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The project 

AQUATRACE took advantage of cutting-edge genetic and 
genomic analytical approaches to support aquaculture 
activity and management, while helping to ensure the 
protection of our marine and freshwater environments. 

Activities included the development of forensically 
validated genetic tools for tracing the origin of farmed fish 
and monitoring genetic interactions between fish from 
aquaculture and their wild conspecifics. Additionally, 
AQUATRACE aimed at identifying the genomic sites which 
are responsible for the physiological and life-history 
differences observed between wild and cultured fish. 
Based on scientific insights, a risk assessment and 
management recommendations are provided concerning 
the genetic impact of aquaculture fish on wild fish gene 
pools. The results and new insights emerging from 
AQUATRACE can also provide valuable support for the 
aquaculture industry, for example to guide breeding and 
domestication processes. Moreover, AQUATRACE pursued 
a strategy, including partnerships with related projects 
such as FISHPOPTRACE
(https://fishpoptrace.jrc.ec.europa.eu), leading to 
additional benefits for marine fisheries management, 
particularly genetic stock identification and assessment. 

All activities were designed such that they can contribute 
to ‘Blue Growth’, the EU’s long-term strategy to support 
sustainable growth in the marine and maritime sectors. 

The AQUATRACE consortium comprised 22 partners from 
across Europe, encompassing diverse expertise ranging 
from molecular genomics to practical fish breeding. 
Likewise, project partners included universities and 
governmental, EU and private research institutions, as 
well as fish-breeding companies and associations. 
For more information visit our website https://
fishreg.jrc.ec.europa.eu/web/aquatrace or contact us at 
jrc-aquafish@ec.europa.eu 
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Executive Summary 

Aquaculture is key to meeting the escalating demand for fish worldwide, and is 
also becoming a major protein source and source of employment and income for 
the European Union (EU). Fostering sustainable aquaculture is one of the pillars 
of the Common Fisheries Policy and an important component of the Blue 
Economy and Blue Growth. 

Europe represents the largest market for fish in the world and seafood consumption 
has steadily increased over past decades. Per capita consumption was estimated as 25.5 kg in 2014. On the other 
hand, the EU’s self-sufficiency for seafood is currently estimated at only 47.5%, thereby necessitating high dependency 
on imported seafood for the EU market. 

Thus, while EU aquaculture provides a major opportunity to enhance Blue Growth and to decrease the EU’s 
dependency on seafood imports, the Scientific, Technical and Economic Committee for Fisheries (STECF), which 
advises the European Commission1, confirms in its latest report2 that aquaculture production is dominated by Asian 
countries, which are responsible for almost 90% of global production volume. In contrast, the EU-28 contribution to 
world aquaculture production has been decreasing significantly in terms of both volume and value, representing only 
1.7% (by volume) and 3.2% (by value) of global production in 2014. 

One impediment to enhanced EU aquaculture growth are concerns regarding the environmental sustainability of 
aquaculture activity. There is a clear need to reconcile aquaculture with existing environmental legislation, both national 
and EU. According to STECF, environmental regulations and inherent difficulties in the licensing process, due to 
multilevel governance and competition for space both on land and in coastal zones, continue to be the most important 
issues that require ongoing attention to increase growth in the EU aquaculture sector. 

Foremost among these environmental concerns are fish escaping from their aquaculture production facilities 
(‘escapees’), which typically pose a hazard to fish stock integrity and levels of biodiversity through genetic impact on 
wild populations of conspecifics. Escapees are a feature of aquaculture which can occur both acutely and chronically, 
e.g. through leakage. Restocking of wild populations with farmed fish can create similar risks. 

In line with recent EU initiatives3, AQUATRACe aims to support the growth of aquaculture activity by providing genetic 
and genomic tools that facilitate identification, risk assessment and monitoring of farm escapees, and of escape events. 
The latter, supported by the AQUATRACE risk assessment, is delineated below. The AQUATRACE risk assessment should 
become an integral part of EU aquaculture management and governance, facilitating compliance with environmental 
protection and conservation targets laid down in EU legislation. 

The risk assessment described here is targeted at risk assessment managers and stakeholders, including the 
aquaculture industry, policy makers and authorities. 

That the risk of genetic introgression from farmed animals into wild populations is real has been demonstrated 
repeatedly, as has the inherent risk that the fitness of wild populations ‘infiltrated’ by escaped conspecifics can decline. 
Experiments have shown that a single generation of domestication can alter the expression of hundreds of genes, and 
that even at early stages of domestication,  adaptation to specific conditions in aquaculture may occur. In general, the 
fitness of farmed fish in the wild decreases with the number of generations in captivity. 

In Norway, which is home to the most extensive aquaculture fish production in Europe, the genetic impact of farmed 
Atlantic salmon (Salmo salar) on their wild conspecifics are regularly assessed by a dedicated monitoring programme, 
the largest of its kind on escaped farmed fish in the world. These assessments refer to specified requirements that fish 
farming activities must not cause lasting genetic changes to wild populations. The assessments look into the likelihood 
of exceeding certain thresholds of environmental impacts, based on selected proxies such as the number and 

1 Commission Decision of 25 February 2016 setting up a Scientific, Technical and Economic Committee for Fisheries, C(2016) 1084, OJ C 74, 26.2.2016, p. 4–10.2 Economic Report of EU aquaculture sector (STECF-16-17) Edited by R. Nielsen, J. Guillen and N. Carvalho . JRC Scientific and Policy Reports.3 Communication from the Commission to the European Parliament and the Council, Building a sustainable future for aquaculture, A new impetus for the Strategy for the Sustainable Development of European Aquaculture (COM/2009/0162 final); Communication from the Commission to the European Parliament, the Council, the European Economic and Social Committee and the Committee of the Regions, Strategic guidelines for the sustainable development of EU aquaculture (COM/2013/229).

Why a risk 
assessment? 
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proportion of escaped salmon observed in the spawning grounds of wild salmon stocks, and on the level of actual 
introgression into wild stocks. 

Using the Norwegian assessments as a paradigm, the AQUATRACE project aimed at quantifying the risks aquaculture 
pose to wild stocks of three European marine fish species which are intensively farmed in Europe. These are European 
sea bass (Dicentrarchus labrax), gilthead sea bream (Sparus aurata) and turbot (Scophthalmus maximus). The project 
was able to take advantage of the most up-to-date genetic and genomic analytical approaches. 

This white paper starts out by looking at the populations at risk among the three target species. It includes a concise 
summary of the biology and exploitation patterns of teach species. Such collective knowledge is needed to enhance 
understanding of the vulnerability and tolerance towards natural and anthropogenic impacts. 

The white paper continues by describing stock structures followed by a depiction of possible hazards emerging from 
aquaculture activities. Moreover, based on published evidence, new empirical data, simulations and modelling, it 
provides a preliminary assessment of existing risks emerging from exposure of wild animals to farmed fish due to 
release and escape events. Finally, based on compiled and reviewed existing knowledge and AQUATRACE research 
results, a set of recommendations is delineated. 

The capture fisheries of all three target species are small in comparison with 
aquaculture production. 

For European sea bass, capture fishing was until recently – apart from a few 
national rules – not regulated. In 2015 scientific analyses reinforced previous 
concerns about the stock decline as also observed by the International Council for 
the Exploration of the Sea. For commercial and recreational fishing of wild gilthead 

sea bream some restrictions are in place, but in general no management measures are implemented for wild stocks, 
except for fish, mostly juveniles, entering estuaries and coastal lagoons in the Mediterranean Sea. Turbot is an 
important by-catch species in demersal fisheries and is not considered endangered. Declines in wild catches and some 
genetic evidence suggest a historical reduction in population size, however. 

In contrast to the sea cage farming of sea bass and sea bream aquaculture, turbot farming is almost exclusively land-
based, in closed-recirculation systems during the early stages of cultivation and later in open-flow systems for-growing 
out. Genetic introgression in wild populations can occur though as farmed bloodstock is being used for restocking 
activities (see below). 

The AQUATRACE ‘Survey on selective breeding programmes in European Aquaculture’ highlighted significant 
differences in selection efforts in the aquaculture industry. Some major seed-producing countries are still producing 
almost exclusively unselected material, or they use F2 animals, that is, animals of the second generation of a breeding 
program, derived from other commercial breeding programs. This is particularly the case for sea bass (Italy and Spain) 
and sea bream (Italy and Turkey). In contrast, sea bass, sea bream and turbot production in France, and turbot in Spain 
are produced mainly or exclusively from genetically improved seed. 

Despite its rapid development, information on the impact of breeding programmes on cultured stocks remains limited. 
In 2004, a survey on 13 Italian hatchery broodstocks revealed no significant reduction in genetic variability compared 
with wild populations, indicating a reduced risk of genetic impacts on wild populations by farm escapees. However, 
different results obtained from Greece showed a significant reduction in the genetic diversity in farmed stocks. A similar 
loss of diversity was observed in Spain for farmed F1 progeny. 

Selective breeding is expected to become more common, as it creates significant effective opportunities for aquaculture 
through enhanced productivity. This implies an increased drive for genetic differentiation between farmed and wild fish. 

From extensive tissue samples, which covered of fish collected across a large part 
of the native distribution range of all three target species, DNA based genomic 
markers were developed and used to genotype the sampled individuals, to 
characterise the wild and farmed populations and signs of introgression. 

European sea bass is composed of three main wild population groups, an 
apparently almost homogenous population in the north-eastern Atlantic, and two 

Mediterranean populations which are population groups separated at the Siculo-Tunisian Strait. The eastern 
Mediterranean sea bass is genetically split into several distinct subpopulations while its western counterpart is relatively 
homogenous and shows closer affinity to the eastern Mediterranean than to the Atlantic group. In the western 

The target species 

Genetic baseline 
results from 
AQUATRACE 
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Mediterranean Sea there is some evidence for introgression of the Atlantic lineage. Off the Strait of Gibraltar there is 
also evidence for natural introgression of the Mediterranean lineage into the Atlantic population. 

Farmed populations show a range of genetic diversities, reflecting the broad origins of the source material, breeding 
practice and selection pressure, and resulting in some cases in pronounced genetic differentiation between farms. 
There is evidence of genetic material from the Atlantic Ocean in Mediterranean farms and of Mediterranean material in 
one Atlantic farm. It is not feasible to identify a unique individual genetic profile for each farmed sea bass. However, 
some genetic characteristics point to unique sources of domesticated genetic material. 

Some wild samples show evidence of escapees, with high proportions of individuals closely related genetically to each 
another. Mediterranean samples show higher numbers of related individuals (likely escapees) per sample than Atlantic 
samples. 

In gilthead sea bream the results suggest the existence of genetic differentiation between Atlantic and Mediterranean 
population groups. and, within the Mediterranean, between Western Mediterranean, Ionian and Aegean Sea 
populations. The latter appear to be the most differentiated population. The population in the north Adriatic Sea were 
found to be more similar to those of the Greek Ionian Sea, and the population from the Italian Ionian coast was more 
similar to the West Mediterranean population.  

The possibility that both genetically close or very different fish may escape or be released, and that both leakage and 
mass escape events are likely to occur, results in the requirement for a localised case-by-case assessment in order to 
elucidate the specific rates of introgression and fitness risks. 

In turbot, four main genetically differentiated regional groups of fish across the distribution range have been identified: 
fish from the Atlantic area, mostly compatible with a large homogenous population; the Baltic Sea, showing moderate 
differentiation from the Atlantic area; and the Mediterranean and Black Sea, highly differentiated from the Atlantic 
region. 

Farmed turbot is capable of surviving and reproducing in the wild, leading to introgression in wild populations. This 
introgression is likely to have occurred over several generations. A set of genetic markers was developed to monitor 
escapes or releases from farms and to evaluate introgression in wild populations of turbot. Pure farm and introgressed 
individuals may represent close to 15% of individuals collected in some wild populations. The impact is related mainly 
to intentional releases, i.e. restocking, intended to supplement depleted fisheries in threatened coastal habitats, 
although a minor risk could be associated with farmed escapees. 

Salmonids are the most affected fish when it comes to introgressive hybridisation. 
This is due to widespread exposure to genetically divergent farmed fish, mainly from 
escapes; the Atlantic salmon is emblematic of this problem. As a group, salmonids 
have therefore been intensively studied in attempts to clarify how hybridisation and 
introgression with farmed fish affect wild populations, serving as a model system for 
less well-studied marine fish species. 

As experiments with salmonids as the model species indicate, non-native strains generally show maladaptation compared 
with native populations, and hence introgression, will usually reduce fitness in wild populations. For the marine target species, 
farmed fish may genetically be very similar to or very different from their wild conspecifics, thus the prediction of fitness effects 
caused by escapees in wild populations will be population and scenario specific. 

The majority of results obtained in model studies with salmonids are also valid for the marine target species. Firstly, 
hybridisation between escaped farmed fish and wild fish will lead to genetic changes that can be assessed using genetic 
markers. Secondly, introgression can be monitored using genetic markers. That is, the degree of genetic change caused by 
introgression can be determined, and likewise, whether introgression leads to a general reduction in genetic variation of wild 
populations. 

Evidence from salmonids also shows that vulnerability and tolerance can be determined on a case-by-case basis (whether 
escapes from specific farms at specific magnitudes are likely to incur fitness costs to wild populations). Predictions will be 
most accurate if information can be obtained on (1) the genetic identity and variability of farmed strains and wild populations, 
(2) the structure and size of wild populations, and (3) the frequency, volume and age structure of escapes. 

Factors likely to affect impact of introgression in salmonids can be directly transferred to marine fish, and mitigation actions 
can be planned to address them. They include the genetic differences and heritable trait differences between wild and farmed 
fish, the frequency of intrusion and the relative frequency of escaped to wild fish in spawning grounds. Efforts to avoid 
introgression can also be prioritised, incorporating aspects of conservation and economic goals. It would be possible, for 
example, to conduct a spatially explicit assessment of whether the use and escapes of specific farm strains is more likely to 

Modeling results 
transferred from 
salmonids 
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inflict genetic damage in some areas than others, e.g. in areas inhabited by vulnerable, genetically unique populations. The 
usefulness of ‘indicator-based management systems’, as suggested for Norwegian Atlantic salmon, could be examined. 

Knowledge of the factors impacting introgression has until recently been very limited 
for all three marine target species, and AQUATRACE has contributed to addressing 
relevant knowledge gaps. 

In contrast to most countries with extensive salmon aquaculture, notification of 
escape episodes is not officially required in EU countries with substantial 
aquaculture production of sea bass, sea bream and turbot. Hence, escapes 

episodes from the during various stages of production, from hatcheries to grow-out cages, remain mostly unreported 
in terms of geographical and temporal distribution, estimated number of cases and individuals, production stage, 
frequency or closeness to spawning grounds. 

Intentional stocking can be considered to be the main source of release of turbot into the wild. Experimental wild stock 
enhancement with farmed turbot has been conducted in Belgium, Denmark, Norway and Spain. With the exception of 
Spain, and perhaps Denmark, no specific information exists on the use of marine fish broodstocks for population 
enhancement. 

The general lack of data on escape events does not allow for a comprehensive evaluation of long-term survival of 
escapees and associated degree of exposure to wild conspecifics. On the one hand, it is possible that the cumulative 
impact of escapees may be substantially reduced by the high mortality rate observed, typically occurring after escape. 
On the other hand, and as is the case with Atlantic salmon, even a modest survival rate after escape might entail 
negative fitness consequences for wild populations. 

An additional source of concern lies in the spawning in sea cages during the grow-out phase of farmed fish. Recent 
studies in Cyprus indicate that substantial numbers of female sea bass do mature in sea cages under normal farming 
conditions. Spawning during the grow-out phase has also been observed in gilthead sea bream in floating cages at 
sea, which, may lead to continuous release of eggs and juveniles into the environment. This presents a potential source 
of escapees through spawning. The impact on natural populations is therefore difficult to assess. 

The current knowledge on genetic structure and dynamics of the AQUATRACE target 
species does not allow a single quantitative risk assessment covering the entire 
distribution area across European waters. 

In all three species, broodstocks from distant populations are used for breeding, 
and various levels of selective breeding is applied among the hatcheries. Release 
and/or escape events of farmed fish occur, though the frequencies and magnitudes 

of release and/or escapes cannot be quantified precisely for any of the examined target marine species. For turbot, 
rough estimates of escapees and intentional releases are available. As both genetically close or very divergent fish 
may escape/be released for all three species, and that both leakage and mass escape events are both likely to occur, 
(sea-bass and sea bream), a more profound evaluation would require a case-by-case assessment of introgression and 
fitness risks at the level of local aquaculture regional clusters. 

Continuous genetic monitoring would constitute a highly valuable asset allowing a temporal assessment of the degree 
of genetic change and genetic variation in wild populations and farmed fish. This would be a prerequisite for the 
assessment of introgression and the implementation of quantitative risk assessments. 

The AQUATRACE consortium has taken on the challenge of developing a traceability toolbox for European sea bass, 
gilthead sea bream and turbot. The tools will be very useful for future monitoring of releases and hatchery practices, 
and for appropriate management with the aim of preserving wild resources in a sustainable aquaculture framework. 

For the time being, on the basis of the available knowledge, AQUATRACE proposes the use of a semi-quantitative 
evaluation grid for risk assessment purposes in order to support risk managers responsible for aquaculture activities at 
a local level. 

General 
conclusions 

Knowledge gaps
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Based on its research results and the knowledge gaps identified, the following 
recommendations are provided in order to enable a quantitative assessment of 
genetic risks emerging from marine farmed fish that can be integrated into 
management frameworks underpinning sustainable and profitable aquaculture: 

R1. Management goals: There is a need to formulate management goals linked to potential genetic 
risks emerging from EU aquaculture, goals which set thresholds against which such risks could be 
evaluated and assessed. The management goals established for Norwegian aquaculture could 
serve as an orientation paradigm. An example is the development of species-specific indicators 
and threshold values for acceptable levels of farmed fish in wild populations. Until further progress 
in this field, AquaTrace strongly recommends applying the risk assessment management 
support actions depicted below under R8. 

R2. Notification of escape events: Establishment of an EU-wide harmonised compulsory and 
immediate notification requirement of escape incidents from marine aquaculture installations, 
covering production from hatcheries to harvest should be prioritised This should include date of 
event, location, number of cages affected, age group of fish and number of fish, following 
established enforced requirements in Ireland, Norway and the United Kingdom. 

R3. Recording of stocking events: Stocking actions should be documented and recorded on a 
mandatory basis. The documentation should encompass a comprehensive record including date of 
event, location, level of location confinement and origin, number and size/age of fish used. 

R4. Research on populations at risk: Scientific studies and assessments on populations at risk 
should be pursued and enhanced. This is particularly relevant for stock assessments in the 
Mediterranean Sea, identifying the main spawning grounds and improving knowledge on the 
breeding behaviour of sea bass and sea bream, but also for turbot in the Atlantic region (North 
Sea). 

R5. Trade of eggs and juveniles: A traceability scheme for the trade and exchange of fish eggs and 
juveniles should be established. 

R6. Risks to confined stocks and aquaculture areas: The risk assessment approach should be 
refined to address confined wild stocks and aquaculture areas. To this end, regional monitoring 
programmes should be established taking advantage of the genetic traceability toolbox for 
European sea bass, gilthead sea bream and turbot developed by AQUATRACE. 

R7. Model studies: The evidence of introgression observed in farmed marine fish demands strongly a 
direct evaluation of the fitness impact on wild populations through common garden experiments, 
similar to those carried out in Atlantic salmon and brown trout by AQUATRACE. 

R8. Risk assessment management support: Implementation of decision thresholds that are easy to 
apply and will help to establish a more robust knowledge baseline about farm escapees and their 
impact, as well as to contain possible risks. Levels of below 5%, between 5% and 20% and above 
20% could serve as general rules to define actions regarding the intensity of monitoring. These 
levels could be refined as more specific knowledge on genetic risks (levels of integration and fitness 
loss) is gained for species and geographical regions. This is further delineated in Table 1 and 2. 

Recommendations 
for risk 
management and 
research 
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Risk of genetic change of wild 
population due to 
introgression 

Threshold value for escaped 
fish [%] of identified escapees 
among the fish sampled in the 
wild] 

Action 

Low <5% Monitoring: Sampling and 
analysis at two-year intervals 

Moderate 5-20% Monitoring: sampling and 
analysis at 6 month intervals 

High >20% Management Action: 
Identification of exact source 
and cause. Application of table 2 
in a collaboration between risk 
managers and geneticists. 

Table 1. Risk Assessment Management Support Table. The application of this table should assist the decision finding on 
actions needed to contain risks inherent to aquaculture escapees. The implementation and application of this table will also 
contribute to the enhancement of the knowledge base needed to foster increasingly robust risk assessments and 
management measures. 

Table 2. Management Action Support Table to be applied if the risk of genetic change of wild population due to introgression 
has been assess as being ‘High’. Risk managers and geneticists can address a number of relevant variables to define the exact 
source and cause of escape events as well as to assess in greater detail the level of risks and expected impact. 
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For more detailed information consult the AQUATRACE website where the consortium put together the most updated 
information on the project. 
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Introduction: Farmed Fish and Wild Conspecifics 

Aquaculture could and probably will be key to meet the escalating demand for fish worldwide (World Bank, 
2013). A thriving aquaculture industry for the EU is likely not only to become a major provider of high-quality 
fish products, alleviating the current high dependence on fish product imports (European Market 
Observatory for Fisheries and Aquaculture Products (EUMOFA), 2015), but will also constitute an important 
driver of the Blue Economy. However, to be sustainable, EU aquaculture has to be economically profitable, 
compatible with the surrounding ecosystem and socially acceptable (European Commission, 2009,  2013). 

Fostering sustainable aquaculture is one of the pillars of the Common Fisheries Policy (CFP) (European 
Parliament and the Council, 2013). Concerning environmental aspects, ecosystem-based management 
(EBM) (European Council, 2002),(European Commission, 2005) has been an integral part of the CFP since 
2003. An important corollary of this approach is the fundamental requirement to conserve the integrity of 
exploited fish stocks and their natural environment. Any fishing or aquaculture activity that threatens to 
disrupt such integrity needs to be identified, and measures for mitigation implemented. The basic principles 
of EBM have further become entrenched within the Marine Strategy Framework Directive (MSFD) 
(European Parliament and Council, 2008) descriptors for monitoring progress towards Good Environmental 
Status (GES).  

In addition to overexploitation by wild capture fisheries, threats to the integrity of wild fish stocks can derive 
from aquaculture practices. Foremost among the concerns in relation to ‘environmentally friendly’ activities 
is the issue of fish escaping from their aquaculture production facilities (‘escapees’). These pose a hazard 
to fish stock integrity and levels of biodiversity through both direct competition for resources and genetic 
and pathogen impacts on wild populations of conspecifics. To exert a genetic impact, escapees and 
intentionally released farmed fish must survive and reproduce successfully in the wild, and the capability to 
do this varies widely, depending on a variety of factors. In general, fitness in the wild of farmed individuals 
decreases with the number of generations in captivity. Experiments in steelhead trout (Oncorhynchus 
mykiss) showed that a single generation of domestication alters the expression of hundreds of genes and 
that the early stages of domestication may lead to adaptation to specific conditions (Christie et al., 2016). 
Nevertheless such effects do depend critically upon other characteristics of the released fish, such as the 
frequency and numbers involved, and their biotic and abiotic environments (Baskett et al., 2013; O’Toole 
et al., 2015; Harvey et al., 2016). Escapees are a feature of aquaculture that can occur both acutely and 
chronically, e.g. through leakage (Dimitriou et al., 2007; Somarakis et al., 2013). Restocking of wild 
populations with farmed fish can constitute similar risks (Svåsand et al., 2007).  

In Norway, which is home to the largest aquaculture fish production in Europe, the genetic impacts of 
farmed Atlantic salmon (Salmo salar) on their wild conspecifics are regularly assessed by a dedicated 
monitoring programme, which can be considered the largest on escaped farmed fish worldwide. Since 
2011, the Institute of Marine Research (IMR), Norway, has conducted risk assessments on the 
environmental impact of escapees (Taranger et al., 2015), and in 2016 the proportions of escaped salmon 
were monitored in 156 rivers in Norway (Svåsand et al., 2016). 

Such assessments refer to the specified goal that fish farming activities must not exert long-term genetic 
changes in wild populations. The assessments look into the likelihood of exceeding certain thresholds of 
environmental impacts based on selected proxies, such as the number and proportion of escaped salmon 
observed in the spawning grounds of wild salmon stocks, and on the level of actual introgression into wild 
stocks.  

While genetic changes in wild marine fish populations over time have been demonstrated, e.g. in Atlantic 
cod (Therkildsen et al., 2013), it is more difficult to prove that such changes have been the consequences 
of interbreeding with escaped farmed fish. Recent progress in the genetic identification of marine fish 
populations (Glover et al., 2008; Glover, 2010) will, however, improve the assessment of genetic changes 
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in populations over time, including the scale and effects of interbreeding between wild fish and escaped 
conspecifics. For example, access to coordinated databases will now allow collation of information on 
population boundaries. The dynamics of marine populations beyond local scales can also be accessed, for 
example in a database on European-wide population genetic signatures of four marine species, Atlantic 
cod (Gadus morhua), Atlantic herring (Clupea harengus), common sole (Solea solea) and European hake 
(Merluccius merluccius) (FishPopTrace). However, discrimination between wild and farmed strains of 
marine fish is further complicated by the fact that each farmed strain may have its own history of selection 
and domestication, which tends to be short, and might include recurrent backcrosses to wild-origin 
broodstock. Moreover these breeding processes are typically undocumented, and thus may mask the 
frequency and direction of interactions.  

The AQUATRACE project aimed to quantify the risks that aquaculture in Europe may pose to wild stocks of 
three intensively farmed marine fish species, namely European sea bass (Dicentrarchus labrax), gilthead 
sea bream (Sparus aurate) and turbot (Scophthalmus maximus).  

In this paper the hallmarks of the AQUATRACE risk assessment are outlined. For more detailed information 
you may wish to consult the AQUATRACE website, where the consortium has put together the most up-to-
date scientific knowledge on the target species (https://aquatrace.eu/knowledge-review). 

The current white paper starts out by examining the risks to which populations of the three target species 
are exposed as a result of aquaculture activities. A concise summary of the biologies and exploitation 
patterns of each of the three species is included in this risk assessment, since this knowledge is needed to 
enhance our understanding on vulnerability and tolerance towards natural and anthropogenic impacts. 

The paper continues by describing our current knowledge of population and stock structure for the target 
species, followed by a depiction of possible hazards emerging from aquaculture activities. Moreover, based 
on a literature review, new empirical data, simulations and modelling, the paper provides an initial 
assessment of existing risks emerging from exposure of wild animals to farmed fish due to release and 
escape events. Finally, based on a compilation and review of existing knowledge and AQUATRACE research 
results, recommendations directed at risk managers, decision makers and the industry more widely are 
provided. 

Sea bream larvae in Borgo Sabotino hatchery (LT), Italy 
(photo S. De Innocentiis, ISPRA) 

In line with terminology typically employed in risk 
assessments, the subsequent expressions are 

frequently used in this document: 
‘POPULATION AT RISK’: THE WILD STOCKS OF THE 
THREE TARGET SPECIES 

‘HAZARD’: THE POTENTIAL SOURCE OF HARM OR 
ADVERSE EFFECT. HERE, AQUACULTURE OR 
RESTOCKING ACTIVITIES WITH FARMED FISH 

‘RISK’: THE LIKELIHOOD THAT, AND SEVERITY WITH 
WHICH, THE POPULATION AT RISK MAY BE HARMED 
OR SUFFER ADVERSE EFFECTS IF EXPOSED TO THE 
HAZARD 



14 | P a g e

Risk assessment

Sea Bass, Sea Bream and Turbot 

European sea bass (Dicentrarchus labrax), gilthead sea bream (Sparus aurate) and turbot (Scophthalmus 
maximus) are commercially important species in European marine aquaculture. The three species are 
naturally present from the eastern and north-eastern Atlantic Ocean to the Mediterranean and the Black 
Sea. They are also farmed throughout this range, sea bass and sea bream particularly in the Mediterranean. 
Interactions and impacts between farmed and wild conspecifics can therefore occur throughout the natural 
habitat of these species. For more details see the AQUATRACE species leaflets (AquaTrace, 2014). 

High-resolution tools are required for tracing the 
genetic origin and determining the hybrid status of 
individual fish in a wild/farmed context, in order to 
assess the genetic impact and its magnitude in time 
and space. As shown for humans, farm animals and 
Atlantic salmon in Norway, recent technological 
progress enables the efficient application of genome-
wide single-nucleotide polymorphism (SNP) markers. 

The AquaTrace project followed this approach for its 

three marine target species.  

The present risk assessment is the first attempt to 
assess and, ideally, quantify genetic risks that 
aquaculture may pose to wild stocks of marine fish. 

The assessment largely follows the Norwegian strategy 
outlined above (Taranger et al., 2015), while integrating 
general principles of environmental/ecological risk 
assessment procedures and methods proposed for 
coastal aquaculture (EPA, 1998; Bondad-Reantaso, 
2008; GESAMP, 2008; Waples et al., 2012). Owing to 
the current absence of a well-defined management 
goal for the EU’s aquaculture and the lack of 
established thresholds for environmental risks, 
including genetic introgression, the present 
assessment aims at evaluating the effects of 
aquaculture relative to the existing genetic baseline of 
wild populations across European waters of the target 
species.  

European sea bass (photo J. Hillen) 

Gilthead sea bream (photo T. Petochi, ISPRA) 

Turbot (photo J. Hernández, IEO Vigo) 
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Native stocks – populations at risk 

Knowledge about population size and structure has until now been very limited for all three species. 
AQUATRACE has through its research enriched and enhanced this knowledge considerably. However, 
additional information derived from stock assessments of sea bass and sea bream in European waters is 

sparse (https://datacollection.jrc.ec.europa.eu/data-dissemination).  

Until recently, sea bass fishing was – apart from a few national rules – unregulated. In 2015, scientific 
analyses reinforced previous concerns about the decline of sea bass stock, and the International Council 
for the Exploration of the Sea advised urgent reductions in fishing and the implementation of a management 
plan to substantially reduce fishing mortality throughout the range of the stock in the central and southern 
North Sea, Irish Sea, English Channel, Bristol Channel and Celtic Sea (ICES, 2012, 2013, 2016a). To this 
end, EU legislation was implemented (European Commission, 2015). In the Mediterranean, the commercial 
exploitation of sea bass is essentially unregulated and populations are considered to be below safe 
biological limits (Papaconstantinou and Farrugio, 2000), as a result of which the urgency of setting a 
minimum landing size was recently raised (Question to the Commission E-012362/2015). 

For commercial and recreational fishing of wild gilthead sea bream, some restrictions are in place through 
Regulation (EC) 1967/2006, which sets a minimum length of 20 cm for capture and trade. In general, no 
management measures are implemented for wild stocks, except for fish, mostly juveniles, entering 
estuaries and coastal lagoons in the Mediterranean Sea (AquaTrace, 2014). 

Turbot is an important by-catch species in demersal fisheries. Although the volumes of landings are small 
in comparison with the main target species, the value is high. Until 2012, no analytical assessments leading 
to fisheries advice was carried out for turbot or its close relative, brill. Total allowable catches (TACs) for 
turbot and brill declined from 9 000 tonnes in 2000 to 4 600 tonnes in 2012 in the Skagerrak and North Sea 
EC waters. For 2015/2016, the International Council for the Exploration of the Sea (ICES) advises that 
catches of turbot in the North Sea and the Baltic Sea should not exceed 1 925 tonnes and 194 tonnes 
respectively (Heessen et al., 2015; ICES, 2015, 2016b). 

Although turbot is not considered endangered, declines in wild catches and some genetic evidence suggest 
a historical reduction in population size (Genimpact project), (Svåsand et al., 2007). In the North Sea, 
according to ICES, the management of turbot and brill under a combined species TAC could lead to the 
overexploitation of either species (ICES, 2015). Genetic data have demonstrated that a fraction of turbot 
sampled in the AQUATRACE project were misclassified and were in fact brill specimens. This 
misclassification occurred at a much larger scale in Mediterranean than in Atlantic areas. Population 
depletion due to overfishing and to environmental disasters, especially oil spills in Galician waters, has 
prompted stocking of wild populations mostly with farmed individuals. Tagging and recapture studies have 
suggested the viability of farm individuals in the wild, but no precise data exist, particularly on their 
reproduction and the putative introgression of wild populations. 

While knowledge concerning the spawning grounds and periods is important for the assessment of potential 
risks for genetic introgression, relevant information is limited for the AQUATRACE target species (AquaTrace, 
2014). 

Spawning in sea bass occurs offshore in groups from January to May in the Atlantic Ocean and from 
December to March in the Mediterranean Sea. The principal spawning areas in the north-eastern Atlantic 
Ocean are in the central Bay of Biscay (January to March), and in the English Channel and the Celtic Sea 
(February to May). Recently, a monthly sampling campaign in the North Sea identified three new potential 
spawning areas, one off the Belgian coast, one off the coast of the Netherlands and one in the southern 
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North Sea. Furthermore, spawning has been observed in the Oslofjord, where sea bass are experiencing 
a range expansion.  

In the case of sea bream, little is known about natural spawning grounds in most of its distribution range, 
although some are reported along coastal areas of Turkey (the bays of Iskenderun, Mersin and Antalya in 
the north-eastern Mediterranean, the bays of Mugla and Izmir in the Aegean and the Dardanelles in the 
northern Aegean). 

Turbot spawn between April and June in the Mediterranean region and between May and August in the 
Atlantic region. The eggs are pelagic in the Atlantic Ocean and demersal in the Baltic Sea. 

Traditional reed fish barrier in the Cabras Lagoon, Italy, where fish grown out in the lagoon are captured seasonally 
(photo D. Crosetti, ISPRA) 
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Farming: an overview 

For all three target species, capture fisheries are small in comparison with aquaculture production. Modern 
and intensive sea bass and sea bream aquaculture in the Mediterranean dates back to the 1980s, and 
quickly outsized capture fisheries in volume. Turbot farming started in the United Kingdom in the 1970s and 
was then further developed in France and Spain. Production expanded from the late 1980s onwards and 

has surpassed capture fisheries by volume (Figures 
1, 2 and 3). 

European sea bass and gilthead sea bream are the 
predominant marine aquaculture species in the 
Mediterranean. While production is dominated by 
farms in Greece and Turkey, it is also occurs in 

Egypt, France, Italy, Spain and Tunisia (Figure 4).  

Turbot aquaculture production in the EU is 
dominated by Spain (Galicia in particular). It also 
occurs in Denmark, France, the Netherlands and 
Portugal. The species is reared in inland facilities 
using either recirculation or open-water systems. 
Important hatcheries exist in, France (Brittany), 
Norway and Spain. Turbot has also been introduced 
for farming purposes to the south-east Pacific (Chile) 
and to the north-west Pacific (China). 

Figure 4. Aquaculture production of European sea bass and 
gilthead sea bream by country in 2014 (Source: FAO FishStatJ) 

Figure 1. Global capture fisheries and aquaculture 
production of European sea bass, 1960-2014 (Source: FAO 
FishStatJ) 

Figure 2. Global capture fisheries and aquaculture 
production of gilthead sea bream, 1960-2014 (Source: FAO 
FishStatJ) 

Figure 3. Global capture fisheries and aquaculture 
production of turbot, 1960-2014 (Source: FAO FishStatJ) 
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The map below (Figure 5) shows the most important spatial clusters of marine finfish aquaculture identified 

in EU Member States and Turkey. With the exception of some tuna fattening, most of the EU cage 
aquaculture in the Mediterranean is related to European sea bass and gilthead sea bream production.  

Figure 5 Clusters of aquaculture sites and area occupied (the size of the circles is proportional to the surface by cages in the 
cluster). Source: JRC, elaborated from Google Earth Pro images 2000-2012 (Hofherr et al., 2015). 

Most medium and large sea bass and sea bream aquaculture farms maintain their own broodstock and rely 
on naturally induced mass spawning to obtain fertilised eggs. The first commercial hatcheries of sea bass 
and sea bream used wild-caught broodstock originating from the Mediterranean Sea or the Atlantic Ocean. 
Fish farmers attributed distinct stock-specific morphological characteristics and growth performances to the 
wild-sourced broodstock. After 30 years of hatchery practice and the intensive exchange of fry/juveniles 
throughout the Mediterranean region, such distinctions between Mediterranean and Atlantic stocks are 
often no longer observed in commercial hatcheries (AquaTrace, 2014).  

In European sea bass broodstock originates from the wild or from first (F1), second (F2) and third (F3) 
generation selective breeding. Half of the breeding programmes monitor for inbreeding. Broodstock is 
sourced locally or imported from remote hatcheries. Most reproduction is done by hormonal induction 
(https://ec.europa.eu/research/fp6/ssp/aquabreeding_en.htm).  

In gilthead sea bream, 20 hatcheries operated in the Mediterranean region in the early 1990s, while 55 
hatcheries were recorded in 2015. The acquisition by farms of juveniles from hatcheries of different 
countries is common. According to the AQUATRACE survey on selective breeding programmes, more than 
half of sea bream juveniles are produced in Greece and Turkey (Chavanne et al., 2016). Offspring from 
different spawning events are often mixed and juveniles are selected according to size before being sold 
for grow-out.  

The AQUATRACE survey also highlighted significant differences in selection efforts. Some major seed-
producing countries are still producing almost exclusively unselected material, or using F2 animals derived 
from other commercial breeding programmes. This is particularly the case for sea bass (Italy and Spain) 
and sea bream juveniles (Italy and Turkey). In contrast, sea bass, sea bream and turbot in France and 
turbot in Spain produce mainly or exclusively genetically improved seed (Chavanne et al., 2016). 

Fifteen surveyed breeding programmes and four alleged breeding programmes have been recorded by the 
survey for the AQUATRACE target species. In France, Greece, Israel and Spain, breeding schemes are found 
to be individual, genealogical, between families or combined, and the characters selected are growth, 
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morphology, disease resistance, product quality and feed efficiency. Triploidisation, leading to sterility, is 
used only at an experimental level (Chavanne et al., 2016). 

Despite their rapid development, the impact of breeding programmes on cultured stocks remains limited. 
In 2004, a survey of 13 Italian hatchery broodstocks revealed no significant reduction in genetic variability 
compared with wild populations, indicating a reduced risk of genetic impacts on wild populations by farm 
escapees (Chavanne et al., 2016). However, different results were obtained by two surveys in Greece, 
which showed a significant reduction in the number of alleles, gene diversity and allelic richness in farmed 
stocks. A similar loss of alleles was observed in Spain in farmed F1 progeny (AquaTrace, 2014). 

Selective breeding is expected to become more commonly applied as it provides great opportunities for 
aquaculture; even after a few generations, large improvements can be expected in some economically 
important traits (Chavanne et al., 2016). On the other hand, this implies an enhanced drive for diversification 
between farmed and wild fish. 

Box 1: Breeding programmes for turbot 

Genetic breeding programmes for turbot began in the 1990s, and the three main turbot companies operating in 
Galicia (Spain) and France have their own broodstock and breeding schemes, exploiting both intra- and inter-family 
genetic variability under different familiar selection models. They have advanced to the fifth generation of selection, 
and all farmed turbot show a moderate genetic differentiation from wild populations (Vilas et al., 2015). Growth 
rate, disease resistance and sex control are the main targets of breeding programmes. An increased growth rate of 
10-20% per generation has been achieved and farmed specimens are much heavier and longer than wild fish of the 
same age. In addition, turbot females largely outgrow males (10-20% at 800 g), and, accordingly, some companies 
are interested in obtaining all-female populations. The advanced genomic tools relating to turbot have facilitated 
analysis of the genetic architecture of productive traits, and this information is being evaluated for more efficient 
selection strategies (FISHBOOST project). Information on breeding programmes in the three companies suggests 
two main genetic origins, traced to Atlantic wild populations collected during the 1980s and 1990s. Because of the 
quick genetic gain for growth very few new resources, if any, from the wild were incorporated into breeding 
programmes. All in all, the situation of turbot production and genetic constitution of broodstock varies significantly 
from those of sea bass and sea bream: concentrated production in a small area (Galicia), moderate but significant 
differentiation from wild populations, with two main genetic origins, and notable phenotypic changes in growth and 
likely resistance to pathogens. 

Turbot broodstock in an indoor tank (photo Jorge Fernández-Ucera, IEO Vigo)
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Assessing rates of release from aquaculture 

In Norway all escapes from fish farms have to be reported to the authorities, and the reports and escape 

statistics are publicly available (www.fiskeridir.no). It has been shown that the actual number of escaped 

fish is higher than reported, probably for a variety of reasons (Skilbrei et al., 2015). A national programme 
monitoring escaped salmon in rivers in Norway was initiated in 2014, and in 2015 the Ministry of Trade, 
Industry and Fisheries implemented a new regulation for rivers in which the prevalence of farmed salmon 
is > 10% (Svåsand et al., 2016). 

Fisher et al. (2014) assumed that a significant number of escapees went unreported by the salmon farming 
industry, partly as a result of continuous leakage. Interestingly, in a recent study based on a modelling 
approach coupling genetic and demographic dynamics to evaluate alternative management approaches to 
minimising unintended consequences of aquaculture escapees, it was demonstrated that reducing 
escapees through low-level leakage is more effective than reducing an analogous number of escapees 
from large, rare pulses (Baskett et al., 2013). 

In contrast to the majority of countries with substantial salmon aquaculture, notification of escape incidents 
is not officially required in EU countries with substantial aquaculture production of sea bass, sea bream and 
turbot., Escapes during the various stages of production, from hatcheries to grow-out cages, remain 
unreported in terms of geographical and temporal distribution, estimated number of cases and individuals, 
production stage, frequency or closeness to spawning grounds. 

Escapes of cultured European sea bass and/or gilthead sea bream have sporadically been recorded 
throughout the Mediterranean Sea. Severe weather conditions such as strong winds and storms, predators 
attacking farmed populations and handling/human errors are among the most frequently reported causes 
(FP7 project Prevent Escape). Cage nets are more prone to breakage in sea bream farming due to the 
species’ habit of nibbling them (Glaropoulos et al., 2012). 

Intentional releases of juveniles (ranching) of European sea bass and gilthead sea bream are performed in 
some countries, including Italy, Portugal and Spain, to stock more or less confined aquaculture systems. A 
typical example of this is the practice of Vallicoltura in the northern Adriatic Sea, where wild fry and juveniles 
captured at sea are used to stock confined portions of coastal lagoons as a form of extensive aquaculture 
(AquaTrace, 2014). 

In some farms, malformed juveniles are discharged alive with waste waters during the selection phase. 
Although probably experiencing low survival levels, the discarded juveniles represent another path of 
escape (AquaTrace, 2014). 

An additional route of escape can arise through spawning in sea cages during the grow-out phase of farmed 
fish. For example, female sea bass normally do not mature before the age of three years, after their usual 
fattening phase. Recent studies in Cyprus (Brown et al., 2015), however, indicate that substantial numbers 
of female sea bass do mature in sea cages under normal farming conditions. This has also been observed 
for farmed Atlantic cod in Norway (Jørstad et al., 2008). Such in situ maturation of captive individuals 
presents a potential source of escapees, although the survival of eggs is likely to be extremely low, 
particularly beyond the larval stage. The impact on natural populations is therefore difficult to assess. 
Spawning in the grow-out phase has also been observed in gilthead sea bream in floating cages at sea 
which, in contrast to single escape episodes, may lead to a continuous release of eggs and juveniles into 
the environment. 

In contrast to sea bass and sea bream aquaculture, turbot farming is almost exclusively land-based, in the 
early stages of cultivation in closed recirculation systems and later in open-flow systems for grow-out 
(AquaTrace, 2014). 
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Although very limited information is available for turbot, escapees are most unlikely in relation to land-based 
facilities, especially in those with closed-water recirculation systems. The risk may be somewhat higher in 
open-circuit seawater systems. Personal communications with farm personnel indicate that farm escapees 
or intentional releases exist, but neither evidence nor quantification of such releases has been documented. 

Intentional stocking can be considered the main source of release of turbot into the wild. Release of 
hatchery-produced turbot has been proposed to enhance fisheries recruitment when integrated into a 
resource management programme of sustainable fisheries and habitat restoration. Experimental wild stock 
enhancement with farmed turbot has been conducted in Belgium, Denmark, Norway and Spain 
(AquaTrace, 2014). 

Globally, the extent of information and quantification on marine farmed fish escaping or being released into 
the wild is sparse and scattered, as is knowledge about distinct features which could be used to differentiate 
between farmed and wild animals. This is also true for the behaviour of escaped fish. A number of examples 
are given below. 

Sea bass escapes are believed to be frequent and potentially problematic for wild populations, as farms 
are often situated in or near natural breeding grounds. The FP7 project ‘Prevent Escape’ reports that 
escaped sea bass exploit wild food resources and move between nearby farms, local fishing grounds and 
coastal habitats, leading to competition with wild conspecifics as well as to opportunities for genetic 
introgression. In a recent effort to understand and prevent escapes, a survey established that, in 15 reported 
escape events, over 1 million sea bass had escaped in total (Jackson et al., 2015). In Cyprus, a prevalence 
of escapees of around 15% in all examined wild-caught European sea bass samples was recently reported, 
based on DNA markers (minimum prevalence of 4% and maximum of 70%). The majority of escapees were 
of commercial size (300-500 g), but some were egg-bearing females and juvenile fish, which suggests that 
long-term survival and interbreeding in Cypriot waters is possible (Brown et al., 2015).  

Generally, farmed fish can be distinguished from wild conspecifics by parentage analysis based on DNA 
profiling. A combination of morphometric traits and genetic analysis was used to investigate populations of 
wild and farmed Croatian gilthead sea bream and found weak genetic differentiation but significant 
morphological differences between farmed and wild individuals. The two sets of data allowed the 
identification of farmed escapees in the wild sampled in the vicinity of aquaculture sites (Šegvić-Bubić et 
al., 2014). 

Spawning gilthead sea bream breeding in an indoor tank (photo S. DeInnocentiis, ISPRA)
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With the exception of Spain, no specific information exists on the use of marine fish broodstocks for 
population enhancement. After a major oil spill off the coast of Galicia in 2002, the Galician local authorities 
commenced a programme of stocking with turbot, among other species, for the purpose of restoring 
populations. Stocking began in 2005 and the programme lasted until 2009; releases comprised mixed 
broodstock of wild (25%) and farm (75%) origin. Some 5 000 and 10 000 fry were released per year at two 
Atlantic sites off the Galician coast. Released turbot exhibited a mortality rate similar to that of wild turbot, 
and it seems that farmed juveniles were able to adapt to a natural diet within a few weeks. The highest 
recapture rate from the releases in Galicia reached 2.7%, although this is very likely an underestimation 
considering the method followed for estimating recaptures (Støttrup et al., 2002; Sparrevohn and Nielsen, 
2003).  

Assessing the exposure of wild populations 

A study using intentional releases with tagged sea bream individuals to simulate escape incidents 
demonstrated both a high dispersion within the first five days after release and a high mortality rate (> 60%), 
as the fish appeared to be predated close to the release farm. However, some individuals remained not 
only at the release farm but also at nearby farm facilities for long periods. Recaptured individuals were 
predominantly caught in the usual fishing grounds and habitats of their wild conspecifics (seagrass, sand 
or rocky bottoms) (Arechavala-Lopez et al., 2012).  

A lack of data does not allow for the comprehensive evaluation of long-term survival of escapees and the 
degree of their exposure to wild conspecifics. On the one hand, it is possible that the cumulative impact of 
escapees may be substantially reduced by the typically high mortality rate after escape; on the other hand, 
and as has been shown to be the case with Atlantic salmon, even a modest survival rate following escape 
might entail negative consequences for wild populations (AquaTrace, 2014). 

There is no information available concerning the interaction of farm-hatched turbot with wild conspecifics, 
for example through restocking activities. As local adaptation plays an important role in the fitness and 
resilience of populations, as shown for Atlantic coastal cod (Olsen et al., 2008), the moderately genetically 
differentiated and selected turbot farm individuals might represent a threat to native stocks.  

Floating sea cages (photo C. Greco, ISPRA)
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AQUATRACE research on population genetic structure 

From samples covering a large part of the native distribution range of all three species, genomic markers 
were developed using double-digest restriction site-associated DNA sequencing (ddRADseq), leading to a 
substantial number of highly polymorphic SNP DNA markers (SNPs). These molecular markers were used 
to genotype the sampled individuals, in order to characterise the wild and farmed populations, as well as to 
estimate the levels of introgression of farmed fish into natural populations.  

Analysis of genetic structure (as measured with FST) 
revealed patterns of geographical structuring that 
confirm previously known phylogeographic breaks 
between two main marine areas (Atlantic Ocean 
and Mediterranean Sea). In the literature, this 
pattern is most often explained as a consequence of 
geographical isolation due to climate and sea-level 
fluctuations during the Pleistocene. It has been 
observed in many other species. Additionally, the 
two main sea bass populations are also 
phenotypically distinct, with recorded differences in 
morphometry, growth, sex ratio and body 
composition.   

Based on the set of 3 910 SNPs developed in the 
AQUATRACE project, Mediterranean and Atlantic wild 
sea bass are shown to be highly divergent 
(FST = 0.11); they represent two distinct types 
(‘clades’) (Figures 7 and 8). Both clades separate at 
the Almeria-Oran oceanographic front, a well-known 

biogeographical barrier (Lemaire et al., 2005). Atlantic wild sea bass differentiate weakly but distinctly into 
three groups (FST = 0.015). The weak level of differentiation can be attributed to relatively high levels of 
gene flow between (sub-)populations, as sea bass display migratory behaviour. Most fish belong to an 
apparent single population, except for fish living off Norway (northern North Sea) and off the Strait of 
Gibraltar. The former case confirms an earlier study which described genetic differences between North 
Sea and Bay of Biscay populations (Quéré et al., 2010). Gene flow between the Mediterranean and Atlantic 
basin populations is limited, but AQUATRACE evidence for a secondary contact zone between 
Mediterranean-type and Atlantic-type sea bass west of the Strait of Gibraltar fits with the findings of Tine et 
al. (2014) and Souche et al. (2015). On the other hand, Mediterranean wild populations are split into at 
least four groups (FST = 0.026). The homogeneous western Mediterranean group is separated from the 
eastern Mediterranean groups at the Siculo-Tunisian Strait. There are multiple lines of evidence for 
introgression from the Atlantic clade into this group. A second group is the Adriatic-Ionian group, which fits 
with the ancestral isolation of the region (Patarnello et al., 2007). In the eastern Mediterranean basin there 
are Levantine and Aegean-Black Sea groups. In addition to these macro-geographical patterns, genetic 
differences have been found at small geographical scales between adults inhabiting inshore (coastal 
lagoons) and offshore waters (Allegrucci et al., 1997; Lemaire et al., 2000; Gagnaire et al., 2015). Finally, 
it is noted that nuclear and mitochondrial genetic diversity is higher in the Atlantic than in western 
Mediterranean populations (Lemaire et al., 2005).  

Farmed populations show a range of genetic diversities; the mean number of alleles varies from 1.56 to 
1.87, while the observed heterozygosity ranges from 0.16 to 0.18. These values reflect the diverse origins 
of the source material, the breeding practice (size of broodstock, natural or artificial fertilisation and culling) 

European sea 
bass 
Comprehensive sampling was carried out across 
the natural distribution of European sea bass 
(from the North Sea to the eastern 
Mediterranean), as well as from sea bass farms. 

Fifty-two wild and farmed populations were 
sampled: 18 wild populations and 17 broodstock 
farms in the Mediterranean Sea and Black Sea, 
and 14 wild populations and two broodstock farms 
from the Atlantic area, for a total of 1 939 
individuals. Samples were genotyped at 3 910 
genomic SNP markers. 
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and the selection practices and pressure (from high to low). Genetic differentiation (as measured by FST) 
shows small to large differences between farms. There is strong evidence of genetic material from the 
Atlantic Ocean being present in Mediterranean farms, and of Mediterranean material in one Atlantic farm. 
Some farmed stocks show evidence of a homogeneous and high selection intensity, as reflected in the 

assignment analysis (Figure 6). While this constitutes an asset for genetically tracing fish back to the source 

farm, it does not provide a unique genetic profile for each farm (i.e. it is not currently possible to assign all 
individual fish back to specific farms with very high confidence). 
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Weak genetic differentiation population structure was 
detected in sea bream in wild populations, suggesting the 
existence of genetic differentiation between the Atlantic and 
the Mediterranean populations, and consequently the 
existence of population structure. Within the Mediterranean 
differentiation was relatively weak, but three main groups 
could be identified: (a) western Mediterranean, including all 
populations from the Strait of Gibraltar to the Tunisian 
coast; (b) Ionian Sea; (c) Aegean Sea, which appears to be 
the most differentiated population (Figures 10 and 11). 
Samples from the north Adriatic Sea appear to be more 
similar to those of Greek Ionian origin, and samples from 
Italy’s Ionian coast look more similar to western 
Mediterranean samples, despite their geographic position 
closer to Greek Ionian samples (Figures 10 and 11). The 
analysis of short-term temporal replicates for five areas of 
the Ionian and Aegean Seas (2005-2014) did not show any 

significant differentiation between the historical and contemporary samples. Around 20 loci showed 
particularly high levels of divergence in allele frequencies between different populations. These ‘outlier loci’ 
are potentially under positive selection, driven by local environmental conditions. 

In contrast, farmed broodstocks are generally characterised by strong inter-broodstock genetic 
differentiation and lower levels of genetic variability (when compared with wild populations). This appears 
to be particularly true of broodstocks from farms with several generations of breeding management. This 
observation is probably the result of random genetic drift associated with reduced founding population sizes 
and selective breeding/domestication. Higher levels of inbreeding and high pairwise relatedness values 
among individual breeders from the same farm were also recorded. 

Comparative analysis showed strong divergence between the wild and most of the farm samples, although 
the least selected broodstocks appeared more genetically similar to their wild counterparts. Putative 
geographic origin (Atlantic or Mediterranean) of the broodstock could be inferred in a few cases. 

The results support some other studies which suggested evidence for a population structure, within and 
among different geographic areas (Ben Slimen et al., 2004; Rossi et al., 2006). 

Box 1: Sea bream case study 

The identification of farmed sea bream individuals within wild populations has been demonstrated in practice. 
Through analysis of the SNP DNA data we observed pairs of highly related individuals in all three basins: Atlantic 
Ocean, western Mediterranean and eastern Mediterranean. These fishes show a relatedness ranging from 0.18 to 
0.48, which is similar to familial relationships for half-sibling to full-sibling pairs. The presence of close kin within the 
same sample is quite unlikely to happen in large, natural populations, given that only 30-50 individuals are usually 
collected for each sampling site. The occurrence of escaped fish from floating grow-out cages, usually originating 
from a low number of breeders, may increase the probability. In addition, in at least one site, some individuals 
collected in the wild were found to appear closely related to breeders from a nearby farm. 

This effect is also enhanced by the high number of related breeders in the hatchery broodstocks themselves, which 
speeds up the potential threat to genetic variability of wild populations. 

Gilthead sea 
bream 
More than 2 000 sea bream specimens were 
collected from 34 wild populations across 
the Mediterranean Sea and Atlantic Ocean, 
as well as from farmed populations sampled 
from the broodstock of 12 major European 
hatcheries.  

Sampled individuals were successfully 
genotyped at 1 240 SNP markers. 



26 | P a g e

Risk assessment

In turbot, spatial genetic structure revealed four 
main regions across the turbot distribution range: 
the Atlantic area, mostly compatible with a large 
panmictic population; the Baltic Sea, showing 
moderate differentiation from the Atlantic area; 
and the Mediterranean and Black Seas, highly 
differentiated from the Atlantic region (Figures 13 
and 14). Genetic diversity and effective population 
size (Ne) were high in the Atlantic area, but 
comparatively low in the Baltic Sea, and especially 
low in the Mediterranean and Black Seas.  

Among the total set of 755 SNP markers, 25 were 
identified as ‘outlier loci’, possibly associated with 
adaptation to environmental variables in the wild 
(temperature and salinity). Eighteen of these loci 
indicated divergent selection, suggesting that 
changes in environmental conditions were driving 
local adaptation. In contrast, seven loci suggesting 
balancing selection, possibly related to similar 
salinity regimes, were detected between the Baltic 
Sea and the Black Sea, and an additional one in 
the Baltic Sea. These results are in accordance 
with previous studies regarding the genetic 
differentiation of populations in the Atlantic area, 
the Baltic Sea, the Mediterranean Sea and the 
Black Sea, and generate powerful traceability 

markers. 

Farms consisted of two differentiated clusters, derived from two independent domestication processes over 
five generations of selective breeding (Origin1 (ORI1) and ORI2: FST = 0.061 – Figure 15). Farmed 
broodstock showed lower genetic diversity and Ne than wild populations, very likely because of genetic 
drift. A total of 23 outliers for divergent selection were identified between farms and wild populations from 
the Atlantic, which is probably where these broodstocks originally came from. 

To investigate the putative impact and introgression of farm individuals into the wild, samples were analysed 
from the Atlantic Ocean and Baltic Sea, the areas where farm escapees or intentional releases could impact 
wild populations, and from farms representing the two differentiated stocks. The results indicate that around 
15-20 SNPs distinguish very consistently wild, farmed and F1 hybrid individuals. A higher number of SNPs 
would be necessary to resolve more complex scenarios, including F2 individuals and backcrosses (150-
200 SNPs). Assignment assessment and discriminant analysis of principal components (DAPC) tests 
suggested that 14% of the samples from the wild (116 individuals among the 844 sampled) showed some 
degree of farmed ancestry. The results also show that released or escaped turbot are capable of 
reproducing with wild individuals and introgressing wild populations. Data also suggest that introgression 
has been occurring over several generations, most likely related to recent restocking. Through temporal 
samples, collected in Galicia after farming and after a programmed release, the ratio of intentionally 
released individuals to farm escapees is estimated to be 6:1 (Box 2). Although no common garden 
experiments were performed in this species to evaluate the genetic basis of phenotypic differences between 
farmed and wild turbot, growth differences at farm facilities, genetic divergence and especially the detection 
of an important set of gene outliers suggest adaptation of turbot to domestic conditions. 

Turbot 
Comprehensive sampling was carried out across the 
natural distribution of turbot (from the Baltic to the 
Black Sea) and from all turbot farms available to the 
project.  

A total of 844 individuals from the wild (north-east 
Atlantic Ocean, and Baltic, Mediterranean and Black 
Seas) and 215 specimens from three different farms 
were genotyped using 755 SNPs to investigate 
genetic diversity, structure and the presence of 
adaptive signals related to environmental variables 
or domestication. Genetic characterisation of wild 
and farmed fish was also used to investigate the 
putative impact of escapes from farms or intentional 
releases.  

While sample collection in the Atlantic was simple, 
turbot turned out to be a very scarce species in the 
Mediterranean Sea. Its presence was apparently 
confined to areas with lower temperature. 
Aquaculture of turbot is typically carried out in inland 
facilities. 
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Box 2: Galicia (NW Spain): a case study 

Most of the turbot production in Europe is located in Galicia, and a large part of the turbot broodstock used in Europe 
is cultivated in this area. Additionally, this area is an important route for oil tankers and oil spills have occurred 
several times. To counterbalance population depletion of benthic species the Galician Government has carried out 
restocking activities. In the case of turbot, 75% of restocked fish were of farmed origin (both F1 and F2). 

The analysis of samples from before (1996) and after (2010) the oil-spill restocking revealed that (i) both farming 
and restocking impacted wild populations; )ii) released fish reproduce with wild ones (F1 and backcrosses); and (iii) 
the proportion of natural populations originating from farm escapees and restocking is estimated to be 2% and 12%, 
respectively. 
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Risk Quantification and Consequences 

Population at risk: modelling scenarios 
Before AQUATRACE there was a general lack of sufficient data, and particularly historical data, on either 
escape events or the genetic population structure of the target species. Thus, the data generated by 
AQUATRACE, together with general species-specific information (see above), were used as a baseline to 
model effects of escape events on populations at risk under a variety of scenarios.  

Various models have been developed to demonstrate the demographic and fitness effects of farm escapees 
on wild fish populations. Castellani et al. (2015) developed an Individual-Based Salmon Eco-genetic Model 
(IBSEM) to simulate the demographic and population genetic changes of an Atlantic salmon population 
through its entire life cycle. They concluded that the model is able to capture the evolutionary forces shaping 
the life history of wild salmon and is therefore able to model the response of populations under 
environmental and genetic stressors. 

For Atlantic salmon the dynamics of wild populations experiencing invasions of escaped farmed salmon 
has been modelled based on data from whole-river experiments in Ireland and Norway. The results showed 
that escaped farmed salmon spawn with limited success in the wild and that their offspring outgrow those 
of wild origin, but suffer higher mortality (Hindar et al., 2006). To evaluate their relative efficacy, Baskett et 
al. (2013) integrated a range of alternative management approaches into existing models designed to 
mitigate negative impacts. 

Besnier et al. (2011) examined the ability to detect genetic changes in wild populations due to introgression 
from multiple farms. As expected, neutral markers revealed genetic changes in wild populations when 
escapees came exclusively from one single and distinct farmed strain. However, the genetic change 
detected in the wild population was significantly lower when simulations were based on the escape of 
multiple farm strains simultaneously. While individual admixture analysis succeeded in detecting 
introgression, it tended to be greatly underestimated. The authors concluded that, when escapees originate 
from multiple farmed sources, analysis of selectively neutral genetic markers is likely to underestimate the 
true level of genetic introgression. 

The modelling framework Offshore Mariculture Escapes Genetic/Ecological Assessment (OMEGA) is 
designed to understand possible genetic and ecological effects of escaped fish on native fish of the same 
species in the open ocean. A simulation study on European sea bass in the frame of AQUATRACE is in 
progress (Hillen et al., in preparation). Wild Mediterranean stocks are particularly at risk because of their 
relatively small spawning biomass and unique genetic heritage. A consistent policy of escape reduction 
through various operational measures (infrastructure, training and procedures) should effectively mitigate 
the risks (NOAA, 2014). This has been proven with farmed Norwegian and Scottish salmon (e.g. Taranger 
et al., 2015; Svåsand et al., 2016). 

Effects of farm escapes and releases on fitness: evidence from salmonids 

Salmonids (including salmon, trout, char and grayling) are among the most impacted fishes when it comes 
to introgressive hybridisation (e.g. ICES, 2016c). This is because of widespread exposure to releases of 
genetically divergent farmed fish for conservation or fisheries purposes, as well as to unplanned escapes 
of farmed fish from mariculture, of which Atlantic salmon is an emblematic example. As a group, salmonids 
have therefore been intensively studied in attempts to clarify how hybridisation and introgression affect wild 
populations, serving as a paradigm for less well-studied marine fish species. This line of research has been 
successfully continued by AQUATRACE, as described below. 
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Studies of effects of hybridisation and introgression generally follow one of two approaches: (1) a 
quantitative approach, in which fitness traits such as survival, growth rates, mating and reproductive 
success have been compared in farm, wild and hybrid individuals under natural or experimental conditions, 
or (2) assessment is based on genetic marker studies estimating changes in the genetic signatures of 
impacted populations, e.g. by comparing contemporary DNA profiles with historical, pre-impact DNA 
sources (e.g. Nielsen et al., 1999; Hansen et al., 2009). Whereas the first approach is able to generate 
direct estimates of fitness effects of farm escapees/released fish at one or more life stages, marker-based 
studies enable assessment and monitoring of the longer-term impact of escapees, including comparisons 
of various escape scenarios. That also includes comparing effects under chronic ‘leakage’, when smaller 
numbers of fish escape regularly, with those when escape events are rarer but massive, e.g. when net 
pens rupture and several thousands of fish are simultaneously released into the wild. 

Releases of non-native species can lead to extensive hybridisation, which severely reduces fitness and 
may compromise important ecological adaptations (Allendorf et al., 2001). Hybridisation between escaped 
farm salmon females and wild trout males is reported to have increased considerably in recent years, which 
is expected to negatively impact local trout productivity (Matthews et al., 2000, and references therein). On 
evolutionary time scales, hybridisation between species is suggested to have driven rapid adaptation and 
increased biodiversity across a wide range of taxa (Hedrick, 2013). However, on shorter time scales, it 
remains highly questionable if aquaculture-mediated transfers of non-native species ever affect biodiversity 
positively (Gozlan et al., 2010). It has thus been suggested that hybridisation between species should be 
explicitly considered when assessing the environmental consequences of aquaculture escapes (Oke et al., 
2013). 

Within salmonid species, hybridisation and introgression lead to population changes in biological 
parameters such as growth rate (Harvey et al., 2016; Frank-Gopolos et al., in preparation; see Box 4), 
morphology (Fruciano et al., 2014), life histories (Reed et al., 2015; Yates et al., 2015) and gene expression 
(Normandeau et al., 2009; Debes et al., 2012; Christie et al., 2016; Gray et al., in preparation).  

Box 4: Evidence generated by AQUATRACE has contributed novel information about the life history changes incurred 
by hybridisation and introgression 

Growth represents the genetic trait that has been documented to differ most between farmed and wild salmonids. 
In Atlantic salmon, Harvey et al. (2016) demonstrated under controlled conditions that wild–farm hybrids exhibit 
divergent growth patterns from those of wild fish. Such variation was consistent across different wild and farmed 
strains. Notably, the magnitude of growth differences varied across populations as well as in response to specific 
temperatures. In some populations, introgression thus leads to strongly altered growth patterns, whereas in others 
introgression may not lead to detectable changes. Detection and quantification of such population-based diversity 
is an important result as it shows that the phenotypic impact of hybridisation will vary across populations, and may 
partly explain why different populations show different genetic responses under exposure to farmed fish (Glover et 
al., 2013). 

In brown trout, Frank-Gopolos et al. (in preparation) used controlled experimental set-ups to show that the more a 
parental gene pool originates from farm strains, the further their offspring’s growth rates diverge from those of pure 
wild fish. The study included wild-born parents varying in their level of introgression, and results from the 
experiment may offer an explanation as to why populations that are no longer exposed to releases of farm fish 
exhibit gradual changes towards previous genetic profiles (see Box 5). 

Several other studies have estimated and compared the fitness of fish introduced into an non-native 
environment with that of native fish. The majority of these studies do not specifically address farm–wild 
comparisons, but nonetheless show that genetically ‘foreign’ fish have overall lower fitness than fish of local 
origin. A meta-analysis across salmonids thus concluded that fish of native origin had higher fitness than 
fish of extant origin in 77% of 66 independent studies (Fraser et al., 2011). Across studies, native fish had 
20% higher fitness than foreign fish, but fitness estimates varied across studies from being six times lower 
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to 40 times higher in native fish than in non-native fish. Studies often address fitness differences at specific 
life stages rather than across entire life cycles. Thus, even though non-native fish sometimes perform better 
than native fish at specific life stages, this does not translate into non-native fish having overall higher 
lifetime survival and fitness. Evidently, studying one or more whole life cycles is highly challenging in most 
natural systems and such studies are therefore relatively rare, even in salmonids. A handful of studies have 
succeeded in estimating lifetime fitness of fish of native versus non-native background, including their 
hybrids. They support the general notion that, even though hatchery-produced fish and hybrids may have 
fitness advantages during parts of their life cycle, their lifetime fitness is consistently lower than that of 
genetically pure wild individuals (McGinnity et al., 1997, 2003; Araki et al., 2007; Skaala et al., 2012; Reed 
et al., 2015; Sundt-Hansen et al., 2015). 

In the natural environment, fish produced by released captive-bred parents have been shown to have 
significantly lower fitness than fish sired by wild-bred parents, even when they are genetically very similar. 
In one study (Araki et al., 2009) the fitness of fish with one wild- and one captive-bred parent was found to 
be significantly lower than that of fish with two wild-bred parents and further diminished compared with fish 
with two captive-bred parents. In that study it was estimated that such carry-over effects meant that total 
population fitness would have been 8% higher if captive-bred fish had never been released. Interestingly, 
in that analytical setup, captive-bred fish had not undergone any targeted selection and showed a close 
genetic relationship to the recipient population, and yet they still had a marked negative effect on the 
population. Of particular relevance is a demonstration in the wild that offspring of the bluegill sunfish that 
derived from genetically and ecologically distinct parents, even within the same population, exhibited 
reduced growth rates and other measures of fitness (Neff, 2004). Collectively, such evidence supports 
strongly the key role that local adaptation plays in promoting sustainability and persistence of wild fish in 
changing environments, and thereby a key biological attribute requiring protection. 

The fitness effects of hybridisation depend on the degree of maladaptation of farmed fish compared with 
wild fish, which in turn depends on the levels of selection that farm and wild strains have undergone. The 
better adapted a fish is to its environment – whether farm broodstock adapted to aquaculture conditions or 
a natural population adapted to specific local environmental conditions – the larger is the risk that hybrids 
will suffer fitness reduction. Theoretical modelling can be applied to predict effects of introgression on 
functional traits and fitness (Satake and Araki, 2012). Such modelling shows that the fitness of wild 
populations will decline proportionally with increasing maladaptation in the cultured strain (Baskett et al., 
2013). However, farmed fish maladapted in the wild may not, on average, survive long enough to reproduce 
and negatively impact wild populations. In that case, fitness consequences may be comparable to situations 
in which farmed fish are only weakly diverged. Modelling also shows that low-level leakage of escapees is 
more harmful to wild populations than large, rare pulses of escapees. This is because low-level leakage 
leads to the continual lowering of wild population fitness and overall increased proportional contribution of 
maladapted fish to the total population. 

Transferring knowledge derived from salmonids to predictions of effects of marine 
farmed fish introgression 

The conclusion from model species, here salmonids, is that non-native strains (i.e. fish reared in captivity), 
show maladaptation compared with native populations, and that introgression lowers fitness in wild 
populations. It is evident that in marine fishes, different scenarios may apply. In some cases, aquaculture 
fish appear not to be genetically very different from wild fish, whereas in others they are from strains that 
have undergone several generations of breeding selection and are more strongly diverged from wild fish. 
Knowledge from model species shows that the fitness effects in wild populations will be population and 
scenario specific. 
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Figure 6 Conceptual illustration of an evolutionary tree illustrating genetic differences among wild populations and farm 
broodstock from two evolutionary lineages (Atlantic and Mediterranean). The degree of genetic and trait differences of a specific 
population or broodstock is indicated in different colours, where more similar colours indicate higher similarity. The scenario has 
two farm strains. One, Hatchery A (HATA), is based on broodstock originating in Population A, which has been propagated in the 
hatchery for only a few generations. The other, Hatchery C (HATC), is based on broodstock from Population C, and has undergone 
several generations of breeding selection in captivity, illustrated by the length of the arrow. When considering the relative fitness 
impacts of hybridisation between Population A and each of the other fish populations, it is possible to predict which scenarios 
are likely to have the greatest impact on the fitness of Population A. Assuming equal survival and reproductive success, the 
severity of fitness effects under hybridisation in Population A are expected to decrease as follows: Hatchery C > Populations 
C/D > Hatchery A. 

Effects of farm escapes and releases on wild gene pools: evidence from 
salmonids 

Within species, farmed and wild salmonids often display relatively small genetic differences. This is an 
effect of the fairly recent origin of breeding selection in farmed strains (Besnier et al., 2011). Discrimination 
between wild and farmed strains is also complicated by the fact that, in most cases, each farmed strain has 
its own history of breeding selection and domestication, sometimes even including repeated backcrosses 
to wild-caught broodstock (Glover et al., 2013). 

As a result, molecular studies of introgression effects have previously been hampered by the lack of 
statistical power to determine the level of introgression in individuals and populations (e.g. Glover et al., 
2013). However, the application of a large number of genomic markers has facilitated the characterisation 
of levels of introgression and their functional effects, including in salmonids (Karlsson et al., 2011). Such 
developments and inference from salmonid studies thus allow for predictions of introgression effects in 
other species that also show low genetic differentiation between wild populations and farmed strains. A 
solid conclusion from salmonid studies is that substantial escapes (or releases) lead to genetic admixture 
and a consequent change in the genetic profile of wild populations (Glover et al., 2012). Often, these 
changes lead to a lowering of genetic variability within (e.g. Christie et al., 2014) and between wild 
populations (Glover et al., 2013; Lamaze et al., 2012; Ozerov et al., 2016). However, genetic changes are 
often smaller than predicted based on the numbers of farmed fish entering the wild. This shows that some 
populations are more resistant to introgression than others, even when faced with massive exposure to 
farmed fish (Hansen, 2002; Glover et al., 2012, 2013; Thaulow et al., 2014). Population size plays a role, 
as introgression rates are often lower in larger than in smaller populations (Hansen et al., 2009; Heino et 
al., 2015). Small populations are thus more susceptible to being ‘swamped’ by farmed fish, whereas large 
populations show higher resistance to impact. The determining effect of population size shows that the 
introgression rate is not solely determined by exposure in terms of numbers of escapees. Instead, local 
demographics as well as selection pressures probably play a significant role in how resistant individual wild 
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populations are to introgressive hybridisation. For example, in Spanish brown trout the success of 
restocking is high in the Mediterranean (unstable wild population demography) and basically non-existent 
in the Atlantic area (stable wild populations) (Bouza et al., 1999; Almodovar et al., 2006; Vera et al., 2013). 

The extent of hybridisation also tends to be related to the geographical distance between the source of 
releases and wild populations (Muhlfeld et al., 2009; Gil et al., 2016). All else being equal, populations 
closer to release sites are typically more strongly impacted than populations geographically further 
removed.  

Transferring state-of-the-art knowledge to predicted effects of introgression in marine 
fish 

Evidence from salmonids can be transferred to inference for marine fish. Firstly, hybridisation between 
escaped farmed fish and wild fish will lead to genetic changes that can be assessed using genetic markers. 
Secondly, introgression can be monitored using genetic markers. Genetic monitoring can be applied to 
determine the degree of genetic change caused by introgression (as a proxy for how much maladaptation 
is incurred by contemporary populations), and whether introgression leads to a general reduction in genetic 
variation of wild populations (thus affecting long-term genetic ‘health’ of wild populations). 

Vulnerability to and tolerance of farmed fish in wild populations: evidence from 
salmonids 

Model species studies show that larger and genetically more diverse populations are expected to be more 
resilient to introgression and, on a population scale, are also expected to be better able to tolerate 
introgression with maladapted gene complexes. This is due to two processes. First, compared with small 
populations, large populations are less easily ‘swamped’ by releases of large numbers of farmed fish. 
Second, natural selection is more efficient in ‘weeding out’ maladapted gene complexes in large populations 
than it is in small populations. The degree of resistance to introgression will hence depend on the balance 
between ‘immigrant’ proportions and how efficient natural selection is at removing maladapted genes. 
Clearly, there are significant differences in these parameters, among both species and populations, 
showing that responses to introgression should be determined case by case.  

In salmonids, wild populations respond to introgression. In some cases, selection against specific gene 
complexes appears to be strong (Lamaze et al., 2012; Bekkevold et al., in preparation), but, if selection on 
maladaptive gene complexes is weak, fitness may only slowly return to pre-impact levels (Harbicht et al., 
2014). Traits are not necessarily completely restored to pre-impact wild states (Taylor et al., 2010), and in 
some cases gene pools of wild populations become completely replaced with farm gene pools. This is a 
phenomenon termed ‘genetic extinction’ (Rhymer and Simberloff, 1996). Given the relatively brief time in 
which natural systems have been impacted by hatchery and aquaculture releases, there are still large gaps 
in our understanding of long-term effects of introgression. 

It has proven difficult to disentangle the specific effects of introducing ‘domesticated farm genotypes’ from 
the effects of introducing fish from other wild populations with genotypes that evolved naturally in a different 
environment. The general prediction is that domesticated strains will be in general more maladapted in local 
wild populations than non-native strains of wild origin, and hence incur a greater fitness cost. However, the 
actual magnitude of fitness loss is expected to depend on how many of the farmed fish traits are maladapted 
in the wild, irrespective of whether they evolved in nature or via intentional aquaculture breeding. 

Vulnerability, defined as the magnitude of negative impact suffered in connection with introgression, will 
also depend on the size and genetic health of the wild population and on the degree of maladaptation of 
farm fish. Generally, small, reproductively isolated and genetically unique populations are expected to be 
more vulnerable to introgression than large, more open populations. 
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Box 3: Evidence from trout generated by AQUATRACE indicates that, at least on a longer-term scale, natural selection will 
counteract maladaptive introgression, and, if hybridisation ceases, gene pools will gradually converge towards pre-introgression 
profiles (Bekkevold et al., in preparation). Nonetheless, it is highly unlikely that genetic profiles will fully revert to pre-impact 
status, and the total, long-term impact of introgression on key ecological traits is difficult to estimate.  

Transferring gained knowledge from model species to predict effects of introgression 
caused by marine farmed fish 

Evidence from salmonids shows that vulnerability and tolerance can be determined on a case-by-case 
basis, assessing whether escapes from specific farms at specific frequencies and magnitudes are likely to 
cause fitness costs for wild populations. Predictions are most likely to be accurate if information can be 
obtained relating to (1) the genetic identity and variability of farmed strains and wild populations, (2) the 
structure and size of wild populations and (3) the frequency, volume and age structure of escapes. 

Minimising and mitigating effects of farm escapes: evidence from salmonids 

For aquaculture escapes it is recognised that the magnitude of their fitness effects on wild populations 
hinges mainly on four factors: (1) genetic differences between wild and farmed fish (the greater the 
differences, the more scope for long-term evolutionary potential of wild populations being negatively 
affected); (2) heritable trait differences between wild and farmed fish (the greater the differences, the more 
maladapted farm genes are expected to be); (3) frequency of escapes (regular escapes having a higher 
impact than rare events); and (4) relative proportions of escaped and wild fish in spawning grounds (the 
higher the proportion of farm fish, the larger their impact is). Thus, impact is expected to be minimised by 
applying mitigation effects addressing some or all of these factors. Avoiding introgression can also be 
addressed through management measures, prioritising efforts to prevent fish from escaping, establishing 
measures to clean up after escape events or by imposing the use of sterile fish for aquaculture. 

With regards to planned releases of salmonids, there is a call for improved genetic management of 
hatchery-produced fish in order to avoid actions that are counter-productive to the aims of natural resource 
management (Laikre et al., 2010; Fernández-Cebrián et al., 2014). It is thus envisaged that planned 
releases for conservation purposes will increasingly be based on the use of local genetically managed 
broodstock, thus minimising negative fitness impact due to introgression with maladapted genotypes. 

Transferring this knowledge to minimising and mitigating marine farmed fish 
introgression 

The four factors identified to affect impact of introgression in salmonids can be directly transferred to marine 
fish, and mitigation actions can be planned to address them. Efforts to avoid introgression can also be 
prioritised, incorporating aspects of both conservation and economic goals. It would, for example, be 
possible to conduct a spatially explicit assessment of whether the use and escapes of specific farm strains 
is more likely to inflict genetic damage in some areas than others, e.g. in areas inhabited by vulnerable, 
genetically unique, populations. The usefulness of ‘indicator-based management systems’, as suggested 
for Norwegian Atlantic salmon, could be examined. 

One example of potential mitigation actions for marine fishes might address the fourth factor above (‘relative 
proportions of escaped and wild fish in spawning grounds’). This would aim to ensure that wild populations 
are maintained in a robust state, e.g. by employing a maximum sustainable yield (MSY) exploitation 
concept, as pressures from overharvesting, habitat depletion and diseases render populations more 
sensitive to genetic introgression and (additional) loss of fitness. 
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Gilthead sea bream, capture chamber of the Valle Bonello fish barrier, Italy (photo T. Petochi, ISPRA) 
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Genetic and demographic baselines and introgression assessment for the 
AQUATRACE marine target species 
In the following, for each of the marine target species, sea bass, sea bream and turbot, known 
demographic characteristics are reported along with results of AquaTrace research that revealed genetic 
population structure. This population ‘baseline information’ has been used together with the genetic 
analysis of farmed fish to establish the extent to which introgression of farmed fish into wild populations 
can be detected. Three approaches have been applied to investigate introgression, each of which 
provides a different perspective: (i) estimation of genetic introgression per location (i.e. over all fish); (ii) 
estimation of the proportion of fish showing levels of introgression; and (iii) estimation of the proportion of 
fish showing close kinship. Approach( i) looks into the genetic profile of all wild and farmed samples at 
any given sample location, to assess whether observed genetic profiles are unique to the sampling 
location or whether they can be found elsewhere (e.g. can an ‘Atlantic genetic profile’ be detected in fish 
sampled in the eastern Mediterranean?). Approach (ii) assesses, for each sampling location, what 
fraction of all sampled fish show evidence of introgression, while approach (iii) investigates, for each wild 
sampling location, how many of all samples and analysed fish show signs of close kinship, i.e. are 
relatives. A higher than expected rate of ‘close kinship’ in wild populations might hint at an escape event 
from a farm having occurred. 

European sea bass is composed of two main wild population 
groups, consisting of three slightly differentiated populations
in the north-eastern Atlantic Ocean and four clearly 
differentiated Mediterranean populations. The eastern 
Mediterranean sea bass consists of three subgroups, while
its western counterpart is relatively homogeneous and shows 
closer affinity to the eastern Mediterranean than to the 

Atlantic group. The secondary contact zone between the Atlantic and Mediterranean types leads to natural 
introgression of the Atlantic lineage into the whole western Mediterranean. Off the Strait of Gibraltar there 
is also evidence for natural introgression of the Mediterranean type of sea bass into the Atlantic type 

(Figures 7 and 8). 

Figure 7. The map displays the genetic structure for wild populations of sea bass sampled by AquaTrace. Each histogram 
represents one sampling location. The analysis is based on the genetic analytical software package STRUCTURE (Raij et al., 2014) 
using the entire set of genetic markers analysed. The graphic display for genetic population structure follows the CMYK colour 
paradigm described in Mac Aoidh, (Mac Aoidh et al., 2013). The four clusters (K=4) identified were associated with each 
component C, M, Y and K of the CMYK colour mode. The histogram shows for each sampling location the genetic composition. 
Note: The histogram placement on the map does not necessarily correspond to the exact geographic sampling location. – A 
displacement of the histograms has been carried out to avoid cluttering and improve the viewing. 

Figure 8. The map displays the genetic structure for wild populations of sea bass sampled by AquaTrace, using outlier genetic 
loci, that is genetic loci that might be under selection. Each histogram represents one sampling location. The analysis is based on 
the genetic analytical software package STRUCTURE (Raij et al., 2014) using the entire set of genetic markers analysed. The 
graphic display for genetic population structure follows the CMYK colour paradigm described in Mac Aoidh, (Mac Aoidh et al., 
2013). The four clusters (K=4) identified were associated with each component C, M, Y and K of the CMYK colour mode. The 
histogram shows for each sampling location the genetic composition. Note: The histogram placement on the map does not 
necessarily correspond to the exact geographic sampling location. – A displacement of the histograms has been carried out to 
avoid cluttering and improve the viewing. 

European sea 
bass 
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Figure 7 

Figure 8 
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Farmed populations show a range of genetic diversities, reflecting the broad origin of the source material, 
breeding practice and selection pressure, which in some cases results in pronounced genetic differentiation 
among farms. There is evidence of genetic material from the Atlantic Ocean in Mediterranean farms and of 
Mediterranean material in one Atlantic farm. In some cases, farmed broodstocks are more genetically 
differentiated as a result genetic drift and/or high selection intensity, as reflected in the assignment 
evaluation. It is not feasible to identify a common genetic profile for farmed sea bass. However, some 
genetic characteristics point to unique domesticated genetic material. Breeding surveys carried out during 
the AQUATRACE (Chavanne et al., 2016) and FISHBOOST (Janssen et al., 2016) projects indicate that 
selective breeding in European sea bass is increasingly more widespread. 

Figure 9 STRUCTURE plot, displaying the genetic population structure of sea bass for wild and farmed samples. From left: north 
to south in the Atlantic (NOR to OL), and two Atlantic farms (ATL FARM), followed by wild Mediterranean samples (MEDITERR. 
WILD] from west to east (LSM to ISKB) and finally analysed samples from Mediterranean fish farms. The plot shows the existence 
of a number of natural hybrids in western Mediterranean populations, as well as Atlantic genetic footprints in the Mediterranean 
farms. Each vertical line represents one individual, and each colour represents one population unit. Individuals composed of 
different colours shows admixture of different groups, allowing the detection of farm and hybrid individuals in the wild. 

Frequencies of escapes and magnitudes of escape events are difficult to quantify. A recent study for sea 
bass concludes that the number of escapees identified was 15% of the total number of wild-caught fish 
sampled. However, depending on the geographical location examined, the numbers varied widely. At one 
location around 70% of wild-caught fish were escapees, while in other areas escapees accounted for as 
little as 4% (Brown et al., 2015). Overall, these estimates do suggest that natural populations may 
experience a significant level of interaction with escaped farmed congeners. Broodstock from remote 
populations are also used for breeding, leading to mixing of historical genetic lines. The possibility that 
escapes or releases may consist of genetically close or very different fish, and may come from leakage or 
mass escape events, means that a case-by-case assessment of introgression and fitness risks is required. 

Some wild samples show evidence of escapees and these also have high proportions of individuals closely 

related to one another (Figure 9). Mediterranean samples show higher numbers of related individuals per 

sample than samples from the Atlantic, with the most extreme example having 14 out of 16 individuals 
related to one or more of the other individuals in the sample. 

The size of the exposed native populations and the location of the spawning grounds are not sufficiently 
known to exactly quantify the vulnerability of the wild populations at risk. However, the proportionally low 
biomass of wild Mediterranean stocks and the unique genetic heritage of the eastern Mediterranean stocks 
makes the likely impact of escapees more significant. Genetic monitoring of wild stocks, combined with 
documentation on breeding practises and genetic information from farms, could be used to determine the 
change in genetic variation in wild populations. 

ATLANTIC WILD ATL 
FARM MEDITERR. WILD MEDITERRANEAN FARM
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The table below summarises the quantification of risks for European sea bass regarding 
escapes/releases from aquaculture, the exposure of wild stocks to farmed conspecifics, genetic 

introgression and possible negative impacts on fitness (Table 1). 

European sea bass Probability Severity Risk Remarks
Hazard Release Probably high Probably

high  
Unable 

to 
quantify 

Mass escapes, leakage and 
spawning in captivity have been 
reported anecdotally. The risk of 
release and exposure appears to be 
high in areas with intensive farming 
activity (Mediterranean). The 
proportion of wild/farmed fish 
determines the risk. Eastern 
Mediterranean fish represent a 
unique genetic heritage. 
A general lack of knowledge about 
spawning grounds, population size 
and survival of escapees prevents 
quantifications.

Population at risk Exposure Not 
quantifiable  

Not 
quantifiable 

Unable 
to 

quantify 

Consequences Introgression Probably high Depends on 
genetic 

differences 
with wild 

Unable 
to 

quantify 

Could be determined by genetic 
monitoring

Negative 
impacts 

Probably high Probably
high 

Unable 
to 

quantify 

Loss of fitness can be determined 
only on a case-by-case basis, but is 

especially likely when leakage 
occurs.

Table 1 Qualitative risk assessment estimate for the release, exposure and genetic consequences for European sea bass 
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The results of the genetic analysis suggest the existence of
genetic differentiation between Atlantic and Mediterranean
populations and, within the Mediterranean populations, 
between western Mediterranean, Ionian and Aegean

populations (Figures 10 and 11). The last appears to be the 

most differentiated population. The population in the 
northern Adriatic Sea is more similar to that in the Greek Ionian Sea, while the population from the Italian 
Ionian coast looks more similar to western Mediterranean samples.  

The Ionian and Aegean groups seem to be temporally stable, as no significant effect of farm introgression 
could be detected by comparing historical with contemporary samples. Elevated divergence at some loci 
between populations (i.e. outlier loci) are likely to reflect genes under positive selection by divergent 
environmental conditions in some regions of the distribution.  

Farmed broodstocks are characterised by stronger genetic differentiation, which probably indicates genetic 

drift associated with reduced founding population sizes and selective breeding/domestication (Figure 12). 

Figure 10 The map displays the genetic structure for wild populations of sea bream sampled by AquaTrace. Each histogram 
represents one sampling location. The analysis is based on the genetic analytical software package STRUCTURE (Raij et al., 2014) 
using the entire set of genetic markers analysed. The graphic display for genetic population structure follows the CMYK colour 
paradigm described in Mac Aoidh, (Mac Aoidh et al., 2013). The four clusters (K=4) identified were associated with each 
component C, M, Y and K of the CMYK colour mode. The histogram shows for each sampling location the genetic composition. 
Note: The histogram placement on the map does not necessarily correspond to the exact geographic sampling location. – A 
displacement of the histograms has been carried out to avoid cluttering and improve the viewing. 

Gilthead sea 
bream 
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Figure 11. The map displays the genetic structure for wild populations of sea bream sampled by AquaTrace, using outlier genetic 
loci, that is genetic loci that might be under selection. Each histogram represents one sampling location. The analysis is based on 
the genetic analytical software package STRUCTURE (Raij et al., 2014) using the entire set of genetic markers analysed. The 
graphic display for genetic population structure follows the CMYK colour paradigm described in Mac Aoidh, (Mac Aoidh et al., 
2013). The four clusters (K=4) identified were associated with each component C, M, Y and K of the CMYK colour mode. The 
histogram shows for each sampling location the genetic composition. Note: The histogram placement on the map does not 
necessarily correspond to the exact geographic sampling location. – A displacement of the histograms has been carried out to 
avoid cluttering and improve the viewing. 

The same features also affected levels of genetic variability in the farmed populations, which appear lower 
than variability in natural populations. Higher levels of inbreeding and high pairwise relatedness values 
between individuals could be indicative of suboptimal broodstock management in some aquaculture 
facilities. Putative geographic origin (Atlantic or Mediterranean) of the broodstock could be inferred in most 
cases. 

Strong divergence was found between wild and most of the farm samples. Nonetheless, in some cases 
genetic differences between wild and farmed contemporary samples are small, so the risk of introgression 
and potential negative impacts has to be considered at individual farm level. In the case of farmed fish from 
broodstock without selective breeding programmes, the genetic risks associated with escapes seem to be 
comparatively low (but see ‘Effects of farm escapes and releases on fitness: evidence from salmonids’, 
above). However, the breeding survey carried out during the AQUATRACE project indicates that selective 
breeding in gilthead sea bream is expected to become even more widespread.  

The results for gilthead sea bream suggest that natural populations are at risk if farmed fish escape or are 
intentionally released. In particular, the divergent genetic composition of farmed populations might alter the 
structure of wild populations in the event of introgression. In some cases, allele frequencies at loci that are 
likely to be subject to selection in natural populations were divergent between broodstock and wild samples 
from the same area. Therefore, adaptations to different environments are expected to be disrupted by 
introgression from farmed animals. In addition, in the event of release/escape events involving many 
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individuals, a reduction of overall genetic variability of wild populations can be expected, through reducing 
the total effective population size (Ne). This would lead to a risk of decreased adaptability of the species to 
a changing environment. 

Figure 12. STRUCTURE plot, displaying the genetic population structure of sea bream for wild and farmed samples. From left to 
right: Atlantic, Western Mediterranean, Eastern Mediterranean, followed by samples of twelve farms. Each vertical line 
represents one individual, and each colour represents one population unit. Individuals composed of different colours shows 
admixture of different groups, allowing the detection of farm and hybrid individuals in the wild. 

As with European sea bass, gilthead sea bream require a case-by-case assessment of introgression and 
fitness risks to quantify the risk. The size of exposed native populations and the spatial positioning of their 
spawning grounds are not sufficiently known to specifically quantify the vulnerability of the wild populations 
at risk. However, temporal and spatial genetic monitoring could be implemented to determine the degree 
of genetic change in wild populations caused by introgression over time.  

Table 2 summarises the of risks regarding the impact of escaped/released fish from aquaculture, the 
exposure of wild stocks, genetic introgression and possible negative impacts. 

Gilthead sea bream Probability Severity Risk Remarks
Hazard Release Probably high Probably

high  
Unable 

to 
quantify 

Mass escapes, leakage and 
spawning in captivity have been 
reported anecdotally. The risk of 
release and exposure appear to be 
high in areas of intensive farming 
(Mediterranean). 
A general lack of knowledge about 
spawning grounds, population size 
and survival of escapees prevents 
quantifications.

Population at risk Exposure Not
quantifiable  

Not 
quantifiable  

Unable 
to 

quantify 

Consequences Introgression Probably high Depends on 
genetic 

differences 
with wild 

Unable 
to 

quantify 

Could be determined by genetic
monitoring  

Negative 
impacts 

Probably high Probably
high 

Unable 
to 

quantify 

Loss of fitness can be determined 
only on a case-by-case basis, but is 

especially likely when leakage 
occurs 

Table 2 Qualitative risk assessment estimate, exposure and genetic consequences for gilthead sea bream 
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Analyses of genetic population structure over the whole 
native range of turbot detected the presence of four
different population groups: a Baltic group, an Atlantic 
group, a Mediterranean group and a Black Sea group) 
(Figures 13 and 14). There was greater differentiation 
between Atlantic, Mediterranean and Black Sea 

populations, as described for many marine species (e.g. Saavedra et al., 1995; Souche et al., 2015). The 
species is mainly distributed in the Atlantic area, while its presence in the Mediterranean and the Black Sea 
is scarce. 

Two genetic groups were detected for farmed populations (Figure 15, hatchery origins – ORI1 and ORI2) 
derived from two independent domestication processes carried out by the different hatchery companies 
with five generations of selective breeding. The genetic differentiation between the two hatchery origins 
was high (FST = 0.061). An assessment of introgression was carried out for wild Atlantic and Baltic 
populations (areas where farm facilities are present and can impact wild populations). Although ORI2 was 
genetically closer to Atlantic and Baltic populations (FST = 0.041) than ORI1 (FST = 0.079), global 
differentiation between hatchery and these wild stocks was high (FST = 0.060) and highly significant for all 
comparisons (P < 0.001). 

The analysis showed that farmed turbot is able to survive and reproduce in the wild, leading to introgression 
into wild populations. This introgression is likely to have occurred over several generations. Pure farm and 
introgressed individuals (presenting less than 0.90 of assignment to the wild cluster) may represent close 
to 15% of individuals collected (116 fishes among a total of 844 wild ones) (Figure 15). Some individuals 
from the English Channel and Bay of Biscay were consistently assigned to farms. The remaining samples 
showed a broad range of admixed farmed–wild ancestry, and admixed individuals were identified in almost 
all wild sites in the Atlantic Ocean and a few in the Baltic. F1 hybrids and backcrosses were collected in the 
northern Baltic and northern and central North Sea, and off south-west and south-east Ireland, Norway and 
Spain. Although more difficult to confirm owing to the low to moderate differentiation between wild and farm 
populations, hybrid individuals at more advanced stages of hybridisation could be occurring off Northern 
Ireland, as well as in the northern and central North Sea and the southern Baltic. Tests were performed 
using four a priori reference groups: wild Atlantic and wild Baltic, the 116 individuals identified in the 
STRUCTURE test (Figure 18) that showed hatchery ancestry, and ORI1 and ORI2 farmed samples. The 
results confirmed previous information, indicating admixed individuals (green) clustering intermediate 
between wild and farmed groups (Figure 15). 

Figure 13. The map displays the genetic structure for wild populations of turbot sampled by AquaTrace. Each histogram 
represents one sampling location. The analysis is based on the genetic analytical software package STRUCTURE (Raij et al., 2014) 
using the entire set of genetic markers analysed. The graphic display for genetic population structure follows the CMYK colour 
paradigm described in Mac Aoidh, (Mac Aoidh et al., 2013). The four clusters (K=4) identified were associated with each 
component C, M, Y and K of the CMYK colour mode. The histogram shows for each sampling location the genetic composition. 
Note: The histogram placement on the map does not necessarily correspond to the exact geographic sampling location. – A 
displacement of the histograms has been carried out to avoid cluttering and improve the viewing. 

Figure 14. The map displays the genetic structure for wild populations of turbot sampled by AquaTrace, using outlier genetic loci, 
that is genetic loci that might be under selection. Each histogram represents one sampling location. The analysis is based on the 
genetic analytical software package STRUCTURE (Raij et al., 2014) using the entire set of genetic markers analysed. The graphic 
display for genetic population structure follows the CMYK colour paradigm described in Mac Aoidh, (Mac Aoidh et al., 2013). The 
four clusters (K=4) identified were associated with each component C, M, Y and K of the CMYK colour mode. The histogram shows 
for each sampling location the genetic composition. Note: The histogram placement on the map does not necessarily correspond 
to the exact geographic sampling location. – A displacement of the histograms has been carried out to avoid cluttering and 
improve the viewing. 

Turbot 
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Figure 13 

Figure 14 
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The main introgression impact is related to intentional releases, intended to supplement depleted fisheries 
in coastal habitats (e.g. releases of farm individuals off the Galician coast after the MV Prestige oil spill in 
2002). In spite of the fact that hatcheries are inland facilities, thus rendering escapes of adult individuals 
unlikely, minor escape risks for larvae associated with farming in relation to recirculation or open-water 
systems cannot be ruled out. A molecular tool based on the SNPs showing the highest differentiation among 
wild and cultured stocks was developed to monitor escapes or releases from farms and to evaluate 
introgression in wild populations of turbot. This tool will be very useful in the future for monitoring releases 
and hatchery practices, and for appropriate management of turbot fisheries with the aim of preserving wild 
resources under a sustainable aquaculture framework. 

Figure 15. STRUCTURE plot assigning captured individuals of turbot in Atlantic and Baltic regions to three different origins: wild 
origin (blue), farmed ORI1 (green) and farmed ORI2 (orange). Each vertical line represents one individual, and each colour 
represents one population unit. Individuals composed by different colours show admixture of different groups, allowing the 
detection of farm and hybrid individuals into the wild. Each vertical line represents one individual, and each colour represents 
one population unit. Individuals composed of different colours shows admixture of different groups, allowing the detection of 
farm and hybrid individuals in the wild. 

Table 3 summarises the risks regarding the release/escape of turbot from aquaculture, exposure to wild 
stocks, genetic introgression and possible negative impacts. 

Turbot Probability Severity Risk Remarks
Hazard Release Probably

low 
Probably

high  
Unable 

To 
quantify 

Turbot is mainly farmed in 
recirculation systems until 
the end of the larval stages. 
Release and exposure to wild 
populations occurs primarily 
by restocking. (mainly in 
Galician and North Sea 
areas) 

Population at risk Exposure Not 
quantifiable 

Not 
quantifiable 
(likely high) 

Unable 
to 

quantify 

Consequences Introgression High 
(~15%) 

Depends on 
genetic 

differences 
with wild 

Unable 
to 

quantify 

Exposure occurs mainly by 
intentional release
(restocking). Impacts could 
be controlled, e.g. by 
broodstock sourcing and 
genetic monitoring of 
broodstocks, which has 
already been implemented 
in some cases. 

Negative impacts Probably
high*? 

Likely high Unable 
to 

quantify 

Table 3 Qualitative risk assessment estimate for the release, exposure and genetic consequences for turbot. 
*Farmed turbot populations show moderate genetic differentiation (FST = 7%), but several genetic outlier loci suggesting divergent selection 
have been identified in wild populations. Additionally, turbot at farm facilities grow almost twice as fast as wild fish. 
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Level of uncertainty and assumptions 

Limitations: European sea bass and gilthead sea bream 
• Limited background knowledge on the stock status (biomass), biology, life history traits and fishery of

the wild stocks.  

• Limited knowledge on escape rates and fitness variations (maladaptation and survival rates of
escapees) between wild and escaped fish.

• Current sampling of wild and farmed animals is suitable for generating genetic baselines of wild and
farmed fish. In order to specifically address genetic risks related to escapes in local regions with high
farming activity, more extensive sampling is required.

• Limited ‘real time’ genotypes of wild and farmed sea bass and sea bream. This can be improved in
the near future with the Labogena-AQUATRACE/Aquaboost and Affymetrix SNP chips under
development.

• The challenge of differentiating advanced hybrids from purely natural origin and or farmed
background.

• Lack of available information for decision makers and authorities on farming practice (e.g. source of
the breeders, crosses, selection strategy and level of selection).

• Lack of a well-established national and international management framework for natural renewable
marine resources in the Mediterranean.

Limitations: turbot  
There is a turbot hatchery in Norway which is being used for restocking in the North Atlantic. Fish from 
this hatchery have not been well genetically characterised to date. 

Although there is a useful SNP tool to evaluate impact and introgression (identification of F1, F2 and 
backcrosses (BCs) with relatively high confidence), the expected fitness effects cannot be evaluated until 
common garden experiments on life history traits have been performed (i.e. these inferences must rely on 

experience from salmonids).  
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Conclusions 

The AQUATRACE results have led to species-specific results that throw light on the risks inherent to fish 
farms escape events. On the other hand, it is clear that to a large extent the risks are site specific and 
depend on local aquaculture conditions. These might include the strength of breeding programmes, 
whether broodstock is locally sourced or derives from distant locations, environmental conditions and 
parameters that might favour escape events (e.g. storms) or the dispersal of escaped fish (currents), and 
of course the measures and technologies in place that prevent escape from occurring.  

The relationship between species and farming characteristics, their resulting patterns of wild–farmed 
population structure, the possibilities for tracing escapees and the potential impact of different systems 
on the level of environmental risk are conceptualised in Figure 16. This summary of published work and 
AQUATRACE results provides a broad overview of the factors that contribute to high-risk (left) and low-
risk (right) conditions, with examples of likely risk spectra for the three marine species based on 
broodstock sourcing. 

In Figure 16, rough insight into the relationship between farming characteristics, species and level of risk 
is provided, based on published work and results from AQUATRACE investigations. This is followed by 
species-specific conclusions. 

Figure 16. ‘Heat diagram’ of farming characteristics and inherent levels of risk. In the upper coloured panel, the variation and 
interplay among fish -farming practices, population genetic structure, traceability and risk posed by escapees are displayed 
(from ‘high’ on the left to ‘low’ on the right). The lower panel depicts farming practices (here broodstock sourcing, distantly 
versus locally sourced) for each of the three AQUATRACE target species (plus salmon) with an indication of levels of risks 
emerging from farm escapees (dark grey, high risk; light grey, low risk). 
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Species-specific conclusions 

In the north-east Atlantic Ocean the AQUATRACE genetic analysis confirms the presence of three wild 
populations. Markers subject to selection (local adaptation) might reveal subtle patterns of differentiation 
and are currently under investigation. 

The Mediterranean Sea represents a distinct type of 
European sea bass. There is evidence of an east/west
divide. For the eastern stock three populations are apparent 
(Aegean-Black Sea, Adriatic-Ionian Sea, Levantine Sea), 
which are clearly divergent and isolated from the western
Mediterranean stock. In the western stock, there is indication 

of natural introgression from the Atlantic Ocean. 

Natural introgression of Mediterranean fish can be found in the Atlantic Ocean. The genetic analysis also 
differentiates the various farmed samples by origin and breeding practice. Farmed fish with a recent 
breeding history can be assigned to their local wild source population, while those with a strong selection 
history have a distinct farm signature related to broodstock size and selection intensity. Additionally, 
besides detecting farmed sea bass broodstock in the wild, various fishes with admixed farmed–wild 
ancestry point to the successful breeding of escapees. 

So far only one potential escapee has been found in the Atlantic Ocean. Further analyses are needed to 
establish if this is due to a lack of escape events from farms or a limited survival of the escapees. 

In the Mediterranean Sea, the situation is far more complex. Clearly different genetic groups of farmed fish 
are caused by the heavy selection procedures that are in place. There is evidence of escapees in the 
Aegean Sea. 

The genetic analysis documents the existence of genetic 
differentiation between Atlantic and the Mediterranean 
populations. Within the Mediterranean, three main genetic 

groups can be distinguished: (a) the western Mediterranean Sea, (b) the Ionian Sea and (c) the Aegean 
Sea, which is the most differentiated population. Historical and contemporary samples show no evidence 
of introgression in either the Ionian or the Aegean groups, despite these areas being home to intensive sea 
bream aquaculture.  

The genetic tools (SNPs) can to some extent differentiate farmed samples by origin (Atlantic or 
Mediterranean) and breeding practice. Farmed fish with no or recent breeding history can be assigned to 
their local wild source population, while those with more generations in captivity have a distinct farm 
signature related to broodstock size, composition and selection intensity. 

Escapees pose a risk to natural populations, although this is largely dependent on the origin of farmed 
broodstocks and the existence of a selective breeding programme. 

European sea 
bass 

Gilthead sea 
bream 
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Genetic diversity and effective population size are high in
the Atlantic area, but lower in the Baltic, Mediterranean and
Black Seas, probably because populations are smaller and 
more isolated in these areas. The AQUATRACE results 
identified genes subject to selection in the turbot genome 
related to particular environmental conditions. Along with 

information on genetic structure, this represents useful data for conservation of wild stocks and supporting 
aquaculture breeding programmes.  

Taking into account the on-land farming practice, the main source of farmed turbot in wild populations is 
supplementation of depleted fisheries in coastal habitats. Farmed turbot are capable of surviving and 
reproducing in the wild. After five generations of selective breeding of turbot, significant domestication 
should be expected and identified as a potential risk. Thus, stocking programmes may have a negative 
impact on wild populations, if not carefully sourced. 

Genetic differentiation between wild and farmed stocks and the power of genetic markers to identify farmed 
individuals in the wild represent a useful tool for continuous monitoring of impacts from aquaculture. This 
will help moves towards more sustainable aquaculture. 

General conclusions for all three species 

In order to have a genetic impact, escapees must survive and reproduce successfully in the wild with wild 
conspecifics. The ability to do this varies widely, depending on diverse factors. In general, fitness of farmed 
individuals in the wild decreases with the number of generations in captivity. The AQUATRACE consortium 
has taken on the challenge of developing a traceability toolbox for European sea bass, gilthead sea bream 
and turbot. These tools will be very useful in the future for monitoring the effects of releases and hatchery 
practices, and for appropriate management with the aim of preserving wild genetic resources in a 
sustainable European aquaculture framework. 

Ideally, the genetic baseline generated here should describe the genetic characteristics of pristine 
populations unaltered by aquaculture activities. However, the genetic characteristics of wild stocks, 
especially of gilthead sea bream and European sea bass, may already have been irrevocably influenced 
by aquaculture or restocking activities. More information could be gained by comparison of contemporary 
and historical genetic samples from wild and farmed populations.  

The size of exposed native populations and the spatial positions of their spawning grounds are not 
sufficiently well known to specifically quantify the vulnerability of the wild populations at risk. 

In all three species, broodstocks from distant populations are used for breeding. Selective breeding is 
applied in hatcheries to various extents, but with a strongly increasing trend. Release and/or escape events 
of farmed fish occur, although frequencies and magnitudes of release and/or escapes cannot be quantified 
precisely for any of the examined marine species. For turbot, rough estimates of escapees and intentional 
releases are available. For all three species, escaped fish may be genetically close or very different. In the 
case of European sea bass and gilthead sea bream, both leakage and mass escape events are likely to 
occur. Thus, a more profound evaluation would require a case-by-case assessment of introgression and 
fitness risks at the level of local aquaculture activities. In the case of turbot, released farmed fish show 
relatively high and homogeneous genetic differentiation compared with wild conspecifics, rendering 
monitoring and risk assessment generally more feasible than in sea bass and sea bream. 

Turbot 
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Box 6: Molecular tools for aquaculture management and marine wildlife conservation 

In order to fully exploit the genetic resources developed for sea bass, sea bream and turbot to answer specific 
questions relevant for aquaculture management, it is necessary to create cost-effective molecular tools. Once the 
question has been defined (e.g. ‘are these fish caught in location X of wild origin or have they escaped from a farm?’ 
and, ideally, if they are farm escapees, ‘from which farm did they escape?’), the AQUATRACE genetic resources can be 
exploited to develop small panels of SNPs which have the power to differentiate the relevant groups of fish (e.g. wild 
origin versus farm origin). The SNP panels can be applied as simple molecular tools to identify the origin of fish. The 
feasibility and utility of this approach have been demonstrated for each of the AQUATRACE marine target species. 
Importantly, AquaTrace has also incorporated a thorough forensic validation of this approach and an inter-
laboratory calibration study across five partners to illustrate the transferable nature of these molecular tools. This 
constitutes a valuable asset in the process of technology transfer as it ensures applicability across diverse 
laboratories and by different authorities, as well as in legal contexts such as evidence provision in court cases. 
Panels of fewer than 20 SNPs were designed to address large-scale origins of wild fish for sea bass (Atlantic versus 
Mediterranean origin), and farmed versus wild origin for sea bream and turbot. It will be necessary to develop 
additional molecular tools to address alternative management issues. However, the pipeline for this, from SNP 
selection and assay validation through to data analysis and interpretation, has now been defined by AQUATRACE. This 
allows a flexible approach to maximise the use of genetic resources developed by AQUATRACE in future aquaculture 
management applications. 
It is noteworthy that this approach is also valuable for the conservation of marine wildlife, wild capture fisheries 
management and the traceability of fish products along the supply chain (see https://fishpoptrace.jrc.ec.europa.eu/ 
and Nielsen et al., 2012). 

Current knowledge of the genetic structure and dynamics of the AQUATRACE target species does not allow 
a quantitative risk assessment covering all populations across the distribution area in European waters. 
Continuous genetic monitoring would constitute a valuable asset, allowing estimates of the degree of 
genetic change and genetic variation in wild populations and farmed fish over time, and further supporting 
assessment of introgression and the implementation of quantitative risk assessments.  

For assessment of genetic risks associated with marine fish farm escapees to reach parity with knowledge 
levels on Atlantic salmon, considerable improvement of knowledge in the following areas is required:  

• population at risk: state of stocks in their area of distribution, abundance of stocks and spawning
grounds in the Mediterranean, breeding behaviour, geographic location of spawning grounds;

• escape events and restocking: number of events, number and production stage of escapees,
frequency, seasonal and spatial distribution of escapees, likely reasons for escapes, quantitative
relation of mass escapes to leakage;

• exposure: interaction of farmed with wild fish and identification of factors favouring introgression;

• consequences: fitness of escapees, quantitative effects of introgression, vulnerability and tolerance of
wild populations.

Because a quantitative risk assessment is presently hampered by limited available knowledge, AQUATRACE 
proposes the use of a semiquantitative evaluation grid for risk assessment purposes at a local level, carried 
out by risk managers responsible for aquaculture activities. This approach is discussed in the section 
entitled ‘Risk Assessment Management Support’, below. 
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Management Recommendations for the Genetic Monitoring of 
Introgression 

Based on its research results, the AQUATRACE consortium provides the following recommendations to 
enable immediate risk assessment management support and, in the longer term, a quantitative assessment 
of genetic risks emerging from marine farmed fish that can be integrated into management frameworks 
underpinning sustainable and profitable aquaculture. 

R1. Management goals: There is a need to formulate management goals linked to potential genetic risks 
emerging from EU aquaculture, goals which set thresholds against which such risks could be 
evaluated and assessed. The management goals established for Norwegian aquaculture could serve 
as an orientation paradigm. An example is the development of species-specific indicators and 
threshold values for acceptable levels of farmed fish in wild populations. Until further progress in this 
field, AquaTrace strongly recommends applying the risk assessment management support actions 
depicted below under R8 and in the next section on risk assessment management support.. 

R2. Notification of escape events: Establishment of an EU-wide harmonised compulsory and immediate 
notification requirement of escape incidents from marine aquaculture installations, covering production 
from hatcheries to harvest should be prioritised This should include date of event, location, number of 
cages affected, age group of fish and number of fish, following established enforced requirements in 
Ireland, Norway and the United Kingdom. 

R3. Recording of stocking events: Stocking actions should be documented and recorded on a 
mandatory basis. The documentation should encompass a comprehensive record including date of 
event, location, level of location confinement and origin, number and size/age of fish used. 

R4. Research on populations at risk: Scientific studies and assessments on populations at risk should 
be pursued and enhanced. This is particularly relevant for stock assessments in the Mediterranean 
Sea, identifying the main spawning grounds and improving knowledge on the breeding behaviour of 
sea bass and sea bream, but also for turbot in the Atlantic region (North Sea). 

R5. Trade of eggs and juveniles: A traceability scheme for the trade and exchange of fish eggs and 
juveniles should be established. 

R6. Risks to confined stocks and aquaculture areas: The risk assessment approach should be refined 
to address confined wild stocks and aquaculture areas. To this end, regional monitoring programmes 
should be established taking advantage of the genetic traceability toolbox for European sea bass, 
gilthead sea bream and turbot developed by AquaTrace. 

R7. Model studies: The evidence of introgression observed in farmed marine fish demands strongly a 
direct evaluation of the fitness impact on wild populations through common garden experiments, 
similar to those carried out in Atlantic salmon and brown trout by AquaTrace. 

R8. Risk assessment management support: Implementation of decision thresholds that are easy to 
apply and will help to establish a more robust knowledge baseline about farm escapees and their 
impact, as well as to contain possible risks. Levels of below 5%, between 5% and 20% and above 
20% could serve as general rules to define actions regarding the intensity of monitoring. These levels 
could be refined as more specific knowledge on genetic risks (levels of integration and fitness loss) is 
gained for species and geographical regions. This is further delineated in Table 5 and 6 in the next 
section. 
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Risk Assessment Management Support 

AQUATRACE wishes to assist risk managers in assessing the level of risks emerging from marine fish 
farming activities with respect to escapees and possible levels of introgression, and deciding which 
actions have to take. Owing to a lack of information and data, particularly on implemented breeding 
programmes and escape events, a quantitative risk assessment approach is not currently feasible. 
Nevertheless the approach described below has value, both in terms of providing a framework and in 
highlighting priorities for investment. 

If followed, the steps recommended above will enable moves towards future quantitative risk 
assessments, preferably embedded in a legal framework. In the meantime, to help the aquaculture 
industry and to protect and conserve the wild marine ecosystem, AQUATRACE recommends the 
introduction of risk-assessment decision thresholds that are easy to implement and will help to establish a 
more robust knowledge baseline on farm escapees and their impact, as well as to contain possible risks. 

At local levels around marine aquaculture activity clusters, or around individual farms, wild and farmed 
fish should be sampled and genetically analysed to verify the presence or absence of escaped farmed 
fish. The sampling scheme should be set up in collaboration with the geneticists performing the analysis. 
The sampling and analysis should be repeated annually. 

Based on the results, the information in Table 4 should be applied to decide on further action: 

Risk of genetic change of wild 
population due to 
introgression 

Threshold value for escaped 
fish [%] of identified escapees 
among the fish sampled in the 
wild] 

Action 

Low < 5% Monitoring: sampling and 
analysis at two-year intervals 

Moderate 5-20% Monitoring: sampling and 
analysis at six-month intervals 

High > 20% Management action: 
identification of exact source 
and cause. Application of table 5 
in a collaboration between risk 
managers and geneticists 

Table 4. Risk Assessment Management Support Table. The application of this table should assist the decision finding on 
actions needed to contain risks inherent to aquaculture escapees. The implementation and application of this table will also 
contribute to the enhancement of the knowledge base needed to foster increasingly robust risk assessments and management 
measures. 
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Table 5. Management action support table to be applied if the risk of genetic change of wild population due to introgression 
has been assessed as ‘high’. Risk managers and geneticists can address a number of relevant variables to define the exact 
source and cause of escape events, as well as to assess in greater detail the level of risks and expected impact. 
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Glossary 

Allele – a particular form of a given gene. Diploid organisms (such as humans and also fish) have two 
alleles at each gene locus, one inherited from the father, the other from the mother. 

Coefficient of inbreeding (F) – a measure of inbreeding. It is the probability that two alleles at a locus are 
identified by descent. 

Common Fisheries Policy (CFP) – the European Union’s principal instrument for the management of 
fisheries and aquaculture. The CFP aims at assuring the sustainable exploitation of fish stocks and fish 
farms in a healthy marine environment and a prosperous EU-wide socioeconomic setting. 

Discriminant analysis of principal components (DAPC) – a multivariate method designed to identify and 
describe clusters of genetically related individuals. 

DNA – deoxyribonucleic acid. The genetic material determining the makeup of all living cells. 

Effective breeding number (Ne) – a measure of the breeding size of the (farmed) population, 
synonymous with effective population size. Inbreeding and genetic drift are inversely related to Ne. 

Effective population size (Ne) – the size of the idealised, panmictic population that would experience the 
same loss of genetic variation, through genetic drift, as the observed population. Roughly and very 
approximately the part of a population that reproduces and thereby contributes to future generations. 

Fitness – the ability of an organism to survive and reproduce, and thus produce descendants for future 
generations. An operational proxy for fitness might be the lifetime number of offspring produced. 

Forensics – a field of science dedicated to the methodical gathering and analysis of evidence to establish 
facts that can be presented in a legal proceeding. 

FST – the fixation index FST is a measure of population differentiation. It is estimated from genetic 
polymorphism data such as single-nucleotide polymorphisms (SNP). Developed as a special case of 
Wright’s F-statistics, it is one of the most commonly used statistics in population genetics. 

Genes – the basic unit of heredity in a living organism. Genes hold the information to build and maintain 
cells and pass genetic traits to offspring. 

Genetic introgression – the introduction of alleles of genes from the gene pool of one species into that 
of another during hybridisation. In the context of AQUATRACE, the fact that farm escapees start to 
reproduce with wild conspecifics, producing offspring that carry alleles (gene versions) from both wild 
and farmed animals. This can lead to the propagation of alleles of farmed escaped fish in wild 
populations, creating potential impact on overall fitness and resilience. 

Genetic marker – phenotypic (i.e. expression of certain genes such as proteins) or genotypic (e.g. DNA 
sequence) characteristics that can be used to infer the genotype (genetic constitution) of an individual. 



55 | P a g e

Risk assessment

Genetic resources – the collective extent to which individuals and populations differ in their genes and 
associated biological characteristics. 

Genetic variance – the portion of phenotypic variance for a quantitative phenotype that is due to the 
genes. 

Genome – the total amount of genetic information in the chromosomes of an organism, including its 
genes and DNA sequences. 

Heterozygosity – the presence of two dissimilar alleles at a genetic locus. 

Homozygosity – the presence of two identical alleles at a genetic locus. 

Method validation – the process used to confirm that the analytical procedure employed for a specific 
test is suitable for its intended use. The results from method validation can be used to judge the quality, 
reliability and consistency of analytical results; it is an integral part of any good analytical practice. 

Molecular tools – tools based on the analysis of biological macromolecules, such as nucleic acids and 
proteins. 

Natural selection – the process in nature by which, according to Darwin’s theory of evolution, only the 
organisms best adapted to their environment tend to survive and transmit their genetic characteristics 
in increasing numbers to succeeding generations while those less adapted tend to be eliminated. 

Next generation sequencing (NGS) – a high-throughput sequencing method that allows production of 
thousands or millions of sequences at once. 

Panels of SNP markers – a collection of SNPs used simultaneously to estimate genetic variation across 
many regions in an individual’s genome. 

Phenotype – the observable physical or biochemical characteristics of an organism, as determined by 
both genetic makeup and environmental influences. 

Recirculation system – a closed or partially closed system employed in aquaculture production in which 
effluent water from the system is treated to enable its reuse. 

Risk assessment – identification, evaluation, and estimation of the levels of risks inherent to a situation 
or a process, their comparison against benchmarks or standards, and determination of an acceptable 
level of risk. According to FAO guidelines for food safety, and in the context of aquaculture, a risk 
assessment covers the following four main steps: hazard identification, hazard characterisation, 
exposure assessment and risk characterisation of food safety hazards. 

Single-nucleotide polymorphism (SNP) (pronounced ‘snip’) – a DNA sequence variation occurring when a 
single building block of DNA (nucleotide A, T, C or G) in the genome (or other shared sequence) differs 
between members of a species. Individuals in populations may share many SNPs, which results in a 
unique DNA pattern for that population. 

SNP chip – a collection of SNPs that allows simultaneous investigation of several or many SNP variants in 
target DNA. 
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Spawning group – a group of fish spawning in a particular area at a particular time which do not 
interbreed to any substantial degree with any other group spawning in a different area or in the same 
area at a different time. 

STRUCTURE – a frequently applied free software package to use multi-locus genotype data for the 
investigation of population structure. Its uses include inferring the presence of distinct populations, 
assigning individuals to populations, studying hybrid zones, identifying migrants and admixed 
individuals, and estimating population allele frequencies in situations where many individuals are 
migrants or admixed (see http://pritchardlab.stanford.edu/structure.html ). 

Stocks – fish stocks are subpopulations of a particular species of fish, for which intrinsic factors (growth, 
recruitment, mortality and fishing mortality) are the only significant factors in determining population 
dynamics, while extrinsic factors (immigration and emigration) are considered to be insignificant. 

Traceability – the ability to trace and follow a food, feed, food-producing animal or substance intended 
to be, or expected to be incorporated into a food or feed, through all stages of production, processing 
and distribution. 
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