5,000 iterations were used for the estimation of posterior odds), and a prior odds ratio of 10 (prior belief that a selection model is 1/10 as likely as a neutral model for a given SNP). The threshold of significance was set at 0.05 after correction for multiple testing (q-values). 10 outliers resulted from the analysis.
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Supplementary Figure 8.1 - Outliers detected from Bayescan
Fst and log10(q-value) are reported. A vertical black line indicates the threshold of significance set at 0.05 after correction for multiple testing (q-values).

FstHet (v1.0.1, (27))
The FST-heterozygosity outlier detection approach implemented in FstHet R package estimates outliers based on empirical quantiles rather than a simulated null model. The fhsthet() wrapper was used to calculate smoothed quantiles from empirical Fst-heterozygosity distributions. SNPs above the 95% confidence intervals constructed with 1000 bootstraps for the expected relationship between He and FST were considered as outlier SNPs. SNPs showing FST values lower than 0.0 were considered to be under balancing selection, thus they were excluded from the 203 resulting outliers dataset.
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Supplementary Figure 8.2 - Outliers detected from FstHet
Heterozygosity and FST values measured from the FstHet R package. Thresholds of confidence are shown in red.

OutFLANK (v0.2, (28))
OutFLANK uses likelihood on a trimmed distribution of FST values to infer the distribution of FST for neutral markers. This distribution is then used to assign q-values to each locus to detect outliers that may be due to spatially heterogeneous selection.
The FST distribution from the entire SNP set was generated. A subset was then selected by randomly sorting out one SNP from each RAD locus. The neutral distribution of FST was then calibrated by trimming out right and left tails (0.05).
The mean FST and the degrees of freedom on the chi-square distribution measured from the estimated neutral FST distribution were finally used to detect outliers (q-value < 0.05). 6 outliers resulted from the analysis (Supplementary Figure 8.3).
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Supplementary Figure 8.3 - Outliers detected from OutFLANK
Heterozygosity and FST values measured from the OutFLANK R package. Outliers are marked as blue dots.
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Supplementary Figure 8.4 - Outliers detected by each pipeline
Venn diagram showing the number of outliers detected by each pipeline (OutFLANK: light blue; FstHet: blue; Bayescan: dark blue). Outliers detected by at least two pipelines (9) were considered the strongest candidates for directional selection.
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Supplementary Figure 8.5 - Allele frequency of candidate SNPs for directional selection
Minor allele frequencies are shown for the 9 outliers considered as the strongest candidates for directional selection since shared by two out of three outliers detection pipelines. Allele frequencies are measured across the five macro-areas used as putative populations for outliers detection analysis based on the subregional technical units defined by GFCM (Supplementary Figure 6.1).
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