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Sustainable harvest of wild populations requires knowledge of the underlying population structure. The focus of this study is on goldsinny wrasse
(Ctenolabrus rupestris), a small marine fish inhabiting coastal waters of the north-eastern Atlantic. This species is caught in large numbers to
serve as cleaner fish in salmonid aquaculture. We genotyped 2073 goldsinny wrasse from 43 sites along the Scandinavian coastline with 143
SNPs. Seven of the SNPs were linked and likely reside within a large genomic inversion dominated by one haplotype. The heterokaryotype
of the putative inversion displayed sex-specific growth patterns, potentially resolving sexual antagonism for this trait. The unlinked 134 SNPs
showed modest isolation-by-distance with samples from the northernmost locations showing highest divergence, whereas sites farther south
were much more interconnected. Genetic divergence (Fst) was highly variable among sites within regions, suggesting a varying degree of
connectivity and local divergence. We conclude that despite a high degree of gene-flow mediated through pelagic dispersal in early life stages,
regional and some local population structure remains due to limited adult movement in addition to other unidentified factors. Consequently, the

species might be more vulnerable to local disturbances than previously anticipated.
Keywords: cleaner fish, Ctenolabrus rupestris, genetic patchiness, IBD, SNP, structural variant.

Introduction

Efficient management of marine resources requires consid-
eration of the underlying population structures but in real-
ity, this knowledge is often lacking. The feasibility of using
fishes from the wrasse family (Labridae) to control parasitic
sea lice infestations on salmonid farms was first discovered in
late 1980s (Darwall et al., 1992; Sundt and Jerstad, 1998).
Since then, both the wrasse fisheries and commercial aqua-
culture of these species have developed substantially in Nor-
way (Halvorsen et al.,2021a) and elsewhere (Bolton-Warberg,
2018). In Norway, three species of wrasses are predominantly
used for delousing: goldsinny wrasse (Ctenolabrus rupestris),
corkwing wrasse (Symphodus melops), and ballan wrasse
(Labrus bergylta). About 18 million wild-caught wrasses are
currently deployed in salmonid farms each year (Supplemen-
tary Figure S1). This equals the maximum national fishing
quota set in 2018 to protect the wild fish stocks from overfish-
ing. Seven to eight million goldsinny and corkwing wrasses
are caught annually each, together with about two million
ballan wrasses. Moreover, a few hundred thousand wrasses
of Swedish origin are transported to salmonid farms in mid-
Norway yearly and used before the local wrasse fishing season
opens in July (Sandlund et al., 2022).

The large-scale use of cleaner fish in the aquaculture in-
dustry was well-established before management guidelines
for their sustainable use were considered (Halvorsen et al.,

2017). Fundamental knowledge of demography, abundance,
and population genetics was largely lacking, likely due to
their low prior commercial value (Darwall et al., 1992). These
small-bodied wrasses are often abundant in coastal marine
ecosystems, and as intermediate predators are likely to serve
an important role as both, prey and predator species (Olsen et
al., 2019). The distributions of wrasse overlap on rocky reefs
but the species have largely varying life histories and biological
traits (Darwall et al., 1992) making generalizations difficult
and management challenging. In past years, several studies
have significantly increased our knowledge of cleaner wrasses’
ecology (Halvorsen et al., 2017; Halvorsen et al., 2020) and
genetics (Knutsen et al., 2013; Jansson et al., 2017; Seljestad
et al., 2020; Faust et al., 2021), leading to better integrated-
management advice (Halvorsen et al., 2021a).

Goldsinny wrasse is the smallest of the cleaner fishes, grows
slowly (Skiftesvik et al.,2013), and rarely becomes larger than
16 cm (Halvorsen et al., 2017) but can live up to ~20 years
(Darwall et al., 1992).1t has a wide distribution in shallow wa-
ters of the north-east Atlantic stretching from North Africa to
mid-Norway, into the Black, Mediterranean, and Baltic Seas
(Pollard, 2010). Male and female goldsinny wrasse look sim-
ilar, without clear sexual dimorphism but males tend to grow
faster (Olsen et al., 2019). Goldsinny wrasse are stationary
during the breeding season (Halvorsen et al., 2021b), when
males defend small (<2m?) territories (Hilldén, 1981; 1984)
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into which they return every breeding season likely guided
by their sense for magnetic fields (Cresci et al., 2021). Dur-
ing winter months, goldsinny wrasse are inactive and hiber-
nate in deeper waters (Hilldén, 1984). Unlike other cleaner
wrasses, goldsinny wrasse is a broadcast-spawner with pelagic
eggs (Hilldén, 1984), do not show parental care (like cork-
wing wrasse that build nests), or change sex (like protogy-
nous ballan wrasse). These characteristics, together with the
species’ broad distribution (Halvorsen et al., 2021a) and the
wide depth coverage it inhabits, exceeding typical fishing
depths (Halvorsen et al., 2020) suggest that goldsinny wrasse
is likely more resilient against human disturbances than other
wrasse. However, Halvorsen et al. (2017) showed that inten-
sive wrasse fisheries had a considerable impact on the target
populations: the abundance of goldsinny wrasse was signifi-
cantly less in harvested sites compared to control sites.
Previous studies of goldsinny wrasse have detected genetic
differences between geographically distant populations (Jans-
son et al., 2020), which is likely due to limited adult migra-
tion and passive drift leading to isolation-by-distance (IBD).
However, adaptive differences between goldsinny wrasse pop-
ulations were postulated in an allozyme study (Sundt and
Jorstad, 1998) and with an outlier approach using genome-
wide SNP data (Jansson et al., 2020). As seen in cork-
wing wrasse (Faust et al., 2021), large-scale translocation of
goldsinny wrasse may cause human-mediated gene flow into
aquaculture-intense areas and influence natural population
genetic structure (Jansson et al., 2017). In this study, we pro-
vide additional genetic information to support the develop-
ment of goldsinny wrasse management strategies. We use a
combination of extensive sampling and new markers to bet-
ter resolve the genetic population structure of the goldsinny
wrasse in Scandinavia. This was achieved by genotyping over
2000 individuals from this area with a set of putatively dis-
criminatory SNPs developed by Jansson et al. (2020).

Materials and methods

Sampling

In all, 2147 goldsinny wrasse were collected from 2013 to
2017 at 43 locations along the Scandinavian coast (Figure 1).
Of these, 1148 fish from 26 sites were collected from roughly
evenly spaced locations, and formed the reference baseline in
this study (called “reference dataset”; Supplementary Table
S1). An additional 925 fish were included from 19 locations
in mid-Norway in 2017 (Supplementary Table S1 and Supple-
mentary Figure S2). This area was chosen for intensive sam-
pling due to its high density of salmonid farms, high local fish-
ing pressure, and import of wild wrasses from southern Scan-
dinavia. Data including all 2073 fish are indicated as the “full
dataset.” Sampling was opportunistic and included bycatches
from research cruises; thus, sample size per location and indi-
vidual metadata varied (Supplementary Table S1, Supplemen-
tary Figure S3, and Supplementary Table S2).

DNA isolation, genotyping, and data filtering

Genomic DNA was extracted from fin clips stored in absolute
ethanol with the Qiagen DNeasy Blood & Tissue Kit. In all,
2147 goldsinny wrasse were genotyped for 173 SNPs using the
Agena MassARRAY iPLEX Platform. Details of the marker
development and selection, as well as genotyping procedure,
appear in Jansson et al. (2020). Six SNP loci were genotyped
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twice to estimate the mean error rate for genotyping. Loci that
did not produce clear clustering patterns were removed. Call
rates were checked with dartR (Gruber et al., 2018). Loci and
individuals with >30% missing data were discarded. After
filtering, 143 SNPs and 2073 individuals remained. This full
dataset was then tested for locus independence with the poppr
2.9.1 (Kamvar et al., 2014) by calculating the index of asso-
ciation over all loci in the dataset using 199 permutations, as
well as per each locus pair. Locus pairs showing strong asso-
ciations were scrutinized.

Population genetic analysis

Both LD pruned and linked datasets were analysed, unless
otherwise stated. Whether all 43 sampling sites or the refer-
ence dataset with 26 sites was used depended on the analysis.

Haplotype reconstruction for linked loci

The likely haplotype for each individual of the linked seven
SNPs was reconstructed using the software PHASE, v2.1.1
(Stephens et al., 2001). This method includes a Bayesian ap-
proach that can infer phase and reconstruct the most likely
haplotypes. As each SNP is located on a different assem-
bly contig, the order of the SNPs on the chromosome was
unknown. Haplotype reconstruction was thus repeated once
for each permutation of SNP. The permutation that mini-
mized the estimated recombination rate in the whole window
was accepted as the likely order of SNPs along the chromo-
some. The positioning of the recovered haplotypes was scruti-
nized against the observed population patterns for the linked
dataset. Inferred haplotypes were used as a single locus dataset
to estimate genetic differentiation between samples.

Genetic variation and its division

Expected (Hg) and observed (Ho) heterozygosities, allelic
richness (A7), and inbreeding (Fis) were estimated with diveR-
sity (Keenan et al., 2013). Fis 95% confidence intervals were
calculated with 1000 bootstraps. Fit of loci and sampling sites
to expected Hardy—Weinberg proportions was tested with ex-
act tests with 1000 Markov Chain Monte Carlo (MCMC)
permutations with pegas v.1.1 (Paradis, 2010). Pairwise Fst-
values were calculated with SEAMPP (Pembleton et al., 2013).
P-values and 95% confidence intervals were estimated with
999 bootstraps and corrected for multiple comparisons with
the false discovery rate Benjamini and Hochberg (1995) ap-
proach.

IBD and population structure

First, we tested for correlation between genetic and oceano-
graphic distances using a Mantel approach in vegan 2.5-7
(Oksanen et al., 2020) with 999 permutations. Minimum wa-
terway distances between all samples were estimated with the
least path method in marmap 1.0.5 (Pante and Simon-Boubhet,
2013) in R 4.1.2 (https://www.R-project.org/). Corresponding
Euclidean genetic distances were calculated using gl.dit.pop()
function in dartT. Besides estimating the statistical signifi-
cance of the IBD model as a whole, we divided the data pairs
into several roughly equally long-distance classes. Significance
was tested with Mantel test in ecodist, 2.0.7 (Goslee and Ur-
ban, 2007) using 500 permutations and 500 iterations to cal-
culate the corresponding 95 % confidence intervals. This Man-
tel correlogram checks whether there is a correlation between
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Figure 1. Sampling locations (N = 43) divided into five areas. Note that many circles in the “Mid" region of Norway overlap and are inseparable. The five
geographic regions do not represent biological boundaries but were initially set for analytical exploration. See Supplementary Table S1 for more detailed
information. See Supplementary Figure S2 for a more detailed map of sampling sites in mid-Norway.

two distance matrices by measuring the correlation between
each class of distances.

We used two approaches to explore and visualize genetic
differentiation among individuals. First, we performed a prin-
cipal component analysis (PCA) with ade4 (Chessel et al.,
2004). Without underlying assumptions on populations or
their boundaries. We used factoextra 1.0.7 (https://CRAN.R-p
roject.org/package=factoextra) to visualize individual contri-
butions of SNPs on each principal component (PC) axis and to

filter individual coordinates from the observed clusters based
on their positioning. Next, we used Bayesian clustering in
STRUCTURE 2.3.4 (Pritchard et al., 2000) to search through
predefined numbers of K clusters to estimate the most likely
number of genetic groups and to partition individuals into the
K groups. STRUCTURE runs were conducted with the de-
fault admixture model with correlated allele frequencies and
with a priori location given. A total of 50000 MCMC repeti-
tions were used after 20000 repeats were discarded as burn-in.

€202 4990120 0 UO Jasn "Jaxa)ol|qig “JolelopjauIpuadsld Aq 08EE80L/E0 1 L/7/08/2101E/SWIS801/W00"dNO"vlWapeo.//:sdly WOy papeojumoq


https://CRAN.R-project.org/package=factoextra

1106

K was explored for values from 1 to 10, with five iterations.
To determine the optimal K, bar plots were inspected visu-
ally and runs analyzed with the StructureSelector (Li and Liu,
2018) that summarizes results as the optimal Lz Pr(X|K) from
STRUCTURE and ad hoc summary statistic AK (Evanno et
al., 2005). MedMed, MedMean, MaxMed, and MaxMean
were calculated as described by Puechmaille (2016). Values of
K from repeated runs were averaged with CLUMPAK (Kopel-
man et al., 2015) with the LargeKGreedy algorithm and 2000
repeats. Besides reference and full datasets, the genetic struc-
ture was investigated for the linked dataset separately.

Analysis of individual growth

The presence of genomic inversions has been linked with
size-related adaptation (Zong et al., 2021). Therefore, size-
adjusted growth rates of individuals with different assumed
inversion karyotypes were compared. This was done for 291
fish caught in mid-Norway from where most of the needed
measurements were available (total length in mm and age;
Supplementary Table S2). Sagittal otoliths were used for age
determination and growth models were fitted to the length and
age data using the typical parameterization of the von Berta-
lanffy growth equation with FSA 0.9.3 (Ogle er al., 2022).
This was done for both sexes separately after outlier observa-
tions were removed. We then extracted the residuals from the
growth models, which were used as a standardized measure
of individual growth. Linear models were then applied to test
whether individual growth differed between karyotypes and
applied the Tukey method for multiple comparison adjust-
ments of p-values in pairwise contrasts using emmeans 1.8.0
(Russell, 2022).

Results

Splitting of data

The final dataset (Supplementary Table S2) consisted of 143
SNPs and 2073 fish (96.5%) that passed the quality controls.
The index of association over all loci in the full dataset was
highly significant (p = 0.005, 7; = 0.0067) suggesting signif-
icant linkage between some of the markers (Supplementary
Figure S4a). Of the 10153 pairwise 7; values, 113 (1.1%)
were above the selected association threshold of 0.06 (Sup-
plementary Figure S4b). Eleven SNPs (7.7%) showed strong
and/or repeated associations: Two SNP pairs that showed ex-
ceptionally strong association (>0.75; pairs Gold-60: Gold-
87 and Gold-165: Gold-224), and one SNP from each pair
was discarded. The majority of the strongest associations were
observed repeatedly among a group of loci: Gold-8, Gold-
27, Gold-61, Gold-153, Gold-156, Gold-190, and Gold-206.
The observed strong association between the seven SNP loci
together with the observed diversity patterns, and popula-
tion structures suggest that they are possibly within a chro-
mosomal inversion. Therefore, in subsequent analyses, data
were split into a non-linked 134 SNPs and linked seven SNPs
datasets. Results for the entire combined dataset are included
when applicable.

Genetic variation and its division

Genetic diversity measured as expected heterozygosity (Hg)
was on average ~0.38 (Supplementary Table S3). Observed
heterozygosities (Hp) were significantly smaller across pop-
ulations with sample sizes >20, and Hp averaged ~0.34.

E. Jansson et al.

This general heterozygote deficient was significant across sam-
pling sites with p < 0.001. The pattern was not driven by
just a few loci as a proportion of loci significantly deviating
from HWE was averaged 9.2% (+4.8). The dataset of linked
loci showed completely different patterns: Heterozygosity was
clearly larger with Hg averaging 0.446 (+0.015), Ho averag-
ing 0.451 (£0.042), and with no significant deviations from
HWE in any sampling site. Also, allelic richness (A,) was sig-
nificantly larger for the LD dataset averaging 1.974 (+0.016)
compared with the LD pruned dataset (1.877 £ 0.040).

Comparison of genetic differentiation among sampling sites
revealed somewhat patchy patterns (Supplementary Tables
S4a—c and Supplementary Figures S5a and b). Regardless
of the dataset, the northernmost sampling site, Stefjorden
(STE_2014) was generally the most divergent, and pairwise
Fst were greatest at ~0.06. Other sampling sites in the area
north (Supplementary Table S1) were significantly differenti-
ated from the sites farther south (Supplementary Table S4a):
Mean divergence between all sites including area north vs. rest
of the sites was 0.018 (£0.011), whereas for all the rest of the
pairwise comparisons it was 0.005 (£0.004).

IBD and population structure

For all datasets, an association between the pairwise genetic
divergence among sampling locations and their associated
oceanographic distances was observed. However, the correla-
tions were weak, not strictly linear, and the patterns varied
between the datasets (Figure 2). Up to ~1000 km, a posi-
tive spatial autocorrelation was detected, whereas over longer
distances, the relationship was significantly negative. The dis-
tinction of the northernmost sites was high regardless of the
dataset analysed, dragging the slope upwards (Supplementary
Figures S6b and c).

Decomposing SNP genotype likelihoods through a PCA
showed that the first PC contained 3.5% of the total genetic
variance, separating the data into three clusters (Figure 3).
There were no obvious spatial patterns among these clusters
nor were they diverged between sexes (Supplementary Figures
S7a and b). Closer inspection of the SNP contributions along
the first axes revealed that the pattern was driven by the linked
seven loci, and without them, only a slight separation of sam-
ples from area north remained (Supplementary Figures S7¢
and d and S8a and b), which defined the second PC axes with
1.9% of the total genetic variation.

STRUCTURE analysis revealed the same basic pattern as
the PCA. When all 143 loci or just the seven linked SNPs were
used, a dichotomous pattern appeared (Figure 3, Supplemen-
tary Figures S9a—c) supporting K = 2. All fish were divided
with high assignment probability either into one group or an-
other or equally into both with no obvious spatial differences.
This was the case regardless of the dataset used and indicates
that this partitioning was uppermost level of genetic structur-
ing. As such a pattern matches well with a presence of ge-
nomic inversion (Huang et al., 2020; Merot, 2020), the de-
tected groups were named as karyotype AA, AB, or BB. As
there is no complete reference genome for the species avail-
able, phasing of linked SNPs into haplogroups was resolved
probabilistically.

For the remaining 134 unlinked loci, a north to south diver-
gence was observed (Figure 3). K =2 and K = 3 were both sup-
ported, and showed the same differentiation of the northern-
most sampling sites. Moreover, samples from northern parts of
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Figure 2. Relationship between oceanographic distance (km) and genetic differentiation between goldsinny wrasse sampling sites. Upper figures show
Mantel correlograms where black dots indicate statistical significance for that distance class. Positive significant values indicate a positive
autocorrelation, whereas significant negative values have the opposite interpretation. Figures below show corresponding IBD plots for the (A) pruned full
dataset (134 SNPs and 43 sites), (B) pruned reference dataset (134 SNPs and 26 sites), and (C) for the linked dataset of the reference sites (seven SNPs
and 26 sites). Dgen stands for Euclidean genetic distances. Colour contours indicate local kernel density estimates, where higher densities are shown
by increasing degrees of red. Lines show the least-squares linear relationship between parameters. Please note the scale differences between plots.
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Figure 3. Structure of goldsinny wrasse populations based on PCA and Bayesian clustering method. Plots on left are for the dataset including linked
SNPs, and those on right for the LD-pruned dataset. Figures above show PCA plots (two first axes) including all 2073 fish in 43 sampling sites shown in
different colours. Figures below show STRUCTURE bar plots for the 26 reference sites arranged from north to south with individual assignments of fish
into most likely genetic K clusters (2 for dataset including linked loci and 2/3 for LD pruned dataset). Results for other datasets are shown in
Supplementary Figures 9a-c.

mid-Norway showed variable degree of individual assignment
(between 10 and 70%) into this cluster typical for north. If an
additional level of division was included, K = 3 (following the
Puechmaille methods), some separation of southernmost sites
was observed.

Haplotype reconstruction and variability within
karyotypes

Little change was observed between the reconstructed hap-
lotypes after exploring SNP permutations, indicating a ro-
bust outcome from the haplotype reconstruction regardless
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Figure 4. Growth of goldsinny wrasse by sex and karyotype. Figures for females are shown on left and for males on right. The figures on top show the
fitted growth curves, and bar plots below them show measured growth rates (mm per year after first year) for each karyotype. Dotted blue line shows
sex-specific means. On top of each bar, corresponding standard errors are shown. Analysis based on 139 and 152 males and females, respectively.

of SNP order. Therefore, the order minimizing the total re-
combination rate was kept as the most likely solution. Based
on reconstruction, the seven linked SNPs generated 83 haplo-
types (Supplementary Figure S10a) indicating recombination
in this genomic region. This is consistent with the association
between the loci, measured as pairwise 7t4, was on average
0.233 s.d. (£0.154; Supplementary Figure S4b), far from com-
plete linkage. An explanatory pattern for the observed linkage
appeared with a comparison of individual haplotypes with the
observed three genetic clusters (Figure 3 left, Supplementary
Figure S10b): One genetic group—karyotype AA—consisted
largely of one haplotype, hap10 (89.1%, Supplementary Table
S5), and all homozygous individuals for this haplotype (271
fish) were in this group. A total of 15 reconstructed haplotypes
could be assigned to karyotype AA, all of which closely resem-
bled the reconstructed sequence of hap10 (Supplementary Fig-
ures S10a and b). Together with fewer haplotypes than for the
other two karyotypes, AB and BB, the observed heterozygosity
within AA was small, 0.083. The deficit of heterozygotes was
significant (p < 0.0001). The estimated Fst between AA and
BB for the seven loci was 0.542, between AA and AB 0.186,
and 0.135 between AB and BB.

Fish with heterokaryotype AB had high diversity,
Ho= 0.661, and many haplotypes (76). There was a
significant homozygote deficiency (p < 0.0001) in this group.
In total 37.3% of the AB karyotypes had hap10. The second
homokaryotype, BB, showed statistically significant het-
erozygote deficit but with greater variability than AA with

Ho = 0.293 and with 51 haplotypes. Hap10 was not detected
for any BB fish.

Distribution of karyotypes and their association with growth
rate

No differences appeared in comparisons of the distribution of
the three karyotypes between regions, sexes, and young and
adult fish (Supplementary Table S5). Next, we investigated if
growth rate (measured in mm per year) was associated with
karyotype. Due to significant regional differences in size (Sup-
plementary Figure S11a), comparisons were made only for fish
from mid-Norway for which we had most data (139 males and
152 females). Females and males did not differ in size (Supple-
mentary Figure S11b), but males grew faster in general (Sup-
plementary Figure 12a; F = 15.384,p < 0.001). We detected a
sexual difference between karyotypes (Figure 4): Among fish
with karyotype AB, males grew faster, whereas in females the
opposite was true (Supplementary Figure S12b). The differ-
ence between karyotypes was significant in females for AB and
BB (p = 0.014), and indicative in comparison of AA and BB
(p = 0.057), but not in other comparisons (p > 0.1).

Discussion

Large-scale genetic patterns reveal high general
connectivity

We investigated the genetic population structure of goldsinny
wrasse, an abundant mesopredatory fish along the rocky
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shoreline of the northeast Atlantic. Our results show popula-
tion structure on multiple levels and align with earlier genetic
studies (Sundt and Jerstad, 1998; Jansson et al., 2017; Jans-
son et al., 2020). However, while the IBD identified here is in
accordance with observations by Jansson et al. (2017), the pat-
tern was weaker (r < 0.361), and not simply linear through-
out the sampling range. We observed a greatest divergence
for the northernmost sites, which impacted the overall pat-
tern greatly (Supplementary Figures S6b and ¢) and masked
weaker patterns on a local scale. The relationship between ge-
netic and geographic distances was weaker but strongly sup-
ported (R? = 0.192, p << 0.001) when samples from the
north were omitted. Therefore, we conclude that the popu-
lations in northern Norway are somewhat isolated, whereas
the rest of the Scandinavian goldsinny wrasse in mid, south-
western, and southern Scandinavia show greater connectiv-
ity albeit still with IBD. Strong self-retention of drifting eggs
and/or larvae in northern Norway is likely an important fac-
tor (Jansson et al., 2017), but other contributing factors are
discussed below.

Within Scandinavia, wrasses are currently expanding
northward (Halvorsen et al., 2021a) presumably due to
changing climate. Populations in peripheral areas are often
subject to founder effects and low effective population sizes
(Dupoué et al., 2020), with greater genetic drift. They may
also be subjected to different evolutionary forces as they
are expanding out of their natural range. Moreover, human-
mediated gene flow via translocation of cleaner fish into fish
farms between distant areas has been shown to genetically al-
ter wild corkwing wrasse populations (Faust et al.,2021). Mil-
lions of goldsinny wrasse are similarly caught and transported
great distances to salmonid farms each year (Halvorsen et al.,
2021a; Sandlund et al.,2022). This practice has been on-going
since the 1990s (Sundt and Jorstad, 1998), with limited regula-
tions (Sandlund ez al., 2022). Goldsinny wrasse are small, and
can escape from sea cages. Consequently, this species has likely
been exposed to a considerable human-mediated transloca-
tion over an extended period of time (>10 generations; Dar-
wall et al., 1992). An earlier study concluded that this pos-
sibly impacted the wild populations as illustrated by lower-
than-expected level of genetic differentiation between south-
ern and mid-Norway (Jansson et al., 2017). Jointly these mid-
Norwegian sampling sites fell below the expected linear IBD
(Supplementary Figure S6¢), suggesting greater connectivity to
southern sites. Due to the low level of differentiation observed
in this species, effects of translocation are difficult to disentan-
gle from natural connectivity, however. This is exacerbated by
the lack of baseline samples prior to any translocations. Un-
monitored translocations represent a serious threat to biodi-
versity in general (Laikre et al., 2010), and this practise is now
declining in Norway (Halvorsen et al., 2021a; Sandlund et al.,
2022) possibly caused by increased media attention in recent
years.

Metapopulation-like dynamics likely behind the
patchy local patterns

Despite strong connectivity, we uncovered genetic divergence
among most of the sampling sites (Supplementary Table S4a
and b). Contrast to Jansson et al. (2017), the level of diver-
gence was variable in all distance classes, also within areas
(Supplementary Figure S6 and Supplementary Tables S4a—c).
For example, in Flatanger divergence between samples sep-
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arated by 3-4 years was observed, suggesting notable local
genetic change over short time (~one generation), whereas
other sites were strongly distinct in most comparisons. Signifi-
cant heterozygosity deficit in all populations indicated mixing.
These patterns are unexpected because large, well-connected
marine population are expected to be stable (Le Corre ef al.,
2015), and show only a weak spatial genetic differentiation
(Lowe and Allendorf, 2010).

There are several possible explanations for these observa-
tions. First, the varying patterns of genetic divergence among
populations indicate fluctuation in the degree of connectiv-
ity in space and time. Even relatively small Fsr values may
be associated with a notable amount of differentiation among
the subpopulations (Lowe and Allendorf, 2010). The transi-
tion from demographic dependence to independence occurs in
a region of strong connectivity where genetic methods have
relatively little power (Waples and Gaggiotti, 2006). Adult
goldsinny wrasse are territorial, long-lived, and stationary;
hence, oceanographic processes such as larval retention influ-
ence local population structure (Le Corre ef al., 2015; Ven-
drami et al., 2021). Substantial amounts of local retention
have been suggested and that 90% of the eggs sink to the
bottom (Hilldén, 1981). Therefore, demographic connectivity
patterns may be local, and their genetic outcome—if the larval
drift leads to gene flow—also likely affected by the population
densities, fishing pressure, and translocations.

Knutsen et al. (2022) showed that habitat patchiness and
larval dispersal likely determine the general connectivity pat-
terns between populations of coastal fishes in this area. Un-
like in their study, we did not observe discontinuity in the
IBD pattern on the west coast of Norway but only in the
far north. There was a great variation in connectivity be-
tween populations, with some being more isolated than oth-
ers. This patchy connectivity, caused by differences in local de-
mography resembles that of metapopulations, described for
fish populations in habitats with source-sink dynamics and
local extinctions, such as in coral reefs (Saenz-Agudelo et
al., 2012). Therefore, we hypothesize that goldsinny wrasses
likely form local gene pools in areas where larval connec-
tivity is weak. This indirectly supports the observation of
localized growth patterns (Olsen et al., 2019). A combina-
tion of allopatric, partially differentiated gene pools would
also explain the observed significant heterozygosity deficits via
the Wahlund’s effect. The possibility of localized gene pools
should be investigated further, as it would be an integral part
of the species ecology and could have important management
implications.

Growth-related inversion is likely under sexually
antagonistic selection

The significance of genomic rearrangements in enabling and
maintaining local adaptation in the face of gene flow has
gained recent support (Sodeland et al., 2022). The most com-
mon type of rearrangement associated with adaptation is large
inversions, where a segment of DNA is reversed end-to-end
relative to a reference sequence (Merot et al., 2020b). The in-
verted fragment is sheltered from recombination and inherited
as a single haploblock. There are many indirect methods to
search for and validate inversions using SNPs (Nowling et al.,
2020; Merot et al., 2020b) that are based on a few features:
physical linkage causing linkage disequilibrium, PCA showing
three-cluster pattern corresponding with the three karyotypes,

€202 4990120 0 UO Jasn "Jaxa)ol|qig “JolelopjauIpuadsld Aq 08EE80L/E0 1 L/7/08/2101E/SWIS801/W00"dNO"vlWapeo.//:sdly WOy papeojumoq



1110

as well as local heterozygosity excess due to suppressed recom-
bination around the inversion.

We did not expect to find genomic rearrangements with the
modest number of SNPs employed here. The used loci were
originally selected to be in different contigs of >20 kb (Jans-
son et al., 2020), and tested for independence. However, inver-
sions can be large (Nowling et al., 2020), and when enough in-
dividuals were sampled, the three-cluster PCA became visible
(Figure 3) and overlayd other structures because samples clus-
tered by their inversion karyotypes (Supplementary Figures
S7a and b). In concurrence, a significant portion of the SNPs
(7.7%) were strongly linked and that the observed genetic pat-
terns matched the criteria for a chromosomal inversion (Sup-
plementary Table 5; Figure 3; Supplementary Figure 4b). This
suggests that there is at least one, likely large, chromosomal
inversion in the goldsinny wrasse genome. We noticed that the
observed patterns were almost exclusively connected to a sin-
gle haplotype (hap10), and that the corresponding karyotype
AA showed a likely suppression of recombination with a few
haplotypes, all resembling the dominant haplotype.

Previous population genetic studies have shown diverse
functions of inversions in regard to for example adaptation
to environmental variation (Huang et al., 2020), formation
of distinct morphotypes (Sanchez-Donoso et al., 2022), and
variation in life-history characteristics (Merot et al., 2020a).
Here we show that the inversion karyotype is likely under
strong balancing selection with similar frequencies detected
across regions, sexes, and age classes (Supplementary Table
SS, Figure 2¢). This may be a case of antagonistic selection
for divergent sex-specific growth patterns (Figure 4, Supple-
mentary Figure S12b). Although possible causative genomic
regions remain unknown, it is a common notion that sex-
ual dimorphism evolves in response to sexual selection and/or
natural selection arising from sex differences in reproductive
roles (Cox and Calsbeek, 2009). Since goldsinny wrasse males
are territorial and defend the same breeding patch through-
out their lives (Hilldén, 1981), growing fast early in life could
help them to gain high-quality territories, and thus maximize
their life-time breeding success. This would be especially im-
portant with high population densities, thus suggesting possi-
ble density-dependent selection (Lorenzen and Enberg, 2002).
Females, on the other hand, may gain higher fitness by invest-
ing surplus energy in egg mass rather than somatic growth.

Conclusions with management implications

The central role of genetic diversity in sustainable manage-
ment of marine populations is increasingly acknowledged as it
can inform the managers of population structure, connectivity,
local adaptation, and resilience. The use of cleaner fishes de-
veloped rapidly from almost non-existing to large-scale. The
long-term impacts of the extensive fishing and translocations
on these species populations, and local ecosystems are un-
known. Studies are complicated because cleaner wrasses are
ecologically diverse species and differ by their key life history
attributes (Hilldén, 1984; Darwall et al., 1992). Thus, there is
an evident need of species-specific management in which ge-
netic studies can provide invaluable insights.

In this study, we showed that goldsinny wrasse populations
in the northern Scandinavia are distinct and somewhat iso-
lated, and that there is a global IBD pattern. Populations also
show a surprisingly high level of local divergence which sup-
ports the notion that goldsinny wrasse is an extremely sta-
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tionary species with strong local retention. We suggest that
the commonness of the species with high population densi-
ties mostly explains the observed large-scale population pat-
terns, and that the significance of drifting eggs and larvae for
connectivity may be less than previously thought (Jansson et
al., 2017). Local gene pools have important management im-
plications, including greater susceptibility to fishing pressure,
and stronger negative effect of translocations. The observed
sex-specific, and possibly density-dependent growth patterns
complicate this further (Eikeset ef al.,2016). Commercial har-
vest is currently regulated by minimum size, opening times,
and maximum quota but not by other means such as local
maximum take. Further genetic and physiological studies are
needed to explore whether this assumed locality relates to
adaptation and to better understand of the ecological func-
tions of such adaptations.
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