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Abstract

Knowledge on genetic structure is key to understand species connectivity patterns and to define the spatiotemporal
scales over which conservation management plans should be designed and implemented. The distribution of genetic
diversity (within and among populations) greatly influences species ability to cope and adapt to environmental changes,
ultimately determining their long-term resilience to ecological disturbances. Yet, the drivers shaping connectivity and
structure in marine fish populations remain elusive, as are the effects of fishing activities on genetic subdivision. To
investigate these questions, we conducted a meta-analysis and compiled genetic differentiation data (Fs;/®s estimates)
for more than 170 fish species from over 200 published studies globally distributed. We modeled the effects of multiple
life-history traits, distance metrics, and methodological factors on observed population differentiation indices and
specifically tested whether any signal arising from different exposure to fishing exploitation could be detected.
Although the myriad of variables shaping genetic structure makes it challenging to isolate the influence of single drivers,
results showed a significant correlation between commercial importance and genetic structure, with widespread lower
population differentiation in commercially exploited species. Moreover, models indicate that variables commonly used as
proxy for connectivity, such as larval pelagic duration, might be insufficient, and suggest that deep-sea species may
disperse further. Overall, these results contribute to the growing body of knowledge on marine genetic connectivity and
suggest a potential effect of commercial fisheries on the homogenization of genetic diversity, highlighting the need for

additional research focused on dispersal ecology to ensure long-term sustainability of exploited marine species.
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Introduction

Marine ecosystems encompass some of the most productive
and biodiverse habitats on the planet. Yet, they face unpre-
cedent changes associated with climate change, pollution,
habitat loss, and overexploitation, making them prone to
collapse at global scales (Halpern et al. 2007; Hoegh-
Guldberg and Bruno 2010). During the last decades, efforts
have been put forward to ensure the long-term sustainability
of marine biodiversity, including stock management and the
implementation of marine protected areas (MPAs). Within
this context, the preservation of genetic resources plays a
crucial role and is one of the factors that should be taken
in consideration to optimize the effectiveness of conservation
actions. Genetic diversity greatly influences species’ resilience
capacity and their adaptative potential to environmental
changes (Pauls et al. 2013). Within each species, genetic
resources can be partitioned not only between interbreeding
individuals but also among populations. Population genetic
differentiation can arise from a myriad of mechanisms related
with  reproductive  isolation,  geographic  distance
(Cunningham et al. 2009), biogeographic barriers (soft bound-
aries associated with hydrological processes or hard barriers
such as land bridges; Cowman and Bellwood 2013), or specific

behavioral traits (e.g, fidelity to natal spawning grounds;
Boustany et al. 2006). Understanding the patterns of connec-
tivity and the rate of genetic exchange among populations is
therefore fundamental from a resource management per-
spective, as MPAs effectiveness is intrinsically dependent
not only on their ability to self-replenish but also on the
net export of biomass (i.e, spillover) beyond their boundaries
(Harrison et al. 2012).

Species’ dispersal potential is commonly considered to be
closely linked with life-history traits such as the duration of
planktonic larval stages, egg buoyancy, growth rate, among
others. Theoretically, the higher the capability of dispersion,
the lower the interpopulational genetic structure of a species.
In reef ecosystems, for instance, benthic fish with negatively
buoyant eggs have been reported to exhibit greater interpo-
pulational differentiation that pelagic spawning species
(Riginos et al. 2014). Likewise, Bradbury et al. (2008) suggest
that fish attaining larger sizes during the adult phase tended
to display lower Fsr estimates, potentially due to the in-
creased potential for large-scale, nonpassive dispersal. Yet,
although this question has been extensively reviewed, studies
are not conclusive and no single trait has been found to
explain genetic differentiation consistently across multiple
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taxa (Riginos et al. 2014). Although it is probably true that
marine fish exhibit less populational structure than freshwa-
ter species due to the combined effects of longer dispersal
capabilities and larger effective populations sizes, recent stud-
ies showed that genetic partitioning among populations on
the marine realm is significantly higher than previously
thought, with the existence of unique genetic diversity at
temporal and spatial scales that are relevant to conservation
management (Ruzzante et al. 2001; Bradbury et al. 2008, and
references therein).

Another factor that remains unclear is the impact of over-
harvest and selective fishing on populations’ genetic struc-
ture. In addition to the removal of large percentages of
biomass, there is growing evidence that commercial fishing
activities can favor certain life-history or behavioral traits
(Alés et al. 2016), a process commonly known as fisheries-
induced evolution (Heino et al. 2015). By preferentially target-
ing individuals with given traits (i.e, larger sizes, bolder behav-
ior, etc.), fishing may exert either direct or indirect selective
pressures on exploited populations. Species that evolve in the
direction of slow-growing life histories in response to size-
selective harvesting, for instance, are subjected to direct
human-induced selection (fisheries targeting larger individu-
als; e.g, Alds et al. 2014). On the other hand, heritable aspects
of an individuals’ biology that are covariant with traits under
direct selection, such as reproductive or physiological charac-
teristics, might suffer shifts through indirect selection (Heino
et al. 2015). It is now accepted that genetic shifts associated
with human harvest can occur at contemporary time scales
(Audzijonyte et al. 2013) and affect a vast number of
exploited fish populations, which can ultimately reduce their
genetic diversity (Pinsky and Palumbi 2014). Notwithstanding
the importance of these matters, evidence for fisheries-
induced evolution remains mostly based on theoretical or
experimental, tank-confined studies as it is challenging to
disentangle all the variables that may shape populations’ ge-
netic patterns (Balkenhol et al. 2015). These variables range
from methodological aspects, to environmental features and
past evolutionary events, and can mute any signal of differ-
entiation resulting from organisms’ dispersal or anthropo-
genic impact.

In order to address this knowledge gap and provide a
broader perspective on the patterns shaping genetic structure
in marine fish populations, we carried out a global meta-
analysis on literature published over the last decade and
modeled the effect of several variables on pairwise fixation
metrics (Fs/Dsr values). We specifically test whether the level
of fishing pressure may be reflected on the levels of popula-
tion divergence and evaluate the importance of isolation-by-
distance and life-history traits as factors shaping genetic struc-
ture. Furthermore, we investigate at which degree methodo-
logical aspects such as genetic marker and fixation statistics
may influence the observed trends. Following the rapid
advances in molecular biology over the last decades, genetic
tools such as mitochondrial DNA (mtDNA), microsatellites
(short tandem repeat polymorphisms), and single nucleotide
polymorphisms (SNPs) have been widely used in combina-
tion with a variety of fixation statistics for the purpose of

population genetic inference. However, how their different
properties affect the produced estimates remains a contro-
versial topic. The present study provides one of the largest
data sets on population genetics of fish species to date and
offers further insights into the processes shaping connectivity
and genetic structure in marine ecosystems, which may be of
paramount importance for stock management and conser-
vation planning.

Results

A total of 239 suitable studies were obtained from the liter-
ature search, corresponding to a data set of 2,382 samples,
15,234 pairwise differentiation scores, and 188 marine fish
species after all data cleaning procedures (supplementary
fig. S1, Supplementary Material online). Of the 188 species,
51 (27%) were classified as highly commercial, 63 (34%) as
commercial, 44 (23%) as minor commercial, and 30 (16%) as
subsistence/noncommercial. Pairwise Fsr values ranged from
—0.23 to 1.00, whereas ®sy values ranged between —0.50 and
0.99 (supplementary fig. S2, Supplementary Material online).
Sampled populations were separated by an average distance
of approximately 1,780 km, ranging from —67° to 80° in lat-
itude and covering most of world’s oceans (fig. 1).

No significant study biases were found, regarding neither
reported values (supplementary fig. S2, Supplementary
Material online) nor sample size (supplementary fig. S3,
Supplementary Material online). Factor analysis of mixed
data (FAMD) results showed reduced levels of similarity be-
tween species subjected to identical exploitation levels, ex-
cepting for species of subsistence fisheries or with
noncommercial interest, which formed a tighter cluster on
the 2D space (i.e, considering the first two principal compo-
nents; fig. 2A). Notwithstanding the large overlaps between
groups (i.e, concentration ellipses), cluster centroids based on
commercial interest were found to be sequentially distrib-
uted, from noncommercial to highly commercial species
(fig. 2B). No significant biases concerning sample size, number
of sampled sites, and spatial scale were identified in relation
with different commercial importance (supplementary fig. S4,
Supplementary Material online). Nevertheless, some hetero-
geneity in the geographic distribution of sampled populations
was identified when plotting all sampled locations indepen-
dently per commercial level (supplementary fig. S5,
Supplementary Material online).

Geographic distance was found to be significantly corre-
lated with pairwise fixation (fig. 3), with moderate Pearson’s
coefficients being obtained for all genetic markers (r =033
for microsatellites, r =031 for mtDNA, and r=029 for
SNPs). Likewise, significant positive linear relationships were
found for oceanographic connectivity estimates, yet with
lower correlation coefficients for microsatellites and
mtDNA (r = 0.25; SNPs with r = 0.33; fig. 3).

These results were corroborated by the fitted generalized
linear mixed models (GLMM:s). In both beta and normally
distributed models, the response variable was found to be
significantly influenced by both marker type and geographic
distance (3> = 35.53 and y* = 17.85 in beta model, 7> = 34.77

1403

120Z 8unf G| uo Jasn [eBnuod wniniosuod u0-g Aq 2920z209/20% L/¥/8€/21onde/aqw/woo dno-olwapeose//:sdiy Woll papeojumo(]



Gandra et al. - doi:10.1093/molbev/msaa299

MBE

=150 =100 -50 o

Kemel Density (x 1 U'a}

T T
50 100 150

Fic. 1. Heat map of analyzed sampling locations (n = 2,382) and illustration of the least-cost trajectories calculated to estimate pairwise geographic

distances.

and y>=17.62 in gaussian model, respectively; table 1).
Studies conducted using mtDNA markers reported higher
Fst/®st estimates than those using microsatellites or SNPs
(fig. 4 and supplementary table S3, Supplementary Material
online), and populations separated by larger distances had
higher likelihood of being more differentiated. Similar results
were obtained when simplifying the models to increase the
number of points included. Moreover, fixation indices also
showed some degree of association with oceanographic con-
nectivity estimates, although differences were not statistically
significant at an « level of 0.05 (table 1). None of the remain-
ing methodological variables (fixation metric and number of
populations sampled) had a significant effect on differentia-
tion. Similarly, neither of the analyzed life-history traits con-
sistently explained the response estimates (all P > 0.10), with
the exception of maximum depth which exhibited a signifi-
cance negative association with fixation in the simplified
models (P < 0.01; table 1). Commercial importance had a
statistically significant association with genetic differentiation
in all models (;* ranging from 12.44 to 32.06; table 1), with
noncommercial or subsistence fisheries species exhibiting
higher differentiation than those of minor-commercial, com-
mercial, or highly commercial importance (supplementary
table S3, Supplementary Material online). The three latter,
although not accounting for enough variability to be consid-
ered significantly distinct, displayed a consistent gradient in
differentiation estimates, exhibiting a positive trend from the
highest to the lowest level of fishing pressure (fig. 4).

Discussion

Our results confirm that genetic structure in marine fish spe-
cies may result from an interplay of different factors, not only
related with geographic distance and methodological aspects
but potentially also related with fishing exploitation. Most of
the life-history traits analyzed were not associated with the
observed patterns of population structure across the assem-
blage of species analyzed. Yet, we found a relationship
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between species’ commercial importance and the level of
population genetic differentiation, with exploited fish tending
to exhibit lower Fs1/®sr values than those of noncommercial
importance or captured by subsistence fisheries.

Fishing Pressure

Continuous exploitation over multiple generations might
have contributed toward some of the evolutionary changes
behind the detected trend. Empirical and theoretical eviden-
ces show that size-selective harvesting targeting large individ-
uals, for instance, tends to favor slower growth and earlier age
at maturity (Conover and Munch 2002), although not exclu-
sively so (Hilborn and Minte-Vera 2008). Thus, the dispersion
potential of individuals, both during the larval and adult life
stages, may also be nonrandom relatively to the genotype
and, rather, directly dependent on some of these traits
(Pukk et al. 2013). Even though a high heterogeneity between
species within commercial levels was observed, FAMD results
suggested the existence of some traits-related patterns (clus-
ter centroids sequentially ordered on the first two principal
components). Noncommercial/subsistence fisheries species
exhibited, on average, a K growth coefficient twice as large
as the commercial or highly commercial fish. Yet, these differ-
ences might have existed prior to human impact and there-
fore, without considering the temporal nature of these
patterns (i.e, changes over time), it is impossible to attribute
this trend to fisheries alone. The Clupeidae and Gadidae fam-
ilies, for example, include some of the most commercially
important species and are historically highly prolific, often
producing large numbers of pelagic eggs during spawning
(Dulvy et al. 2003), which can increase their capacity of dis-
persal. Consequently, the reverse scenario can also be true,
that is, species with certain sets of biological characteristics
(typically favoring connectivity) can make them more profit-
able and therefore more heavily fished. Moreover, theoreti-
cally, some of the fisheries-induced shifts could occur in the
opposite direction, favoring reduced dispersal and thus a
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1 - Acanthochromis polyacanthus
2 — Acanthopagrus latus

3 - Ammodytes personatus

4 — Ammodytes tobianus

5 — Amphiprion bicinctus

6 — Amphiprion ocellaris

7 — Anguilla anguilla

8 — Anoplopoma fimbria

9 — Aphia minuta

10 — Apogon imberbis

11 — Argyrosomus japonicus
12 - Atherinella brasiliensis

13 — Atractoscion aequidens
14 — Auxis thazard

15 - Boreogadus saida

16 — Brevoortia aurea

17 — Brosme brosme

18 — Centropyge flavissima

19 — Chaenocephalus aceratus
20 — Chaetodon auriga

21 - Chaetodon lunulatus

22 — Chaetodon meyeri

23 — Chaetodon ornatissimus
24 - Chaetodon tricinctus

25 — Chaetodon trifascialis

26 — Champsocephalus gunnari
27 — Cheimerius nufar

28 — Chromis multilineata

29 - Chrysoblephus laticeps
30 - Chrysoblephus puniceus
31 - Clupea harengus

32 - Clupea pallasii

33 - Coilia nasus

34 — Collichthys lucidus

35 — Conger conger

36 — Coregonus maraena

37 — Coris gaimard

38 — Coris julis

39 — Coryphaenoides rupestris
40 - Coryphopterus personatus
41 — Dascyllus aruanus

42 — Dentex dentex

43 - Dicentrarchus labrax

44 - Diplodus sargus

45 — Elacatinus lori

46 — Electrona antarctica

47 — Eleutheronema tetradactylum
48 - Engraulis encrasicolus

49 — Engraulis japonicus

50 — Entomacrodus vomerinus
51 — Epinephelus akaara

52 - Epinephelus itajara

53 — Epinephelus marginatus
54 — Epinephelus merra

55 — Ethmalosa fimbriata

56 — Eucyclogobius newberryi
57 — Euthynnus affinis

58 — Gadus macrocephalus

59 — Gadus morhua

60 — Galaxias maculatus

61 — Gasterosteus aculeatus
62 — Girella punctata

63 — Glyptocephalus stelleri
64 — Gobionotothen gibberifrons
65 — Gobiosoma bosc

66 — Gobius niger

67 — Halichoeres margaritaceus
68 — Halichoeres trimaculatus
69 — Hippocampus guttulatus
70 - Hyperoplus lanceolatus
71 — Hypoplectrus nigricans
72 — Hypoplectrus puella

73 - Katsuwonus pelamis

74 - Labrus bergylta

75 — Larimichthys crocea

76 — Larimichthys polyactis

77 - Lateolabrax japonicus

78 — Lates calcarifer

79 - Leuresthes tenuis

80 - Lipophrys pholis

81 — Lithognathus mormyrus
82 — Liza haematocheilus

83 - Lutjanus campechanus
84 — Lutjanus carponotatus

85 — Lutjanus fulvus

86 — Lutjanus kasmira

87 — Lutjanus synagris

88 — Mallotus villosus

89 — Menidia menidia

90 - Merluccius bilinearis

91 — Merluccius hubbsi

92 — Merluccius merluccius

93 - Micromesistius poutassou
94 — Mugil cephalus

95 — Mulloidichthys flavolineatus
96 — Mullus barbatus

97 — Mullus surmuletus

98 — Mycteroperca microlepis
99 - Naso hexacanthus

100 - Nibea albiflora

101 — Oblada melanura

102 - Ocyurus chrysurus

103 - Pagrus major

104 - Pampus argenteus

105 — Paralichthys lethostigma
106 — Platichthys flesus

107 - Plectropomus maculatus
108 - Pleuronectes platessa
109 - Pollachius virens

110 — Pomacentrus coelestis
111 — Pomatomus saltatrix
112 — Pomatoschistus marmoratus
113 — Pomatoschistus minutus
114 — Protonibea diacanthus
115 — Pterois volitans

116 - Pygoplites diacanthus
117 - Rastrelliger kanagurta
118 — Sarda sarda

119 - Sardina pilchardus

120 - Sardinella albella

121 — Sardinella lemuru

122 - Scarus niger

123 - Scarus psittacus

124 - Scomber japonicus

125 — Scomberomorus commerson
126 — Scomberomorus niphonius
127 - Scophthalmus maximus
128 - Sebastes caurinus

129 - Sebastes melanops

130 - Sebastes mentella

131 — Sebastes schlegelii

132 - Selar crumenophthalmus
133 - Serranus cabrilla

134 - Siganus spinus

135 — Solea solea

136 — Sparus aurata

137 - Sprattus fuegensis

138 — Sprattus sprattus

139 - Stegastes partitus

140 - Stiphodon percnopterygionus
141 — Symphodus melops

142 - Syngnathus typhle

143 - Terapon jarbua

144 - Theragra chalcogramma
145 — Thunnus thynnus

146 - Trachurus trachurus

Fic. 2. FAMD results based on the life-history traits of the analyzed species, color-coded per commercial importance. (A) Distribution of the
included species within the two first principal components, together with concentration ellipses generated assuming multivariate normal
distributions. The proportion of variation explained by each of the two principal components is indicated on both axes. (B) Contribution of
quantitative variables and commercial importance clusters using 95% confidence intervals around group means.

higher differentiation between populations. By removing
older individuals, fishing might be responsible, for example,
for a decrease in the fitness and survivorship of larvae
(Birkeland and Dayton 2005), which could also reduce gene
flow between allopatric populations. This means that, to-
gether with varying selection pressures exerted by different
types of fishing gear (Jorgensen et al. 2009), changing envi-
ronmental conditions (MclLean et al. 2018) and density-
dependent processes (Hixon and Webster 2002; Lorenzen
and Enberg 2002), evolutionary outcomes on species’ dis-
persal capabilities are inherently difficult to predict.

An alternative and non/exclusive mechanism could be
linked with genetic homogenization due to fisheries-
induced  bottlenecks and consequent population

replacement by immigration, even in marine species with
putatively large population sizes. Similarly, interbreeding
with hatchery-reared stocks through accidental or deliberate
introductions can lead to accentuated decreases in genetic
differentiation between populations, although this is
expected to impact particularly freshwater species
(Kenchington  2003). According to the Food and
Agriculture Organization of the United Nations, over 30%
of the world’s marine fish stocks are currently overexploited
(FAO 2018). Considering that the genetic structure of many
marine species is still unknown, it is highly probable that the
extirpation and extinction of many populations of overfished
species could have gone unnoticed due to replacement from
neighboring populations (Pukk et al. 2013), a process of
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Fic. 3. Interaction of transformed pairwise fixation indices (logit F-values) with standardized geographic distances (A) and oceanographic
connectivity estimates (B), per marker type. Total number of points included is indicated in parenthesis next to each marker and Pearson’s

correlation coefficients are displayed below, together with P-values.

Table 1. GLMM Fixed Effects’ Significance Tests.

Predictors

Number of Obs: 248; Species: 152

Number of Obs: 279; Species: 178

F-value Mean®

F-value Logitb

F-value Mean®

F-value Logit|>

12 P-value 12 P-value 12 P-value 12 P-value

Methodological

Marker 35.53 <0.0071*** 34.77 <0.0071*** 40.55 <0.0071*** 36.92 <0.0071***

Fixation statistic 0.15 0.702 0.27 0.643 0.01 0.911 0.03 0.877

Number of populations 0.11 0.745 0.28 0.635 0.69 0.405 1.03 0.319
Environmental

Geographic distance (log) 17.85 <0.0071*** 17.62 <0.0071*** 17.54 <0.0071*** 15.80 <0.0071***

Oceanographic connectivity (log) 3.21 0.073° 3.74 0.069° 3.07 0.080° 293 0.093°
Species traits

PLD mean 0.42 0.519 0.64 0.475 — — — —

Egg type 1.01 0.603 3.28 0.245 - — - —

K 0.88 0.347 0.10 0.780 1.20 0.273 0.40 0.528

Longevity 0.86 0.355 2.23 0.167 0.84 0.359 1.69 0.198

Max length 0.03 0.868 0.27 0.644 0.16 0.686 0.09 0.772

Max depth 1.55 0.214 1.40 0.274 8.23 0.004** 10.33 0.002**
Commercial

Commercial importance 13.40 0.004** 12.44 0.009** 32.06 <0.0071*** 27.67 <0.0071***

Note.—P-values of beta models (~Fst mean) obtained through likelihood ratio tests and Gaussian models (~Fsy logit) tested using parametric bootstrap and 10,000 iterations.

*Model fitted with a beta distribution (glmmTMB package).
®Model fitted with normal distribution (Ime4 package).
**p < 0,001, **P < 0.01, *P < 0.05, °P < 0.10.

shifted genetic baselines (Assis et al. 2013). A large number of
populations and subpopulations have either been driven to
extinction or are still recovering from past depletions, with as
many as 83 species of marine fish in Europe alone being
reported to exhibit declining populations sizes (Nieto et al.
2015). Subsequently, individuals dispersing out of neighboring
stocks could swamp and homogenize gene pools of these
declined/fragmented populations, preventing or disrupting
the development of local adaptations. A similar process has
been proposed by Hutchinson et al. (2003) to explain genetic
changes in a declining North Sea cod population, for example.
After enduring severe commercial exploitation, the isolated
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population started to lose allelic diversity as its effective size
was substantially reduced. Yet, following a period of increased
divergence due to enhanced genetic drift, the growing impact
of occasional immigrant fish from proximate populations has
likely led to a gradual genetic replacement and consequent
decrease in differentiation estimates. The same reduction in
allelic richness and heterozygosity for overfished stocks has
been observed by Pinsky and Palumbi (2014), using an anal-
ogous meta-analytical approach. Together, these results sug-
gest that fishing activities might have the potential not only
to reduce species genetic diversity but also to disrupt spatial
genetic structure, which may negatively impact resilience and
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Fic. 4. Effect plots of all fixed factors included in the normally distributed GLMM (using logit F-values as the response variable). Confidence
intervals are displayed around fitted lines and value distributions are indicated as marks along the x-axes for the numeric variables.

species’ capacity to withstand environmental changes across migrations throughout their lifetimes and cross important
their distributional range.

Isolation by Distance

oceanographic barriers, which may reduce the importance
of larval dispersion in the patterns of genetic connectivity,
at least when compared with sessile organisms such as corals,

Differently to previous meta-analysis of genetic differentiation sponges, and macroalgae (Assis, Serrao, et al. 2018). Moreover,
on the marine realm, we collected pairwise fixation estimates most fish larvae have strong navigational capabilities and are
beyond global Fgr statistics, which allowed us to more accu- able to perform diel vertical movements (Kingsford et al.
rately assess the influence of geographic distance and large- 2002; Staaterman and Paris 2014) which can affect their dis-
scale oceanographic flow patterns in populational genetic tribution and make their dispersal trajectories challenging to
structure. Contrarily to what was expected, geographic dis- explain, even despite the fact that active dispersion was
tance explained better dispersal potential and gene flow than accounted for in the models. Both larval behavior (e.g, geo
distances estimated through global ocean current patterns. and phototaxis) and vertical mixing of water masses may
This finding can be associated with the fact that fish, in gen- result in transport over deeper layers, in which case dispersal
eral, are able to travel large distances, carry out long discrepancies could be expected (Gilg and Hilbish 2003). It is
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also likely that the broad temporal and spatial resolution at
which sea currents data are available at global scales is not
sufficient to capture microscale ocean dynamics that can also
drive local transport or retention (Werner et al. 2007). These
results suggest that seascape studies should implement
higher-resolution circulation models, whenever available,
and take into account larval behavior and the spawning pe-
riod of each species, at each region, when analyzing species
connectivity patterns.

Life-History Traits

Our results corroborate the idea that life-history traits are not
strong predictors of genetic population structure, with no
single variable significantly explaining the observed patterns
excepting maximum depth. Similarly to additional studies
(Weersing and Toonen 2009; Riginos et al. 2011; Nanninga
and Manica 2018) we did not find a particularly strong asso-
ciation between average pelagic larval duration (PLD) and the
extent of genetic differentiation, contributing to the growing
body of evidence suggesting that this trait is a poor determi-
nant of dispersal in marine species, contrarily to what has
been traditionally assumed. It is possible that maximum
PLD or larval swimming capacities are better correlated
with species’ connectivity potential and population structure
as suggested by Weersing and Toonen (2009) and Nanninga
and Manica (2018); however, these variables are difficult to
measure and therefore still unknown for many species, which
renders them useless as proxies for dispersal. In contrast with
Bradbury et al. (2008) and Riginos et al. (2011), we did not find
an association between Fs1/®sr estimates and egg type alone
(livebearers vs. demersal vs. pelagic), neither between egg type
and PLD, which cast doubts on the hypothesized lower con-
nectivity of species with demersal/fixed eggs advanced by
these studies. This lack of association was also reported by
Galarza et al. (2009) and Nanninga and Manica (2018), which
emphasizes that these early-life traits may be insufficient to
estimate gene flow patterns across multispecific assemblages.
Admittedly, factors such as temperature-dependent larval
growth, intraspecific variability, stochastic mortality, and set-
tlement success may also be important sources of variation
and have ecologically meaningful impacts in the observed
population structures.

Although deep-sea taxa have been hypothesized to dis-
perse larger distances and exhibit higher connectivity, quan-
titative evidence supporting this notion is mostly nonexistent
(Hilario et al. 2015). In our models, maximum depth was the
life-history trait that accounted for the greatest amount of
variance, especially when using a higher number of observa-
tions (excluding PLD and egg type). Our analyses suggest that
this paradigm holds true and that, on average, fish occurring
at greater depths might disperse further, corroborating the
results obtained by Baco et al. (2016). It is possible that
broader areas of contiguous environment together with uni-
form abiotic conditions (temperature, pressure, etc.) and the
absence of strong barriers to dispersal might contribute to the
observed levels of connectivity, yet the logistic and economic
efforts required to survey deeper habitats make it challenging
to investigate these questions. By adopting a meta-analytic
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approach and controlling for several confounding factors, our
results are among the first to identify a significant association
between depth occurrence and population structure in ma-
rine fish and might be of direct relevance for the design of
deep-sea MPA networks and reserves.

It is important to acknowledge, however, that the revised
studies comprised a larger proportion of demersal and reef-
associated fish (34% and 36%, respectively) comparatively to
benthopelagic (12%) and pelagic (19%) species, which might
have introduced a small bias on the models. Nonetheless,
pelagic fish are expected to show less genetic population dif-
ferentiation than other classes of fish (Hauser and Ward 1998)
and, hence, it is likely that our findings are in fact
overconservative.

Genetic Markers and Fixation Indices
Population structure is commonly reported using a variety of
different sampling and statistical frameworks. As anticipated,
marker type had a significant influence on the obtained Fsr
values, indicating that direct comparisons between studies
using different genetic methodological tools should be
done with care, as they may lead to incorrect inferences.
Microsatellite and SNP markers conveyed significantly lower
genetic differentiation than those using mtDNA alleles. An
equivalent pattern has been found by Weersing and Toonen
(2009) and Medina et al. (2018), with potential explanations
ranging from different mutation rates, inheritance processes,
and effective population sizes of each marker. The higher Fsr
and Og7 values obtained by mtDNA in relation to the two
nuclear markers are in line with the reduced effective popu-
lation size (N,) of haploid mitochondrial genes, one-fourth of
the N, of nuclear DNA due to maternal inheritance (assuming
balanced sex ratios). This results in faster genetic drift and,
therefore earlier lineage sorting, even though microsatellite
loci can potentially suffer faster mutation rates. Moreover, in
many studies, the high polymorphism of microsatellites loci is
not accounted for when computing Fs estimates (i.e, stan-
dardization based on marker heterozygosity), which together
with homoplasy may lead to an underestimation of genetic
differentiation (Balloux et al. 2000; Coates et al. 2009).

Regarding fixation metrics, we chose to include both Fst
and @ in the analysis to improve statistical power and to
assess the relationship between the indices. Fs has been the
most widely used descriptive statistics in evolutionary genet-
ics. Yet, following its introduction by Wright, multiple analo-
gous metrics have been implemented (see Holsinger and
Weir 2009 and Meirmans and Hedrick 2011 for a more
indepth review). Although Fsy is based on haplotype frequen-
cies, @s7 also takes into account the genetic distances among
haplotypes. Thus, the lack of divergence between the two
estimators might point toward recently diverged populations,
that is, when evolutionary time was not long enough to result
in the build-up of genetic differences. These results are further
supported by the additional analyses carried out using solely
mtDNA samples estimated using both metrics (supplemen-
tary fig. S6, Supplementary Material online).

Estimates of population differentiation do not seem to be
significantly influenced by the number of samples surveyed
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contrarily to the findings of Jenkins et al. (2010), that reported
an asymptotic relationship between the number of sampled
populations and the likelihood of IBD (isolation-by-distance)
significance.

Conclusion

By using a meta-analytic framework on a comprehensive data
set and controlling for multiple factors potentially affecting
connectivity estimates, this works builds on previous findings
and reveals for the first time the potential association be-
tween genetic structure and commercial fisheries. Contrarily
to marked spatial structure, harvested species exhibit lower
genetic differentiation. It is likely that their typically large
populational sizes might allow them to replenish depleted
populations, yet, with the detrimental cost of reducing overall
genetic diversity levels and therefore their potential for adap-
tation and evolution. Given the caveats inherently associated
with meta-analysis approaches and the lack of studies focus-
ing on the temporal nature of population structure over eco-
logical meaningful periods, this hypothesis warrants further
investigation.

Our review also confirms previous findings on the effect of
marker type, with mtDNA loci typically yielding larger differ-
entiation estimates than those measured with microsatellites
or SNPs, which underlines the importance of considering their
divergent nature when inferring population structure.
Moreover, we quantitatively show that early-life-history traits
(namely PLD) and broad-scale ocean circulation patterns
might be insufficient to accurately predict patterns of con-
nectivity in the absence of further knowledge, and that spe-
cies occurring at higher depths may be able to sustain higher
gene flow between allopatric populations.

Although further analyses are required to accurately char-
acterize and predict connectivity for individual species, the
broad-scale perspective here provided offers novel insights
into the role of several factors in shaping marine genetic
structure. As these patterns of subdivision are influenced by
a plethora of processes, further insights could be obtained by
analyzing changes in genetic differentiation over consecutive
generations and by accounting for additional aspects such as
species’ historical demography, environmental continuity,
abiotic conditions, and larval behavior. Even though it
remains a challenging task, understanding how multiple pro-
cesses operate together is fundamental to ensure the sustain-
ability of exploited marine species on the long term. Overall,
the diversity in connectivity patterns and dispersal pathways
described by this and several other studies (Bradbury et al.
2008; Ramesh et al. 2019) highlights the importance of con-
servation management strategies supported by sound scien-
tific knowledge and argues the need for multilateral, holistic
cooperation across national borders.

Materials and Methods

Literature Search and Data Collection

Genetic differentiation data were obtained from a systematic
literature search. Studies published over a 10-year period
(from 2008 to 2018) were compiled through Web of

Science, using the terms: “phylogeography” or “population
genetic structure” and “fish” and “marine.” All resulting refer-
ences were methodically reviewed and selected whenever
they met five main criteria: 1) the study included at least
one marine fish species, 2) it analyzed genetic differentiation
between non co-occurrent populations (i.e, spatial structure
analysis), 3) at least three different locations were sampled, 4)
pairwise Fst or @sp values were supplied (either in the main
article or under the supplementary files), and 5) coordinates
of the sampling sites were reported or could be accurately
inferred (supplementary fig. S1, Supplementary Material
online).

Posteriorly, all available data were collected and organized
using a relational database structure, including methodolog-
ical details such as scientific names, sampling site coordinates
and number of fish analyzed, pairwise fixation values together
with the corresponding genetic marker and all relevant spe-
cies traits. These traits were selected based on previous stud-
ies and ecological meaningfulness, and included: average PLD,
egg type (livebearers vs. demersal vs. pelagic), growth coeffi-
cient (K; rate at which an asymptotic length is approached in
the von Bertalanffy equation), longevity, maximum length,
maximum depth, and commercial importance (supplemen-
tary table S1, Supplementary Material online). Commercial
importance was grouped into four main levels according to
the extent to which the species are exploited: highly com-
mercial, commercial, minor commercial, and subsistence fish-
eries/noncommercial, as defined in Froese et al. (2000) and
based on the Food and Agriculture Organization’s list of com-
mercial species and Sea Around Us fisheries database (http://
www.seaaroundus.org, last accessed October 2020). Data ma-
nipulation as well as all subsequent analyses were carried out
using R v3.6 (R Core Team 2020). Species traits were sourced
from FishBase (Froese and Pauly 2019), either using the
“rfishbase” package (Boettiger et al. 2012) or through custom
web scraping routines, or inferred from closely related species
(species within the same genus or family). Whenever values
for a given variable were missing, we retrieved the traits of all
available species belonging to the same genus. Similarly, if no
data were available for the genus-level, we sampled species
within the same family. Then, for numeric variables, we com-
puted the average of all the values retrieved; and for categor-
ical variables, we used the most common value. Additionally,
some of the categorical variables were reclassified and aggre-
gated in broader classes in order to simplify the analysis and
increase sample size (supplementary table S2, Supplementary
Material online).

Data Analyses

To assess the effect of the metric chosen, we included both
Fst and @ values in the analysis by converting data to long
format and storing the type of index (Fst or ®sr). Whenever
both Fst and ®sy values were available for a given record, the
entry was duplicated to accommodate the two response
variables. Pairwise comparisons between overlapping sam-
pling locations within the same study were discarded due
to the increased probabilities of belonging to the same pop-
ulation and to avoid biasing the analyses with temporally
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structured samples. Moreover, due to the uneven number of
data points coming from different genetic markers, only sam-
ples resulting from the more commonly used microsatellites,
mtDNA, or SNPs markers were included (accounting approx-
imately for 95% of the full data set).

Negative Fsr/®sy values were converted to zero, as results
lower than zero indicate that population differentiation is
negligible (Meirmans 2006; Medina et al. 2018). All coordi-
nates were converted to decimal degrees and checked against
the GSHHG (Global Self-consistent, Hierarchical, High-
resolution Geography Database; Wessel and Smith 1996)
coastline layer, at intermediate resolution. Whenever the
reported locations lied within land surfaces, they were relo-
cated to the nearest marine location. Subsequently, geo-
graphic distances (i.e, shortest distance by water between
pairs of sites) were calculated using a least-cost path analysis
(Dijkstra’s algorithm, “gdistance” package; van Etten 2017).
Oceanographic connectivity (i.e, relative measure of distance
via ocean currents) was calculated using the “rWind” package
(Fernandez-L6pez and Schliep 2019). Data on the northward
and eastward components of oceanographic currents were
retrieved from Bio-ORACLE (Assis, Tyberghein, et al. 2018), a
data set providing geophysical, biotic, and environmental
data for surface and benthic marine realms at a spatial reso-
lution of 5arcmin (~9.2 km at the equator). A conductance
matrix was computed based on the direction and intensity of
currents, and relative distances were calculated using the
same least-cost algorithm. As this transition layer is aniso-
tropic (asymmetric due to the directionality of water flows),
the process was repeated twice for each pair of sampling
locations with swapped “from” and “to” directions, with
only the smaller of the distances being assigned to the pair.
Moreover, we accounted for the swimming capabilities of
most fish larvae by allowing movements against flow direc-
tion, at an increased cost (Felicisimo et al. 2008).

Prior to statistical analyses, we assessed the potential bias
in publications related to reported values or sample sizes, to
test whether larger differentiation estimates had a higher
probability of being published and whether any skew in dif-
ferentiation values existed in relationship with the number of
individuals sampled. The former hypothesis was investigated
through histograms of reported Fs1/@sr values and the sec-
ond was assessed using funnel-like plots, that is, scatterplots
of fixation values against mean sample size. Furthermore,
similarities between biological traits of ray-finned species
(class Actinopterygii) within each commercial level were
assessed through an FAMD (FactoMineR package; Lé et al.
2008), a principal component method comprising both quan-
titative and qualitative variables. Finally, to visually assess
eventual discrepancies in the distribution of sampling loca-
tions (spatial bias) in relation with commercial level, we pro-
duced heat maps of sample sites using kernel density
estimation.

As a preliminary data analysis and in order to provide
visually interpretable patterns of correlation between the
considered traits and the levels of genetic structure observed,
we plotted all pairwise differentiation values against geo-
graphic distance and oceanographic connectivity estimates,
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per marker and fixation metric, and calculated Pearson’s cor-
relation coefficients. To reduce heteroskedasticity, distances
were log-transformed and standardized into a z-score, and
fixation values were linearized using a logit transformation.

To test the effect of each variable in the observed differ-
entiation estimates, we averaged the Fs1/®sr values (per spe-
cies, marker and publication) and adjusted GLMMs. Two
different sets of models were generated, one using the raw
averages of the fixation estimates following a beta distribution
(“glmmTMB” package; Brooks et al. 2017), and another using
linearized indices (F-index logit) with a normal distribution
(“Ime4” package; Bates et al. 2015). As missing values are not
allowed in the modeling algorithm used, the analysis was
conducted exclusively on the subset of species for which all
variables could be retrieved (n = 152, ~80% of all species). In
both cases, hierarchical taxonomic structure (Family/Genus/
Species) was included as a nested random effect to account
for both phylogenetic nonindependence and repetitive meas-
urements (i.e, the cases when multiple publications studied
the same species). An amount of 1 x 10~ ’ was added to all
values in the first set of models, because beta distribution
parametrizations are not possible with exact zeros.
Additionally, as complete life-history traits were not available
for all species and GLMMs adopt listwise deletion excluding
all incomplete data rows, we repeated the analyses dropping
the insignificant terms that had higher percentages of missing
values in order to increase the number of observations
included.

Before model fitting, all numeric variables were scaled and
collinearity between all predictors was assessed through a
variance inflation factor analysis (Zuur et al. 2010). Overall
significance of the fixed covariates was assessed with ANOVA
(analysis of variance) tables, using likelihood ratio tests for the
beta-distributed models and parametric bootstrap for the
normally distributed models (10,000 iterations). Fixed effects
plots with corresponding confidence intervals were generated
using the “effects” package (Fox and Hong 2009) and pairwise
post hoc analysis was conducted using Tukey’s HSD (honestly
significant difference) tests, available through the “emmeans”
package (Lenth 2020).

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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