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Abstract: Overfishing drives population decline, which in turn drives loss of genetic diversity. Many
studies provide evidence of declines in genetic diversity; however, controversy exists within the
literature, as some studies show evidence of no change in genetic diversity despite decades of over-
harvesting. The apparent discrepancy in the literature should therefore be examined to understand
what biological and ecological processes are driving the differences in results. Here, we assess how
different factors contribute to fisheries-induced susceptibility to declines in genetic diversity by first
focusing on the different roles of genetic markers. Second, we assess how habitat type and condi-
tions contribute to loss of genetic diversity. Third, we assess how life history and physiology affects
catchability and loss of genetic diversity. Finally, we discuss how coinciding abiotic and biotic fac-
tors influence the intensity of genetic loss. We find a multitude of these factors could be interacting
to influence how results are perceived and how intense the loss of genetic diversity can be. Future
studies should carefully consider the methodology of genetic analysis used, as well as considera-
tions of life history and ecology of the target species.

Keywords: genetic diversity; fisheries; conservation genetics; size selection; population genetics

Key Contribution: This review assesses the importance of considering multiple factors that could
affect the vulnerability of an overfished population to loss of genetic diversity.

1. Introduction

Fish stocks are a crucial source of livelihood and nutrition, providing 156 million
tonnes of food per annum, representing some 17% of global animal protein consumed [1].
However, because of a 122% increase in fish consumption along with historic overhar-
vesting, the percentage of fish stocks that are harvested sustainably has reduced from 90%
to 65.8% from 1990 to 2017 [1]. Overfishing not only causes concerns for global food secu-
rity, but also remains at the forefront of the anthropogenic problems the aquatic environ-
ment faces, causing severe population declines and habitat destruction [2—4]. Indeed, the
modern consensus is that despite the high fecundity of many fish species (e.g., with indi-
viduals of certain species capable of producing tens to hundreds of thousands of eggs in
a spawning event), this is not enough to maintain a sustainable stock under intensive har-
vesting [5]. Current predictions suggest fish stocks may become exhausted by 2050 [6,7],
which not only results in population losses, but a potential loss of standing genetic diver-
sity [8], leading to localised ecosystem collapse, as already experienced in places such as
the Black Sea [9].

Because fishing mortality can be extremely high and fisheries are often also selec-
tively removing certain phenotypes from the population (i.e., exposing fish populations
to directional selection), fisheries can be expected to reduce genetic diversity in an ex-
ploited population. Indeed, directional selection, often occurring through size-selection
favouring the smallest individuals in a population, will not only act on phenotypic traits
(e.g., body size, age at maturation, and reproductive output [10]), but also on the
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associated genetic structure. As such, directional selection can act in tandem with demo-
graphic loss to enhance the loss of genetic diversity. Decline in genetic diversity can lead
to reduced adaptive potential [11,12]. However, there is some debate whether neutral di-
versity can be truly representative of adaptive potential, as the genes detected do not have
any direct effect on population fitness [13]. Reductions in adaptive potential can lead to
increased vulnerability to future anthropogenic stressors. The reduction in genetic diver-
sity can cause reduced phenotypic variability, which in turn may affect population viabil-
ity and stability [14]. Indeed, evidence for reduced genetic diversity in exploited fish
stocks has been reported by various studies, for example, as an increase in inbreeding
coefficient or a reduction in effective population size [8,15,16].

Many studies have tried to assess the effect of fishing stress on the genetic diversity
of fish populations with mixed results, with some studies showing clear declines in ge-
netic diversity. For example, Hauser et al. [15] showed that the overexploitation of the
New Zealand snapper (Pagrus auratus) resulted in a large reduction in both genetic diver-
sity (heterozygosity and number of alleles) and effective population size (N.). However,
Jones et al. [17] found higher N. values than expected in the original study by incorporat-
ing a larger sample size and simulation-based methods, though, despite this, N. was still
found to be lower in exploited populations than in non-exploited populations. In contrast,
other studies have found no significant reductions in genetic diversity in overexploited
stocks, such as in Atlantic cod (Gadus morhua) stocks [5,18-20]. However, stocks experi-
encing relatively low catch rates, such as mango tilapia (Sarotherodon galilaeus) in the sea
of Galilee, show a significant loss in genetic diversity [21]. Pinsky and Palumbi [8] com-
pleted a comprehensive meta-analysis utilising 140 species, demonstrating an overall
trend that overharvest resulted in a decline in genetic diversity across marine fish species,
while some studies show no apparent genetic loss when exposed to fishing stress
[16,22,23]. It is therefore important to understand why some studies apparently demon-
strate clear evidence for loss of genetic diversity when exposed to fishing stress, whilst
others do not. The possible reasons why some stocks do not exhibit a notable loss of ge-
netic diversity appear complex, and the literature remains divided.

The magnitude of mortality rates and the intensity of directional selection determine
how much fisheries can erode genetic diversity in a population, alongside initial popula-
tion size, refugia from fisheries, and migration rate [8]. However, the variance in results
from the literature suggests that many other factors that influence genetic diversity must
be considered. This discrepancy may be a result of changes in genetic technologies result-
ing in differing resolutions between genetic markers such as single-nucleotide polymor-
phisms (SNPs) and microsatellites (e.g., [24]). Furthermore, habitat diversity may have an
influence, for example, due to factors such as habitat complexity that may affect vulnera-
bility of being caught by fishing gear (i.e., catchability; [25,26]), species metapopulation
structure (which determines patterns of dispersal among populations), and/or whether a
species’ range encompasses protected areas. Moreover, life history and behavioural traits
can affect catchability and consequently loss of genetic diversity [27]. It is also important
to note the evolutionary history of a population, and how different species differ in their
vulnerability to fisheries stress based on their evolved set of life history traits [28]. Finally,
overfishing is not the only stressor evident in the aquatic environment, with further an-
thropogenic effects such as climate change and habitat loss likely contributing to exacer-
bating the loss of genetic diversity [25].

In this literature review, we will assess how different factors contribute to fisheries-
induced susceptibility to reductions in genetic diversity and aim to unravel why discrep-
ancy in population responses in the literature exists. First, we focus on the role of different
genetic markers and metrics used to measure variability in genetic diversity produced by
the different studies. Second, we consider how habitat type and conditions can contribute
to the fisheries-induced loss of genetic diversity. Third, we assess the effect of life history
traits on catchability and loss of genetic diversity, and finally discuss how coinciding fac-
tors influence the intensity of genetic loss.
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2. Genetic Markers and Metrics

Studies focusing on detecting potential fisheries-induced changes in genetic diversity
have used different genetic markers. One reason why the interpretations of fisheries’ ef-
fects on genetic diversity vary could be related to the markers together with the metrics
utilised in these studies [24,29]. Here, we review the most common markers used in the
studies and discuss how and why they might produce different results.

2.1. AFLPs

Pioneering studies on genetic diversity utilised DNA fingerprinting in the form of
amplified fragment length polymorphisms (AFLPs). This technique utilises restriction en-
zymes to digest DNA, creating restriction fragments which are then amplified, allowing
the detection of DNA polymorphisms [30]. AFLPs were popular as they were an easy and
cheap way to obtain high-quality genomic data [31,32], and they have been used in genetic
diversity studies in fisheries research. For example, Wan et al. [33], used DNA fingerprint-
ing to assess changes in the genetic diversity of Dabry’s sturgeon (Acipenser dabryanus)
from 1958 to 1999 after large-scale declines, partly due to overfishing, and showed a sig-
nificant reduction in genetic diversity. AFLPs are robust, highly reproduceable, and can
be informative in large numbers [31]. However, AFLPs are often difficult to analyse, re-
quiring high-quality, highly pure DNA, and as a dominant marker they do not detect het-
erozygotes. Hence, the technique has been mostly replaced by other techniques [31,34].

2.2. Mitochondrial DNA

Mitochondrial DNA (mtDNA) is being used more often to assess changes in genetic
diversity compared to AFLPs [21,35-38]. This technique utilises cytochrome c oxidase sub-
unit I (COI) and the D-loop section of mtDNA. Interestingly, studies using mtDNA ubig-
uitously show a decline in genetic diversity caused by fisheries [37-39]. For example, John-
son et al. [37] (2018) showed that diversity significantly decreased after historical harvest-
ing of Chinook salmon (Oncorhynchus tshawytscha). Moreover, in a study on swordfish
(Xiphias gladius) in the Mediterranean, a loss of haplotype diversity and N. was detected
in females, which are larger and potentially more heavily targeted by fisheries [38].
mtDNA may be more sensitive to genetic loss than genomic DNA; however, mtDNA ex-
hibits a much slower rate of evolution than genomic DNA due to its highly conservative
nature [40—42]. Therefore, mtDNA is considered less useful for examining recent changes
in genetic diversity. However, when assessing historical DNA alongside genomic DNA,
mtDNA is a suitable choice of marker. For example, Brovoski et al. [21] used a combina-
tion of microsatellites and mtDNA to show that mango tilapia experienced a bottleneck
event decreasing genetic diversity, possibly due to a combination of overfishing and de-
cline in environmental conditions.

2.3. Microsatellites

Microsatellites remain the genetic marker of choice in the majority of studies analys-
ing genetic diversity in exploited populations [43—45]. This is due to their inherent high
polymorphism, rapid mutation rate, and relatively low cost [43,46]. Early studies on ge-
netic diversity typically used a small number of microsatellites, e.g., [47,48]. This may
have masked discrete changes in diversity, as it has been demonstrated that studies con-
ducted with fewer than 10 microsatellite loci have low statistical power to detect changes
in genetic diversity [8,49-51]. Only a minority of studies have used more than 10 loci to
detect changes after an overharvesting event; these include a lake trout (Salvelinus na-
maycush) study with 18 loci [52], a study on dusky kob (Argyrosomus japanicus) with 18 loci
[53], and a study on European eel (Anguilla anguilla) utilizing 22 loci [54].

Despite being a popular choice of genetic marker, microsatellites have one major dis-
advantage. They are neutral markers, meaning they occur in non-coding regions in the
genome as opposed to other techniques like SNPs that occur in coding regions. Therefore,



Fishes 2023, 8, 510

4 of 15

whilst they can be used to estimate changes in, for example, effective population size (N),
they cannot detect loss of adaptive genetic diversity as functional markers can [55]. In-
stead of using microsatellites alone, a more optimal solution could be a combination of
microsatellites, SNPs, and reduced representation library (RRL) sequencing [24,29].

2.4. SNPs

SNPs are currently the emerging genetic marker for studies on fisheries’ effects on
genetic diversity [56-58]. SNPs are a potential replacement for microsatellites as they offer
greater power of detection of genetic change than small numbers of microsatellite markers
[59]. SNPs can be utilised in a variety of ways from using a SNP array across the genome
(e.g., [10]) to sequencing methods using a large number of SNPs such as in Restriction Site
Associated sequencing (RADsegq; e.g., [60]), RNA sequencing [61], and whole-genome se-
quencing [58]. Furthermore, SNPs can be used as diagnostic markers, which can explain
a large amount of variation in one trait. Barson et al. [62] used 200,000 SNPs and found a
large effect locus (VGLL3) responsible for age at maturation in Atlantic salmon (Salmo
salar). They focused on this particular locus and showed that it was responsible for 39%
of the phenotypic variation observed in the population; changes in the allele frequency of
this loci can help detect evolutionary changes in age and size at maturation in exploited
salmon populations, informing management strategies.

D’Aloia et al. [24] compared three genetic markers, namely microsatellites, non-re-
petitive nuclear loci, and SNPs, to determine how each marker type could alter the genetic
metrics produced in a population genetics study. They sequenced the DNA of a reef fish
(Elacantinus lori) using 2418 SNPs, 89 microsatellites, and 57 non-repetitive nuclear loci.
The SNPs showed higher Fsr values (the amount of genetic variance within a subpopula-
tion compared to genetic variance within the entire population; [63]) than the other mark-
ers and showed greater resolution of genetic structure, allowing for more fine-scaled anal-
ysis. However, when comparing other diversity metrics, such as expected heterozygosity,
observed heterozygosity, and allele richness, values were highest in the microsatellite
data. It is also important to note that microsatellite and non-repetitive nuclear loci are
cheaper options, and a larger number of them may be more cost-effective than SNPs
[29,60]. Despite this, modern sequencing methods utilizing a high number of SNPs may
solve some of the prior mentioned problems, as shown by more recent studies [23,56—
58,64]. Yet, mixed results still preside within those studies utilising SNPs, which may be
explained by the low number of SNPs used. Therkildsen et al. [58] utilised over two mil-
lion SNPs and showed a significant reduction in genetic diversity (nucleotide diversity
and polymorphism %) in an experimentally harvested fish population. In contrast, Pinsky
et al. [65] used approximately 350,000 SNPs and demonstrated no change in genetic di-
versity (genome-wide diversity) despite large-scale harvesting of cod. Sadler et al. (Un-
published), on the other hand, utilized almost 3.5 million SNPs and showed a decrease in
genetic diversity (heterozygosity, nucleotide diversity, and Ne) in size-selectively har-
vested experimental zebrafish (Danio rerio) populations.

When different genetic markers are utilised, different metrics are reported, and these
are not always comparable. For example, allele richness and diversity are more prone to
reductions in population size than heterozygosity [14,66]. Therefore, if a study only uti-
lises heterozygosity as a metric (e.g., [48]), other aspects of genetic diversity change could
be overlooked. Crucially, studies should consider carefully the implications of methodol-
ogy used, aiming for the most efficient, low-cost method that targets adaptive loci.

3. Habitat Type
3.1. Freshwater vs. Saltwater

Habitat type has a significant effect on the vulnerability of aquatic species to exploi-
tation, the most obvious divide being the difference between freshwater and saltwater
habitats, together with the intermediate brackish environment. Despite the large
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difference in habitat size of global aquatic environments (0.5% accessible freshwater and
96.5% saltwater; [67]) the diversity of fish is very similar, with approximately 15,000 ac-
tinopterygian fish species prevalent in both ecosystems [68,69]. The high species diversity
observed in the freshwater realm likely originates from large degrees of habitat fragmen-
tation through differentiated rivers and isolated lake and pond systems, allowing for
greater opportunity for adaptive divergence to take place compared to the comparatively
ubiquitous habitat of the oceans [68].

Structurally, marine and freshwater systems are very different, with greater habitat
connectivity in the marine environment due to the huge expanse of available habitat
space. Indeed, genetically, marine fish exhibit less genetic structure than freshwater spe-
cies [20,70]. It may be presumed that freshwater habitats are more prone to genetic loss
due to there being fewer refugia from fisheries and lower connectivity restricting migra-
tion. Despite this, most studies focus on marine species due to their inherent commercial
importance, with a capture of 84 million tonnes compared to 12 million tonnes in fresh-
water fisheries in 2018 [1]. However, freshwater environments experience high fishing
pressure [71], yet less is known about how fisheries affect their genetic diversity. Studies
that focus on freshwater systems, show a greater decline in genetic diversity compared
with studies focusing on marine habitats (Figure 1a; Table S1). Freshwater systems may
therefore be more prone to loss of genetic diversity when exposed to fisheries stress.
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Figure 1. Change in heterozygosity associated with harvesting (a) fish inhabiting marine and fresh-
water (FW) habitats, (b) organized by orders, and life history traits, such as (c) parity and (d) migra-
tion strategy (see Table S1 for data sources). A negative value indicates loss of heterozygosity after
a harvesting event. Dashed line indicates no change in heterozygosity. In panels (a,c), shaded areas
represent the distribution of the data as density, and in panels (b,d), data are represented as means
and standard errors.

Furthermore, in marine systems, the differing occurrence of fish populations can in-
fluence their catchability, dependent on the fishing method used, subsequently
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influencing vulnerability to genetic loss. For example, a trawler fishery will likely have a
greater impact on benthic fish, whilst long lines will target pelagic fish. Interestingly, more
studies show that benthopelagic fish are most vulnerable to declines in genetic diversity
following fisheries stress (Table S1), potentially because they live close to the bottom of
the ocean where fishing methods such as trawling can cause significant damage to their
habitat and cause direct mortality [72].

3.2. Latitude

Species diversity, functional diversity and genetic diversity decrease with latitude
because of postglacial colonization [73,74]. This creates a gradient in species number, such
that species diversity is greatest at the equator [75,76]. As a result, fishing pressure could
be expected to be more intense at the equator due to a high number of fishing communities
and species. However, this is not the case, as fishing hotspots in Europe, North America,
and China skew this pattern. Because northern (and polar) populations demonstrate
lower levels of genetic diversity than southern ones, high fishing pressure in these areas
might have greater impact on genetic diversity than anticipated [77]. Shifting baseline re-
fers to the phenomenon of how people’s perceptions, for example, of genetic diversity (or
biodiversity), change over time based on their own experience, memory, or knowledge
(e.g., [78]). For example, people may not realise how much genetic diversity has been lost
in certain species or populations because they have no reference point to compare with
the past [79]. This means we should carefully consider the timescale of fisheries, and at
what points loss or indeed no loss of genetic diversity is observed. This can result in a lack
of awareness or concern for conservation and fisheries management [80].

3.3. Habitat Complexity

Habitat range and complexity are important factors influencing a fish population’s
vulnerability to fishery stress. Isolated, small fish populations are more prone to the loss
of genetic diversity than large, well- connected populations [81]. Connectivity of a habitat
is crucial in maintaining genetic diversity, as it allows for genetic recovery through mi-
gration [8]. Furthermore, far ranging, panmictic species are more likely to have sites of
refugia from fisheries, allowing for areas of high genetic diversity that can then contribute
to the overall population through migration. Moreover, physical barriers can inhibit con-
nectivity of populations, particularly in freshwater environments where lakes and rivers
can become cut off. Intolerance to certain environmental conditions such as salinity, oxy-
gen, and temperature can also create barriers to connectivity. For example, Vitorino et al.
[82] state that Arapaima gigas lives in lentic waters, and are intolerant to lotic environments
that act as barriers to dispersal, which may increase this species’ susceptibility to loss of
genetic diversity due to lack of refugia and migration opportunity.

When predicting the potential loss of genetic diversity induced by fishing, various
factors other than fishing intensity, selectivity, and type of genetic tools used, contribute.
Underwater habitat type, condition, and complexity can be difficult to always determine
accurately. However, studies suggest that these can possibly magnify the rate at which
fisheries can degrade genetic diversity and, therefore, they should be considered.

4. Population Demography
4.1. Population Size and Range

Large populations are usually less vulnerable to random genetic drift and therefore
genetic diversity is less likely to be degraded under intense fishing stress. Indeed, some
have even suggested fish stocks are so large that even collapsed populations are com-
pletely resistant to loss of genetic variation through random genetic drift [83]. However,
effective population size (N¢; i.e., the number of individuals that determines genetic char-
acteristics, such as allele frequency) is often significantly smaller than the actual number
of fish in a population (census population size, N; [84]). It was therefore often assumed
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that genetic bottlenecks were rare in large fish populations when considering census pop-
ulation size; however, genetic drift is determined by the effective population size that is
many factors lower [15]. Some authors have even suggested that reduction in allele diver-
sity as a result of overfishing may be more intense in large populations than small ones
[85]. When a population is harvested down to low numbers, its inbreeding coefficient in-
creases (i.e., genetic diversity decreases), inbreeding depression occurs, fitness is reduced
together with the population’s evolutionary potential, and the population can eventually
be destined to extinction [86].

In addition to population size, its range can further determine vulnerability to fish-
eries exploitation. A widely distributed species such as tuna (Thunnus thynnus) is more
likely to be resistant to genetic loss caused by fisheries due to potential refugia in the en-
vironment and greater habitat connectivity [23]. Conversely, a narrowly distributed spe-
cies may be more prone to genetic loss because genetic diversity cannot be maintained by
refugia utilization and rebuilt through migration [8]. For example, Maugean skate (Zearaja
maugeana) is endemic to Tasmania, has a narrow range, is endangered, and has suffered
from the loss of genetic diversity, likely due to a combination of fishing and environmen-
tal change [87].

4.2. Sex Ratio

Fishing regimes often target the larger fish in a population, which not only influences
body size and reproduction directly, but also leads to sex ratio alteration in sexually di-
morphic species [38,88]. In fact, “sex-selective” fisheries can exacerbate the loss of genetic
diversity by hampering reproduction directly by making the other sex rare, hence lower-
ing the N.[89]. For example, in the Gulf of Mexico, populations of amberjack (Seriola
dumerili) have a female-skewed sex ratio, which is likely due to catch preferences in the
region: females are a more valued catch because they are significantly larger than males,
making for a more profitable catch [90]. Furthermore, Righi et al. [38] showed that under
fishing stress, male swordfish (Xiphias gladius) became more prevalent in the population
as a result of fishermen targeting the larger females, leading to losses in genetic diversity.
A skewed sex ratio is a problem in all sexually dimorphic fish species that are being ex-
ploited, as the larger sex is more likely to be captured. This can lead to genetic loss and
even to extinction events if the catch rate is extreme. To prevent fisheries to lead to skewed
sex ratio, a maximum size limit could be helpful in protecting the potentially larger sex
(typically female). However, even more stringent management measures, such as perma-
nent fisheries closure can be effective only when implemented in the long term. A demo-
graphic recovery of a marine reef fish took 30 years of seasonal fisheries closure [91]. A
genetic recovery likely takes much longer.

Furthermore, estimating population sizes (census or effective) or original standing
genetic diversity can be challenging. Yet, these two population-level characteristics are
imperative if we aim to reliably predict the rate and magnitude at which fisheries can
induce loss of genetic diversity.

5. Life History and Behaviour

Studies based on the overharvesting of populations are unsurprisingly based on the
most commercially important species, such as cod (Gadus morhua) and herring (Clupea ha-
rengus). This leads to an inherent bias on the life histories and demography of these stud-
ies. Cod, for example, have massive, interconnected populations, with extremely high life-
time fecundity and taking a relatively long time to mature. Anchovy and sardine, on the
other hand, reach maturity rapidly (1-2 years) but have fewer spawning events. Further
contrasting are species such as sharks and rays that are often very long lived, but with low
fecundity. Fish life history, physiology, and behaviour are extremely variable amongst
species and, intuitively, the effect of fisheries on loss of genetic diversity will vastly differ.
Studies on species which reach a large body size and have long life spans have demon-
strated a fisheries-induced loss of genetic diversity, e.g., [33,38,48]. However, the same is
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evident for small fast-living species (e.g., [92,93]). Variation exists in the literature between
taxonomic groups (Figure 1b), so deeper exploration into life history traits is required to
understand patterns of genetic loss.

5.1. Life History

Intensity of fishery stress may affect fish differently depending on their reproductive
strategy, as a pelagic batch spawner with larvae that disperse over vast distances, such as
herring, may have a greater chance of maintaining genetic diversity than species that lay
eggs onto a substrate [94]. The latter may be particularly vulnerable to trawling and other
destructive fishery methods [95], as fisheries will already cause high mortalities at the egg
stage. Furthermore, fish that are broadcast spawners (i.e., spawning continues for several
subsequent months and travels a greater distance), such as tuna and sardines, will likely
have lower egg mortality rate caused by fisheries, whilst in contrast, benthic spawners
that lay in close proximity, attaching eggs to the benthos, will be prone to the same tar-
geted fishing (e.g., cod and plaice), especially destructive methods such as trawling, re-
sulting in higher egg mortality and hence an indirectly greater loss of genetic diversity.

Reproduction in fish can be broadly classified into two categories: semelparous (a
single reproductive event during lifetime) and iteroparous (multiple reproductive
events). Semelparous fish are thought to be more prone to loss of genetic diversity as they
rely on a singular reproductive event, so reproductive output is dependent on the availa-
ble partner at the time of reproduction, as well as offspring survival being dependent on
the temporality of reproduction [96]. For example, reproduction may coincide with an
environmental stressor or indeed an intense fishery event. In contrast, iteroparous fish
spread their reproductive output out, and are less likely to be affected by a singular envi-
ronmental or fishing event. Species, such as many salmonids, that spawn once a year at a
specific location could be extremely vulnerable to fisheries if it targets spawning popula-
tions. Fisheries have targeted the spawning stocks of barred sand bass (Paralabrax nebu-
lifer) and kelp bass (Paralabrax clathratus), resulting in large-scale population loss [97].
Clearly, fisheries operating on spawning grounds, particularly in those of semelparous
fishes, can very effectively reduce population sizes and therefore genetic diversity. How-
ever, evidence in the literature suggests iteroparous fish are more prone to loss of genetic
diversity (Figure 1c), though this could be due to lack of studies on semelparous fish, and
indeed it is a rarer life history strategy. Furthermore, fishery closures during spawning
season are nowadays relatively common and have been suggested to contribute to sus-
tainable fishing [98].

Body size has been shown to display a negative relationship with genetic diversity
[8,99]. As a result, larger individuals and larger species are more likely to have lower di-
versity, due to body size and catch being related to population abundance [99]. This may
result in overfished populations of smaller individuals showing no apparent loss in ge-
netic diversity, but which have lost crucial rare alleles related to growth and fitness. Fur-
thermore, larger fish are usually more reproductively successful in many species, produc-
ing more and larger eggs [100]. Moreover, larger females often disproportionally contrib-
ute to recruitment; therefore, loss of the largest individuals may result in a reduction in
the growth and fecundity of the population [15]. However, conversely, the removal of
larger fish that disproportionately contribute to the population may enhance genetic di-
versity due to the increased reproductive success of more, smaller individuals. As such,
life history strategy as a predictor of the magnitude of fisheries-driven loss in genetic di-
versity is not straightforward and likely interacts with other traits and factors.

When examining life history strategies most vulnerable to fishing, an important con-
cept is r/K-selection [101]. K-selected species are large, mature late, and produce relatively
few offspring; as such, their population size, and hence genetic diversity, may be more
affected by fishing, as for example demonstrated in the orange roughy (Hoplostethus atlan-
ticus; [48]). In contrast, r-selected species characterized by small body size, early maturity,
and high fecundity may be more durable to fisheries stress, as they have higher
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population growth rates and may be less likely to experience genetic loss. However, fish
are difficult to categorise into r/K-species, as many of them do not strictly follow the def-
initions. For example, cod can be described as a K-species because it has a large body size
and matures late, at the age of five to eight years. However, it is highly fecund and can
spawn more than 10 million eggs during a spawning season [102]. Here, we cannot di-
rectly link the life history strategy with vulnerability to fisheries in terms of loss of genetic
diversity, as studies show that at least certain cod populations do not seem to experience
fisheries-induced decline in genetic diversity [5,18-20].

5.2. Migration

Fish can be broadly classified as non-migratory (such as reef dwellers like anemone
fish; Amphiprion ocellaris), anadromous (living in saltwater and reproducing in freshwater,
such as salmon), catadromous (living in freshwater and reproducing in saltwater, such as
European eels), potamodromous (migrates within freshwater, such as brown trout; Salmo
trutta), and oceanodromous (migrates within saltwater, such as bluefin tuna; Thunnus
thynnus). Vulnerability to fisheries can be greatly dependent on migration strategies,
whilst simultaneously relying on the temporality of the fishing seasons. Anadromous fish
such as many salmonids are fished both in the open ocean and in riverine environments,
exposing them to fisheries at both migratory stages, and if the fisheries are incorrectly
managed, this can lead to severe reductions in genetic diversity [103]. Indeed, migratory
anadromous fish could be particularly prone to fishing before maturation is reached in
the oceanic habitats, as fishing the immature fish prevents any chance of reproduction
[104].

Migration also makes populations more exposed to capture due to migration aggra-
vations that can in turn be targeted [105]. Furthermore, fishery management could exac-
erbate the problem by biasing fisheries’ selection towards early and late spawners, which
can remove alleles associated with these phenotypes [106]. Migration also offers respite
from fisheries, assuming fishing fleets do not follow migratory fish (as they often do),
potentially allowing fish to seek refugia through migration. This could be particularly ev-
ident in Arctic migrating species where there is less fishing effort. Indeed, evidence in the
literature suggests non-migratory fish are more prone to loss of genetic diversity (Figure
1d). Furthermore, migration can enhance genetic diversity by increasing gene flow and
reducing inbreeding [107], potentially mitigating the fisheries-induced loss of genetic di-
versity.

5.3. Behaviour

Many behavioural traits collate with other life history and morphological traits; for
example, in zebrafish, large-selected individuals (small individuals removed from the in-
itial population, simulating fisheries) were more explorative and bolder [10]. This could
be problematic, as bold and aggressive fish are more likely to get caught by fishing gear,
making them more prone to fishery stress [108-110]. Although not all individuals can be,
for example, equally aggressive, a certain species can be more aggressive than another
species, or fish can exhibit temporal aggression due to territorial behaviour. Large-mouth
bass (Micropterus salmoides) males are very aggressive when they guard their nests and
offspring, and it has been shown that during parental care, they are increasingly vulnera-
ble to being caught by anglers [109]. Behaviour could therefore explain why fisheries have
a more pronounced effect on the genetic diversity in some species compared to others.
Even if boldness and aggression were normally distributed in the population, directional
selection could target the most aggressive and bold fish and reduce functional genetic
diversity by selecting out behaviour-associated alleles.

Social structures are important to consider, as aggregations are likely to increase vul-
nerability to fishing stress; for example, the Pleuronectes spp. reproductive strategy in-
cludes aggregations of males that court females, potentially making them more vulnerable
to capture [111], leading to greater depletion and a more skewed sex ratio. Moreover,
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fishing fleets are more likely to directly target social aggregations, due to the greater ease
of capture enhancing the problem. Indeed, shoaling fish such as anchovy, sardine and
herring are easier to catch, increasing susceptibility to genetic loss. However, as these spe-
cies are r-species, this could buffer any effect of sociality on loss of genetic diversity.
Genetic diversity loss could therefore be correlated with a variety of life history,
physiological, and behavioural traits. This inevitably leads to differing vulnerability rates
to fishing and by-products of fishing both within fish populations and between species.

6. Coinciding Effects

One explanation for the divergent results in genetic diversity in response to fishery
stress is that fishing stress is rarely the only variable that affects populations. Population
declines, and therefore genetic loss, may be caused by many anthropogenic selection pres-
sures operating in synergy, including climate-change-induced warming [112,113], hy-
poxia [114,115], ocean acidification [116], and habitat destruction [117,118]. Furthermore,
changes in biotic interactions, such as a change in abundance of co-occurring competitors
or predatory species (e.g., [119]) or an introduction of an invasive species, can further alter
the effects of a fishery on a harvested population. Wan et al. [33] showed evidence of a
decline in genetic diversity in Dabry’s sturgeon after exposure to fishing stress; however,
decline also coincided with multiple damming projects on the Yangtze River, as well as
an increase in industrialisation, and hence pollution. Therefore, loss of genetic diversity
due to fisheries is likely to be enhanced by other anthropogenic activities occurring sim-
ultaneously, which makes predicting the fate of exploited populations complicated.

7. Conclusions

A multitude of factors contribute to the mixed results in the literature for fisheries-
induced loss of genetic diversity. The main contributing factors are differences in habitats,
such as connectivity among populations and the availability of refugia, and differences in
life history traits affecting vulnerability to harvesting. A further reason for discrepancies
among studies is the differences in methodologies used to estimate the effect of fishing on
genetic diversity. In particular, there are differences in resolution and structure between
markers used and the resulting metrics presented [24,29]. Alongside these effects is the
underlying influence of anthropogenic disturbances, such as climate change, which fur-
ther amplify the loss of genetic diversity, particularly in areas of high industrialisation
such as Europe, China, and North America, coincidentally the same areas in which fishing
efforts are highest. Loss of genetic diversity as a result of fisheries can be mitigated from
gene flow through immigration, availability of refugia from fisheries, or from mutation
[8], assuming fisheries are closed for a long enough period. Fisheries management should
consider loss of genetic diversity an important aspect when managing recovering popu-
lations. An apparent lack of reductions in genetic diversity should be heavily scrutinised
using a wide array of techniques before accepting that the population is not at risk of
further loss of genetic diversity and therefore reduction in adaptive potential. Currently,
studies are lacking sufficient data, and more studies should be conducted considering a
multifaceted approach, carefully considering what is causing changes in genetic diversity,
and what potentially amplifies the effect of overfishing.

Supplementary Materials: The following supporting information can be downloaded at:
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