
On re-introducing sturgeons
to the river Rhine and the North Sea

2024
O

n re-introducing sturgeons to the river Rhine and the N
orth Sea

               N
iels W

illem
 Paavo Brevé

Niels Willem Paavo Brevé



1.  Two sturgeon species are native to the river Rhine and the North Sea,
not one.
(this thesis)

2.  Ex situ conservation precedes in situ conservation.
(this thesis)

3. The peer review system slows down the progress of science.
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5.  The seaward expansion of the port of Rotterdam impedes water
management at the Haringvliet sluices.

6.  Democracy prevents governments from making long term
commitments.

7. Fence removal saves wildlife.
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Summary

Historically, the anadromous European sturgeon (Acipenser sturio) was found in all 
marine- and major river basins of north-western Europe. Unfortunately, this species, 
which has roamed the earth for 90 million years, disappeared in about 150 years as a 
result of overfishing, habitat degradation and loss of longitudinal connectivity in the 
natal rivers. Today, the European sturgeon is listed by the IUCN as critically endangered 
and on the brink of extinction. This endangered status calls for urgent conservation 
action, which, given the highly migratory nature of the species, must be taken at an 
international level. 

Currently, the Rhine is considered a key river for the reintroduction of the species, in 
addition to the Garonne and Dordogne and the Elbe rivers. Climate change scenarios, 
the partially intact longitudinal connectivity of the Rhine, and recent international 
efforts to improve water quality, suggest that the species might be able to return. 
However, by-catch in the North Sea, introduction of alien sturgeon species (predation, 
competition) and specific local/regional pressures such as inland shipping and coastal 
infrastructure may prevent this. Therefore, a feasibility assessment should be carried out 
before reintroduction can take place to avoid wasting time, money and extremely rare 
individuals of a critically endangered species.

This thesis aimed to assess the feasibility of reintroducing the critically endangered 
European sturgeon (Acipenser sturio) to the river Rhine and the North Sea. The assessment 
provides a basis to define the critical boundary conditions for successful reintroduction 
and can advise whether it is useful to stop or continue the reintroduction effort, and if 
so what additional conservation measures are needed.

Four research question were answered to be able to perform the assessment:

• Is sufficient suitable habitat available for European sturgeon in the North Sea and
the river Rhine?

• What are the potential threats from incidental bycatch in coastal and estuarine areas
for successful sturgeon reintroduction and from the currently present alien (non-
native) sturgeons?

• What other local and/or regional threats could hinder the sturgeon’s return?
• What are possible strategies considering the potential reintroduction of two native

sturgeon species?

These research questions were answered in four parts, 1) habitats, 2) threats, 3) tracking, 
and 4) alternatives, ultimately culminating in part 5) the overall reintroduction feasibility 
assessment as presented in the synthesis.
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Part 1. Key habitats – sea, estuary, river - Chapters 2 and 3
Chapter 2 presents a reconstruction of the historical spatio-temporal distribution 
of sturgeon populations in Northwest Europe based on fisheries data from the 14th 
– twentieth century, consisting of > 5000 records of sturgeon landings and sales (c. 
40,000 specimens) from the Netherlands, Belgium, Germany, Luxemburg, France and 
Switzerland. Sturgeons showed a strong preference for large river habitats and were 
mainly found in the estuary and lower reaches of the river Rhine. The adjacent rivers 
and tributaries of the Rhine were hardly used by sturgeons. Based on this historical 
information the study area was defined and seasonality of occurrence of specific life 
stages. In Chapter 3 a systematic literature review of critical factors for European sturgeon 
key habitats was used as basis for 1D and 2D modelling and GIS-based mapping of 
potentially suitable spawning and nursery areas. This study shows that the river Rhine 
offers sufficient spawning habitat for about 2,500 female European sturgeons located 
in the German state of North Rhine-Westphalia, while there is sufficient habitat for 
nursery in the Rhine delta in the Netherlands. This, however, may be an overestimation 
considering the impact of inland shipping and infrastructures that may limit the 
accessibility.

Part 2. Threats: bycatch and alien sturgeons – Chapters 2, 4 and 5
The historical study (chapter 2) revealed  that estuarine and coastal fishing had increasingly 
decimated the sturgeon population until the last sturgeon was caught in the river 
Rhine in 1952. Since then, fishing pressure has only increased further. Unfortunately, 
fishers are currently experiencing difficult economic circumstances, and fear of further 
restrictions on their fishing area and gear makes them reluctant to report sturgeon by-
catches. From interviews with fishers, scientists, environmental NGOs and authorities 
in France, Germany, the Netherlands and the UK (chapter 4) it became clear  that all key 
conditions for  good cooperation with fishers needed for endangered, threatened and 
protected species conservation (shared vision, clear roles, communication and trust), are 
seriously hampered. In addition to fishers’ lack of trust, fuelled by the communication 
strategies of some NGOs that use iconic species to lobby for fishing restrictions, lack of 
government coordination hampers adequate conservation management of rare marine 
species. The study presented in chapter 5 shows that a total of 10 alien Acipenseriformes 
(nine sturgeons and one paddlefish) and their hybrids, plus the native Atlantic sturgeon 
(A. oxyrinchus) (see chapter 8), are widely cultivated and traded in the Netherlands, 
Belgium, and Germany. Over 2,500 individuals were reported in more than 60 isolated 
water bodies in the Rhine delta, and about 500 alien sturgeon individuals were found 
in hydrologically connected water bodies. Although alien sturgeons are ubiquitous in 
the study area, they do not pose an immediate threat to the reintroduction of the native 
sturgeon, as these fish do not reproduce in the wild. However, their presence does pose 
a risk as they could carry diseases and parasites.



Part 3. Tracking sturgeons to discover additional threats – Chapters 6 and 7
After an absence of 70 years, a total of 87 juvenile European sturgeons that had been aqua 
cultured in the ex situ brood stock in southern France, were experimentally released into 
the Rhine at the Dutch-German border in May and June 2012 and 2015. The fish, aged 
between 3 and 5 years, were tagged for radio telemetry. The tracking revealed the impact 
of inland shipping on the species (ship propeller strikes) and showed that the sturgeons 
migrated to the North Sea via the port of Rotterdam, neglecting the historic route 
(estuary) via the Haringvliet lake. Ten sturgeons were reported caught (and released) 
by shrimp fishers and gill-netters along the Dutch coast and in the Wadden Sea. Only 
after seven years did a female European sturgeon reproduce in captivity again enabling 
a next tracking study (chapter 7). A total of 74 juvenile sturgeons aged between 13 and 
15 months, tagged for acoustic telemetry, were released into the Rhine delta in June and 
August 2023. Surprisingly, within a month the young fish also migrated to the North 
Sea via the port of Rotterdam instead of staying in the Rhine delta. Tracking showed 
significant predation losses in the impounded, slow-flowing parts of the river. Only 
seven fish reached the North Sea, five of which stayed close to the port of Rotterdam. 
The telemetry studies were of great value as the results could not have been predicted 
based on desk studies. Local and regional pressure factors were highlighted, i.e. losses 
from inland shipping (propeller strikes), coastal infrastructure obstructing migration 
pathways, predation in the slow-flowing, impounded parts of the estuary and the high 
bycatch risk (mortality) along the Dutch coast.

Part 4. Alternative reintroduction strategies – Chapter 8
In chapter 8 molecular research on museum specimens confirmed the presence of two 
native sturgeon species in the river Rhine and the North Sea into the twentieth century, 
namely the European sturgeon and the Atlantic sturgeon (A. oxyrinchus). This means that 
a reintroduction programme for the vulnerable (IUCN status 2024) A. oxyrinchus in North 
Sea rivers could be considered in addition to that for the much extremely rare A. sturio. A 
number of considerations may guide the choice of which species to reintroduce and where: 
(1) prioritising the restoration of only the critically endangered A. sturio; (2) maintaining a
strict north-south division of reintroductions for the two species; and (3) restoring a ‘mixed
zone’ of sympatric occurrences in Northwest Europe, particularly in North Sea rivers, like the
Rhine. Given the rapid progress made with A. oxyrinchus re-introduction to the Baltic region,
and the fact that sub-adults of both species already occur in sympatry in the North Sea, it is
advised to further explore the pros and cons of scenario 3.

12
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Part 5 Sturgeon reintroduction feasibility assessment – synthesis – Chapter 9
In chapter 9 the key pressures are discussed per life stage in the three distinguished areas 
(the North Sea, the Rhine delta and the Lower Rhine). Four major threats were identified 
that could derail an entire reintroduction effort: 1) coastal and estuarine bycatch, 
and a lack of data for full impact assessment of this threat; 2) coastal infrastructures 
that obstruct or seriously limit sturgeon migration routes and prevent permanent 
transitional, tidal zones (acclimatisation areas for sturgeons). In addition, the coastal 
infrastructures, 3) attract local aggregations of predatory species that massively prey on 
juvenile sturgeons. In the Lower Rhine, 4) inland shipping poses direct (wounding) and 
indirect (habitat reduction and noise pollution) to sturgeons. It is yet unknown to what 
extent the historical sediment pollution is reason for toxicological concern.

Overall it can be concluded that although the habitat assessment indicated sufficient 
spawning and nursery habitat in the study area, the reintroduction of native sturgeons 
is not yet appropriate based on the threats assessment.

It is, however, strongly recommended to continue experimental releases of telemetry 
tagged juvenile sturgeons, considering both native sturgeon species, the European 
sturgeon and the Atlantic sturgeon. Telemetry has proved to be an excellent method 
of habitat- and pressure assessment. In total, six recommendations were identified in 
chapter 9 that, once (full)filled, would support improved sturgeon conservation and 
reintroduction effort success (Table 9.3).

Table 9.3. Overview of recommendations per main area.

Area Recommendation

North Sea 1 Include fishers in research, value their expertise.
Rhine delta 2 Water managers should be encouraged to carefully redirect river water towards the port of 

Rotterdam.
3 Prevent introduction of alien sturgeons to natural waters and use their current presence to the 

advantage of reintroducing the native species.
Lower Rhine 4 Investigate innovations and measures to reduce impacts of inland shipping to sturgeons and 

diadromous fish in general.
Rhine 
river basin

5 Include all migratory fish in the ICPR’s Master Plan Migratory fish, including sturgeons.
6 Develop a plan and protocol to establish a Dutch or German rearing station using 

Atlantic sturgeon in addition to European sturgeon to increase numbers of fish that can be 
experimentally released.





General introduction  
and thesis overview

Chapter 1

Photo: Satellite image of the transition zone between the southern North Sea and the 
estuaries of the Rhine, Meuse and Scheldt rivers. Source: Rijkswaterstaat 2020. Former 
migration corridor of sturgeons. Due to the Dutch storm surge barrier system, only 
the port of Rotterdam (north, top) currently offers a direct route between the North 
Sea and the river Rhine. The Western Scheldt (south, bottom), is an open connection 
between river and sea, but of less interest to sturgeons as the Scheldt is a much smaller 
river compared to the Rhine.
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1.1 The European sturgeon was almost lost

This thesis aims to assess the feasibility for reintroducing the critically endangered 
European sturgeon (Acipenser sturio) to the river Rhine and the North Sea. Based on 
the feasibility assessment a recommendation needs to be made: should reintroduction of the 
European sturgeon be considered for the Rhine?

European sturgeon (Fig. 1.1) is a historical textbook example of a species with traits that 
make them vulnerable for ecological changes and over-exploitation. The anadromous 
European sturgeon spends most of its (sub-)adult life at sea, and depends on large rivers 
and estuaries for its recruitment (Williot & Castelnaud, 2011). Around 1850, European 
sturgeon populations were still present in all marine basins and large catchments of 
northwestern Europe (Holčík et al., 1989; Kottelat & Freyhof, 2007). 150 years later 
all populations had disappeared due to overfishing, habitat degradation and -loss due to 
hydro-damming, diking and canalisation, and environmental pollution (Williot et al., 
2002a).

Today, the European sturgeon is classified as critically endangered by the IUCN, the 
International Union for Conservation of Nature and natural resources (Gessner et 
al., 2010c). The species is protected under the legal systems of the Bern Convention, 
the Bonn Convention, the OSPAR Convention, the Rhine Convention, and the EU 
Habitats Directive. The European sturgeon is the most endangered, threatened and 
protected (ETP) species in Western Europe (Bastmeijer, 2019). Figure 1.2 depicts its 
current presence compared to the situation in 1850.

Figure 1.1. The European sturgeon (Acipencer Sturio). Derived from Bloch (1785–1797).
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Unfortunately, the European sturgeon does not really benefit from this protected status. 
Restoring the populations and of the key aquatic environments is in conflict with 
economic interests and societal uses of these marine basins and large rivers. Moreover, 
most Northwestern European river basins can be considered ‘lost’ for the species due to 
habitat fragmentation caused by damming and canalisation (Puijenbroek et al., 2019). 
Only a few rivers and especially in the species´ former northern range of the northwest 
Atlantic and North Sea could still be suitable for re-introduction of the species.

The river Rhine (Fig. 1.3) is suggested to be a key-river for European sturgeon 
reintroduction, taking into account climate change scenarios (Lassalle et al., 2010), a 
good longitudinal connectivity across 850 river kilometres (Jakob, 1996; Nemitz, 2010; 
Winden et al., 2000), and recent international efforts to mitigate the rivers water quality 
(albeit not everywhere in the sediments) (Villamayor-Tomas et al., 2014). Evidence of 
the improved suitability of the Rhine for migratory fish species is found in the partial 
return of a number of the Rhine’s previously extirpated diadromous species, including 
the Twaite shad (Alosa fallax), houting (Coregonus oxyrinchus), European river lamprey 
(Lampetra fluviatilis), and possibly even Allis shad (Alosa alosa) (Borcherding et al., 
2010; Hundt et al., 2015; Winter et al., 2015). Moreover, subadult European sturgeon 
individuals, stocked in the river basins of the Garonne/Dordogne and the Elbe that 
have reportedly been caught (and released) in North Sea fisheries, currently appear in 
the southern North Sea, even in the outer estuary of the Rhine (Charbonnel & Acolas, 
2022). The latter implies that the marine environment seems to offer sufficient foraging 
grounds for the species to thrive.

However, the Rhine and North Sea habitat currently holds several potential drawbacks 
for sturgeon reoccurrence, including intensive fisheries in the North Sea, coastal 
infrastructure (dykes and a storm surge barrier system) and large scale/intensive inland 
shipping (Winter et al., 2015). Before the species can be reintroduced to the Rhine, a 
feasibility assessment is of paramount importance - to prevent the potential loss of effort, 
time, money and precious individuals of an extremely rare species upon a potentially 
failing reintroduction.

As the European sturgeon is absent from the Rhine the technical term is ‘reintroduction’. 
However, as European sturgeon from releases in France and Germany are already present 
in their former habitat in the North Sea, the technical term is ‘reinforcement’.
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Figure 1.2. Status of European sturgeon (Acipenser sturio) in 2022. Derived from the IUCN Gessner et al. 
(2022).

Restoring the European sturgeon is a challenge. But it will also bring added value. Because 
of its critical traits, the European sturgeon is an excellent flagship species facilitating the 
restoration of co-occurring fish species (Caro, 2010; Council of Europe, 2018; Roberge 
& Angelstam, 2004). The restoration of the charismatic European sturgeon would be a 
strong demonstrator and advocate of how environmental policies - that aim to restore 
rivers to a good ecological status and combat biodiversity loss, can be successful, e.g. the 
European Water Framework Directive, the Habitats Directive and Nature 2000 (EEC, 
1992; European Union, 2000; ICPR, 2018; Kallis & Butler, 2001). The restoration of 
the European sturgeon would be a major environmental and ethical achievement, and 
a remarkable sight: A majestic fish with its four long whisker-like barbels and five rows 
of diamond-shaped armoured plates (scutes, sturgeons have no scales) that could grow 
to a total length of 4 to 5 m and a total weight of 300 to 400 kg (Muus et al., 1968). A 
fish that has swum straight out of a palaeontologists, or rather ichthyologist textbook 
(Fig 1.1).
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1.2 Ecological and biological traits, vulnerabilities and pressures

Good understanding of the specific ecological and biological traits and key habitats 
of the order of Acipenseriform fishes (25 sturgeons and 2 paddlefishes) is crucial to be 
able to judge what is required to restore their populations. Below this information is 
presented in two sections: 1) Sturgeons under pressure in the Anthropocene, and 2) a 
description of the complex life cycle of the European sturgeon.

1.2.1 Sturgeons under pressure in the Anthropocene
The order of Acipenseriform fishes first appeared in the fossil records of the Lower 
Jurassic period and only occurred in the northern hemisphere (Bemis & Kynard, 1997). 
Today, 85% of the species are critically endangered, four are considered extinct, and their 
decline has not been brought to a halt yet (Birstein et al., 1997a; Haxton & Cano, 2016; 
Pikitch et al., 2005; Zhang et al., 2020). For example, the Chinese paddlefish (Psephurus 
gladius), was declared extinct in 2020 (Xie, 2003; Zhang et al., 2020). Therefore, this is 
one of the oldest orders of extant actinopterygian fishes, and currently one of the most 
endangered, threatened and protected orders of fishes in the world (Bemis et al., 1997; 
Bemis & Kynard, 1997; Gardiner, 1984; Haxton & Cano, 2016).

Basically, the same ecological and biological traits that made Acipenseriform fishes survive 
for some 200 million years, currently make them vulnerable to anthropogenic pressures 
of overfishing, and habitat degradation and loss (Bemis & Kynard, 1997; Birstein et 
al., 2006; Boreman, 1997; Xie, 2003). Acipenseriform fishes are large, and long-lived 
creatures that only mature at a great age of 8-25 years (Birstein et al., 2006; Boreman, 
1997). The oldest known sturgeon, a Lake sturgeon (A. fulvescens), was reported to be 
152 years old (Anderson, 1954). Although there are some dwarf species known from 
the Aral sea area, most acipenseriform fishes rank amongst the largest fish in the world. 
Individuals of the Kaluga (H. dauricus) and the White sturgeon (A. transmontanus) can 
grow to over 5 m in length and weigh over 800 kg, while the largest freshwater fish in the 
world, the Great sturgeon or Beluga (Huso huso) can attain a length of over 7 m, weighing 
over 1 ton (Krykhtin & Svirskii, 1997; Scott & Crossman, 1973) (Figs. 1.4a and b). For 
example, a specimen caught in the Volga estuary in 1827 was 7.2 m long and weighed 
1,571 kg (Wood, 1983). Another Great sturgeon of unknown length, caught in the 
Caspian Sea weighed 3,200 kg  (Kottelat & Freyhof, 2007). Unfortunately, megafauna 
like these are sensitive to overfishing. The egg-bearing female sturgeons are sought after 
due to the extremely high value placed on their eggs, while males and juveniles have been 
continuously exploited for their meat (Pikitch et al., 2005). This resulted in mortality 
rates that could not be compensated by the sturgeon’s natural recruitment (Boreman, 
1997; Helfman et al., 2009).
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Figure 1.4. Historical captures of the Great sturgeon (Huso huso), beluga: (a) a 7.2 m long specimen 
weighing 1179,39 kg, caught in the Caspian Sea, Russia in 1910; (b) an approximately 7 m long specimen 
weighing 1224 kg, and two ‘smaller’ specimen, caught near the town Tetyushi (150 km from Kazan), on 
the upper River Volga in 1921. The source of these photographs is unknown.

Another persistent threat to Acipenseriform fishes is damming. Most species of this order 
are anadromous and require longitudinal connectivity between the sea and the lower 
and middle ranges of their natal rivers (Bemis & Kynard, 1997; Billard & Lecointre, 
2000). Estuaries and rivers are crucial for sturgeon recruitment and contain the most 
vulnerable life stages of fertilized eggs and yolk-sac hatchlings (Bemis & Kynard, 1997). 
This reliance makes them vulnerable to a river basins’ fragmentation, caused by migration 
obstructions, such as coastal infrastructure (storm surge barriers, dykes), and hydro-
dams that result in the loss of spawning sites (Bemis & Kynard, 1997; Birstein et al., 
2006; Birstein, 1993; Debus, 1997; Haxton & Cano, 2016; Puijenbroek et al., 2019; 
Williot et al., 2002a). For instance, figure 1.4b shows three Great sturgeons caught in 
the upper River Volga and landed in Tetyushi in 1921. The town is currently located 
on the banks of the Kuybyshevskoye Reservoir, Europe’s largest reservoir created by the 
Zhiguli Hydroelectric Station dam built in the 1950’s. Due to this dam, the Beluga’s 
can no longer reach their spawning grounds in the upper Volga and have become extinct 
from this large part of the river.

1.2.2 The complex life cycle of  the European sturgeon
The life cycle of the European sturgeon is summarized in fig 1.5. Subadults of the 
anadromous European sturgeon thrive in coastal areas and large estuaries, while mature 
individuals exhibit extensive homing behaviour to the natal rivers, and only few fish 
might stray (Acolas et al., 2011a; Castelnaud et al., 1991b; Charbonnel & Acolas, 2022; 
Magnin, 1962; Rochard et al., 1997a, 1997b; Thieren et al., 2016a). Once mature, the 
ripe broodfish aggregate in Spring and Summer months in the estuaries of especially 
large rivers (Acolas et al., 2011a). They cease feeding, use deep scour holes as resting 
habitats, and seek out highly oxygenated, clean and heterogeneous hard substrates to 
spawn (Acolas et al., 2011a; Magnin, 1962).
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Figure 1.5. Sketch of the life cycle of the European sturgeon. Source: Jeroen Helmer / ARK Rewilding 
Nederland.

Although there are differences in observations for various river basins, it is suggested 
that during the spawning season more males appear in the river than females. This as a 
result of differentiation in both sexes spawning periodicity: while male sturgeons reach 
puberty at ages of 13 to 15 years and spawn approximately every other year, female 
sturgeons reach puberty between the ages of 15 and 22 years and spawn approximately 
every 3 to 5 years (Acolas et al., 2011a; Magnin, 1962; Williot et al., 1997; Williot et al., 
2011b). The slow reproductive cycle of the female sturgeons is attributed to the physical 
effort required for egg development. This adds to the slow population recovery process 
that may take 30-50 years (Magnin, 1962; Sulak & Randall, 2002).

In autumn, most of the spent sturgeons have returned to the sea while the fertilized 
eggs hatch and the yolk-sac larvae hide within the interstitial spaces in the gravel beds 
(Williot et al., 2011b). Fertilized eggs are highly vulnerable to O2 saturation levels below 
70 % and embryonic survival is highest at a temperature of 20 °C (Delage et al., 2019). 
The upper tolerance limit is between 26 and 30 °C and the lower tolerance limit below 
12 °C (Delage et al., 2019). Exogenous feeding of the benthic larvae begins between 
9-11 days after hatching (Delage et al., 2019). The larvae gradually disperse downstream 
and already during their first winter most of the juvenile sturgeons reach the upper 
estuary where they settle in flow calm areas with soft substrates such as mud, silt, or fine 
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sand, usually near banks and islands (Acolas et al., 2011a; Rochard et al., 2001). Here 
they develop best when feeding on small, soft-bodied prey, such as larval Oligochaetae 
and Chironomidae(Brosse & Elie, 2003; Brosse et al., 2000; Lepage et al., 2005).

Juvenile European sturgeon are capable of enduring higher salinities than juveniles of 
any other sturgeon species (Holčík, 1989). They can adapt their osmoregulation to 
seawater at an age as early as on average 15 months (Acolas et al., 2011a; Rochard et 
al., 2001). As a result, the juvenile sturgeons disperse widely across the estuary, whereby 
a variety of migration tactics to and from the sea can be observed: while some remain 
in the oligohaline area, others may rapidly move into the polyhaline area and the sea 
(Acolas et al., 2017; Acolas et al., 2012).

Another specific feature is that juvenile European sturgeons exhibit a circular, seasonal 
migration pattern, called in French the ‘Mouvée de la Saint Jean’ (Acolas et al., 2011a). 
European sturgeon juveniles may follow the adult fish on their spawning run upstream, 
from the lower estuary towards the upper estuary and back. European sturgeon juveniles 
continue to occupy the estuary until they are approximately seven years of age, whereafter 
they move more permanently into the sea, until they reach maturity and are in turn 
ready to spawn (Magnin, 1962).

In summary: The highly migratory, anadromous European sturgeon spends most of its 
subadult life at sea near coast (in the neritic zone), but strongly depends for its recruitment 
on estuaries and the lower and middle ranges of large northwestern European rivers.

1.3 International cooperation to save the European sturgeon

Considering the highly migratory nature of the European sturgeon and its former range 
across northwestern Europe, international cooperation is a necessity to restore the species 
and its key habitats. Before going into further details of the work to be performed for 
this thesis, I  introduce (and acknowledge) below the diversity of European efforts by 
organisations pursuing a common goal: To save the European sturgeon from extinction 
and restore the sturgeon’s populations across most of its former northern range.

French organisations involved in the conservation of the European sturgeon since the 
1970s are the research institute INRAE (National Research Institute for Agriculture, 
Food and the Environment), and MIGADO (L’association MIGADO – Migrateurs 
Garonne Dordogne Charente Seudre), the organisation that manages the ex-situ brood 
stock in the rearing station located in St. Seurin sur l’Isle. Their activities are set in the 
French national European Sturgeon Action Plan (France Ministère de l’Écologie, 2020), 
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and implemented under the auspices of the regional government DREAL d’Aquitaine, 
the department of the Ministère de la Transition Écologique et Solidaire and the prefect 
of the region. 

The scientific staff of INRAE advised the ‘Dutch’ feasibility assessment since 2009 
and organises quarterly meetings for international exchange of experiences since 2022. 
MIGADO provided juvenile European sturgeons for experimental releases in the 
Rhine in 2012, 2015 and 2023 (Fig. 1.6). Noticeably, information about the European 
sturgeon’s life cycle is largely obtained from French literature, as mainly French biologists 
were able to study the species’ last relict population that reproduced until 1994 in the 
basin of the Gironde estuary and Dordogne and Garonne rivers (Acolas et al., 2011a; 
Magnin, 1962; Trouvery et al., 1984; Williot et al., 1997; Williot et al., 2011a; Williot 
et al., 2011b).

1 Month 1 Year

3 Months

Figure 1.6. Extremely rare juvenile European sturgeons raised in MIGADO’s hatchery to different ages, of 
which fish were provided for experimentally releases in the Rhine in 2012, 2015 and 2023. Photos: Vanessa 
Lauronce.

German organisations involved in the conservation of the European sturgeon since the 
1990s are the “Gesellschaft zur Rettung des Störes” (Association for the Salvation of 
the Sturgeon), with their lead partner the Leibniz Institute of Freshwater Ecology and 
Inland Fisheries (IGB). IGB holds the second ex-situ brood stock of European sturgeon, 
in Berlin, and has activities up-and-running to reintroduce both European sturgeon 
and Atlantic sturgeon in different rivers and the marine basins of the North Sea and 
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Baltic Sea, respectively (Gessner et al., 2019). The Association’s partners formulated the 
German National Action Plan for European Sturgeon (Gessner et al., 2011c), which was 
implemented under the auspices of the Ministerium für Umwelt, Landwirtschaft, Natur- 
und Verbraucherschutz des Landes Nordrhein-Westfalen (German Federal Ministry for 
Nature). IGB is in the lead for the Pan-European Action Plan for Sturgeons (Council of 
Europe, 2018), and has been a trusted source of advice for the Dutch partners.

Dutch organisations involved in European sturgeon reintroduction since 1999 (van 
Winden et al., 2000) for the river Rhine and North Sea, are ARK Rewilding the 
Netherlands, the World Wide Fund for Nature, and the Royal Dutch Angling Alliance 
(in Dutch: Koninklijke Sportvisserij Nederland), and more recently also the Rotterdam 
Zoo (Blijdorp). The Dutch alliance produced a multitude of desktop studies, technical 
reports and fieldwork, of which the outcomes were summarized and translated into 
advice for priority actions in the First Action Plan for reintroduction of the European 
Sturgeon (Acipenser sturio) for the Lower Rhine (Visser et al., 2020). The action plan was 
supported by the Dutch Ministry of Agriculture, Nature and Food Quality (Min LNV) 
between 2020-2024. 

Today, the international conservation efforts for restoration of the European sturgeon 
to the Rhine and North Sea, is acknowledged by more than 30 stakeholders of 
different nationalities, including the World Sturgeon Conservation Society (WSCS), 
French fisheries organisations CAPENA (Centre pour l’Aquaculture, la Pêche et 
l’Environnement de Nouvelle-Aquitaine) and Le Comité national des pêches maritimes 
et des élevages marins (CNPMEM), and the Dutch fisheries association (Nederlandse 
Vissersbond). Noticeably, European sturgeons in the wild are rarely observed and 
occur mainly as extremely rare, incidental bycatch coastal and estuarine fisheries. Some 
live European sturgeons are displayed for the public in Rotterdam Zoo and Breslau 
aquarium (Poland). The breeding stations of MIGADO (France) and IGB (Germany) 
are not open to the public.

Spanish organisations involved in repopulation of the river Ebro with European 
sturgeon and other migratory fish are IRTA (the Institute of Agrifood Research and 
Technology, based in Sant Carles de la Ràpita), and the Mediterranean Rivers Studies 
Centre (CERM). Other partners include the Institute for the Development of the Ebro 
Region (IDECE), the Fundació Catalunya - La Pedrera, and the Ministry of Agriculture, 
Livestock, Fisheries, Food and the Environment of the Government of Catalonia. The 
work is funded by the LIFE Nature Migrator Ebre project. A batch of 44 juvenile 
European sturgeons, obtained from MIGADO (France), were experimentally released 
in the Ebro in 2023.
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Organisations in the UK involved in sturgeon conservation (European sturgeon and 
Atlantic sturgeon) are united in  the UK Sturgeon Alliance, an NGO-coalition made 
up of the Blue Marine Foundation (BLUE), the Zoological Society of London (ZSL), 
the Institute of Fisheries Management (IFM), the Severn Rivers Trust, and Nature@
Work. The UK Sturgeon Alliance recently published a Strategy and Action Plan for 
Sturgeon Conservation (Colclough, 2021; McCormick et al., 2023). In 2023 and 
2024, ZSL organised workshops in London Zoo to discuss important issues in sturgeon 
conservation to be resolved for the mutual benefit of the international sturgeon network. 
These activities include the prevention of bycatch mortality at sea, and to achieve an 
exchange of information on the historical occurrences (nativeness) of European sturgeon 
and Atlantic sturgeon in UK waters.

1.4  European sturgeon, main problem areas and required inter-
national approach

Although the European sturgeon has been saved from extinction through artificial 
rearing, fisheries managers, biologists and conservationists still face certain challenges 
to restore the natural populations. Table 1.1, summarizes the five main problem areas 
distinguished by the internation communities, the required international approach, 
plus an overview of implications for the feasibility assessment. This short summary of 
problems and required mitigation activities are more fully elaborated on in the French, 
German and Dutch action plans for the European sturgeon, and the Pan-European 
action plan for sturgeons as mentioned in paragraph 1.3 (Council of Europe, 2018; 
France Ministère de l’Écologie, 2020; Gessner et al., 2011c; Visser et al., 2020).

Problem area 1. Limited brood stocks and genetic erosion
The survival of the European sturgeon currently depends on artificial rearing. The species 
exists in just two ex situ brood stocks of extremely limited size, and the species is facing a 
major problem due to its reduced genetic variability (Debus, 1999; Holčík et al., 1989). 
Although European sturgeons have a high fertility rate, producing between 0.5 and 2.5 
million eggs per female, female European sturgeons take 15-22 years to mature (Magnin, 
1959; Magnin, 1962). Despite the stocking of 1.7 million European sturgeon larvae and 
juvenile sturgeons in France and Germany, the species’ natural survival in the first year 
of life is only between 1% and 3% (Borodin, 1925). In the current situation of highly 
modified rivers in northwestern Europe the survival percentage may be significantly 
lower.
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Currently the number of mature individuals living in the sea is estimated to be a 
maximum of 750 (Gessner et al., 2022). Even if natural reproduction were to occur 
in the near future,  the low numbers of individuals may still result in a population 
collapse due to the Allee effect (Myers et al., 1995). This is caused by the too limited 
opportunities for finding mates for spawning in addition to the eroded genetic diversity 
which limits their ability to adapt to environmental changes (Myers et al., 1995). To 
improve the genetic diversity of the species, carefully designed and long-lasting breeding 
plans are implemented in France and Germany (Chebanov et al., 2011; Williot & 
Chevre, 2011; Williot & Kirschbaum, 2011). These plans are essential, but complex, 
requiring long-term planning for the extremely low number of genetic individuals 
available for brooding as well as the slow maturation (Williot and Chevre 2011; Williot 
et al. 2011b). The rarity of the species unfortunately limits the number of individual 
fish that can be used in experimentally releases (e.g. in the Rhine) to monitor the species 
survival, distributions and outmigration pathways to the sea.

Problem area 2. Incidental bycatch mortality
Since the 18th century, European sturgeon populations have been increasingly impacted 
by commercial fisheries. Developments in propulsions from sails to steam and diesel 
engines allowed fishers to tow bigger nets and move faster between ports and fishing 
grounds (Brevé et al., 2022d; Castelnaud et al., 1991a; Lenders, 2017; Letaconnoux, 
1961; Mohr, 1952). By the end of the nineteenth century, sturgeons from the Rhine and 
the North Sea became increasingly scarce, while landings of the last big fish gained the 
interest of photographers (Fig. 1.7).

Figure 1.7. Historical sturgeon captures from the Rhine and the North Sea. Photo left: an approximately 
3 m long sturgeon caught in industrial salmon fisheries during the closed season. Although the fish was 
released, it was caught a second time and brought into the town of Dordrecht, the Netherlands in 1917 
(Zalmvisserij Volharding, vangst locatie: Krabbegors Dordrecht). Photo source: City Archive Dordrecht. 
Photo right: An approximately 2.5 m long sturgeon, weighing 175 kg, caught by a steam trawler in the 
North Sea and landed at the Dutch seaport IJmuiden in 1937. Photo source: City Archive IJmuiden.
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Table 1.1. Five main problem areas to European sturgeon restoration and the required international 
approach, plus implications for a feasibility assessment for the reintroduction to the Rhine and North Sea.

Main problem areas Required international approach Implications for the feasibility 
assessment

1. Limited broodstock and genetic 
erosion. Restrictions to effectively 
reproduce due to extremely small size 
and wide dispersion of the remaining 
natural populations (Allee effect).

Stop the decline of the existing 
European sturgeon populations and 
secure genetic diversity. Establish 
ex situ living gene banks and release 
fish in natural waters from artificial 
rearing.

Use a minimum number of 
experimentally released fish to 
monitor their survival, dispersion and 
outmigration pathways across the 
study area.

2. Incidental bycatch, especially 
along coasts and in estuaries that 
causes mortality and impacts the 
scarce remaining populations. Further 
reducing the survival and mating 
probabilities.

Eliminate bycatch mortality of 
European sturgeon. Stop illegal 
landings, and create awareness 
amongst fishers to safeguard the 
fish’s release. Continuous monitoring 
of the population development is 
essential.

Investigate into the willingness of 
fishers to participate in sturgeon 
conservation activities.

3. Further habitat degradation 
and loss in the natal rivers causes 
a multitude of problems, including 
reduced reproductive success due to 
environmental pollution, (hydro-) 
damming, changes hydrologic and 
hydrodynamic regimes in rivers and 
estuaries through channelization 
(diking, dredging, etc.), and 
shipping, that may cause harmful 
water movements, noise pollution, 
ship propeller strikes, etc.

Restore historic migration corridors. 
Identify and effectively protect 
existing reproductive habitats, while 
potential habitats are mapped, and 
restoration is ongoing. Address 
sources of pollution such as domestic, 
agricultural, and industrial wastes.

Investigate into the availability of 
spawning and nursery grounds, 
and identify priority pressures that 
negatively affect the species and 
its key habitats. N.B. Because it is 
exceptionally difficult to assess the 
cumulative effects of all (potential) 
pressures, it is advised to monitor the 
survival, spatiotemporal distributions 
and migration pathways of a limited 
number of experimentally released 
juvenile sturgeons, using telemetry.

4. Alien sturgeon species may 
host/transfer diseases and parasites, 
predate on native fauna, compete 
and potentially hybridize with native 
sturgeon species (outbreeding).

Stop introductions and spread 
of alien sturgeons in natural, 
hydrologically connected waters. 
Ensure sufficient monitoring of the 
alien sturgeon populations.

Assess the risks of introductions (and 
spread) of alien sturgeons on the 
native biodiversity.

5. Climate change may further 
impact on future performance 
characteristics of sturgeons and of the 
suitability of rivers.

Decide on which river basins are 
most suitable for sturgeon restoration, 
considering changes in temperatures, 
rainfall, and droughts. Bare in mind 
that other river characteristics may be 
of influence as well.

Investigate into the effects of 
increased temperatures, droughts, also 
in relation to other pressures that may 
cause cumulative effects. For example, 
during dry summer months fish 
and ships are forced into a narrowed 
channel.

Sources: (Council of Europe, 2018; France Ministère de l’Écologie, 2020; Gessner et al., 2011; Visser et 
al., 2020).
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Although the European sturgeon is currently one of the most protected species in the 
world (Bastmeijer, 2019), the species is still threatened by coastal and estuarine bycatch 
(OSPAR Commission, 2021). Unintendedly caught fish may die, depending on gear, 
soaking time of the net, careless handling, or delayed release (Castelnaud et al., 1991b; 
Charbonnel & Acolas, 2022; Letaconnoux, 1961; Michelet, 2011; Rochard et al., 
1997b). To further protect the last of the wild sturgeons, strict fisheries management 
measures are required, including the closure of fishing grounds and gear adaptations 
(Council of Europe, 2018; EEC, 1992). However, such measures may also give rise to 
opposition and significantly reduce the willingness of fishers to support the conservation 
effort. Bycatch reporting is needed to assess the species’ population developments at 
sea. however, organising effective (fisheries) measures becomes very difficult without the 
registration of incidental bycatch reports. It is therefore unfortunate that such reports, 
that used to be common (figure 1.8), have recently strongly reduced as most fishers have 
refrained from reporting.

Figure 1.8. Photos of recent European sturgeon captures and releases at sea. Photo left: Aboard the trawler 
WR 12, fishing for shrimp in the Wadden Sea in August 2012. The juvenile sturgeon had previously been 
tagged for radio telemetry and was released in the river Rhine in June 2012. Photo right: Aboard the trawler 
LT 162 in 2017.

Problem area 3. Further habitat degradation and loss in the natal rivers
Habitat degradation and loss in the natal rivers and estuaries impacts the usability 
for sturgeon recruitment. According to the action plans (Table 1.1), main habitat 
problems are environmental pollution, (hydro-)damming and blockage of migration 
routes, changes in hydrologic and hydrodynamic regimes through channelization and 
inland navigation. Rivers serve as sinks of anthropogenic waste, including pesticides, 
pharmaceuticals, hydrocarbons, and heavy metals (Best, 2019; Wilkinson et al., 2022). 
After decades of heavy environmental pollution, the Rhine’s water quality has improved 
considerably due to joint efforts of the Rhine member states, following European 
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regulations and national policies on integrated water resources management (Dendievel 
et al., 2022; Mostert, 2009; Villamayor-Tomas et al., 2014). Still, in the sediments of 
the delta Rhine, historical pollution with persistent toxic compounds is present and 
accumulates in local organisms as has been shown for example in European eel (Anguilla 
anguilla) and Chinese mitten crab (Eriocheir sinensis) (Hoogenboom et al., 2006; 
Hoogenboom et al., 2015; Murk, 2024; Zafeiraki et al., 2019). Consequently, human 
consumption of eels and mitten crab from the Dutch Rhine is prohibited (Guhl et al., 
2014; Haenen et al., 2010; van den Dungen et al., 2016) and freshwater fisheries in 
the estuary have been decimated. Environmental pollution thus implies a toxicological 
hazard, and a promise of reduced bycatch.

To fulfil its life cycle, the sturgeon depends on an open connection with brackish water 
area between the sea and the lower middle reaches of northwest Europe’s largest rivers 
(Acolas et al., 2011; Trouvery et al., 1984; Williot, Rochard, et al., 2011; Williot, Rouault, 
et al., 2011). In most of these rivers, dams restrict the migration range of sturgeons across 
the river basin, often resulting in a permanent loss of spawning and nursery grounds by 
blocking the access (Assis, 1990; Best, 2019; Dadswell et al., 1986; Granada-Lorencio, 
1991; McAdam et al., 2018). There are over 1.2 million instream dams in 36 European 
countries, and only one third of European rivers currently meet the criteria for a ‘good 
ecological status’ (Belletti et al., 2020). Only a few rivers in northwest Europe have a 
free-flowing mainstem facilitating viable migratory fish populations (Puijenbroek et al., 
2019). Although the historical estuary of rivers Rhine and Meuse is obstructed by the 
Haringvliet sluices, the Rhine still has an open connection via the Nieuwe Waterweg 
between the sea and its middle reaches across 850 river km’s (ICPR, 2018). Currently, 
the Dutch government is exploring the possibilities to gradually improve fish migration 
opportunities  by opening the Haringvliet sluices.

Two other main threats to the restoration of (European) sturgeon populations are 
canalisation and inland navigation (shipping) (Mako & Galieriková, 2021; Sexton 
et al., 2024). Most western European rivers have been transformed into effective 
shipping lanes through extensive river engineering, hydro-damming, canalisation, the 
disconnection of (dis)tributaries and flood plains (Fig. 1.9) and continuous dredging 
of bed sediment (Brown & Murphy, 2010; Rochard et al., 1990; Schletterer et al., 
2018; Williot et al., 1997). The far-reaching reduction of a rivers’ natural morphology 
has led to a substantial loss of natural spawning and nursery habitats for sturgeons. 
Meanwhile, inland industrial shipping that is proposed to increase in the coming years, 
is associated with substantial loss of biodiversity (Sexton et al., 2024) because of harmful 
water movements, noise pollution (Spierts, 2016) and ship propeller strikes. Since the 
Rhine is one of the busiest shipping lanes in the world (Mako & Galieriková, 2021), 
intensive inland navigation probably poses significant direct risks to the sturgeons and 
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its key habitats. In particular during increasingly dry summer months when the river’s 
main channel is reduced in depth and width (Van de Ven, 2021) direct and indirect 
effects are to be expected.

Problem area 4. Introduction, spread and establishment of  alien sturgeon species
About 100 years ago, the loss of natural sturgeon populations and the continued demand 
for caviar and their meat led to the development of sturgeon aquaculture industries 
across Eurasia and North America (Bronzi et al., 2011; Chebanov et al., 2011; Mims & 
Shelton, 2015). Sturgeon cultivation can reduce fishing pressure on natural populations. 
Artificial rearing ex situ brood stocks can facilitate reintroductions (Chebanov et al., 
2011; Williot et al., 2001). However, active introductions and escapees of alien sturgeons 
and their hybrids to natural waters are also associated with predation, competition for 
food and reproductive habitat, hybridisation with the scarce native populations, and the 
introduction of diseases and parasites alien sturgeons may host (Ludwig et al., 2009a; 
Radosavljević et al., 2019; Shivaramu, 2019; Stachnik et al., 2021). The potential risks 
posed by alien sturgeon species should therefore be assessed, including their degree of 
introduction, spread and establishment in the area of concern.

Figure 1.9. The morphology of the Rhine near Breisach in 1938 (top) and 1980 (bottom). 
Source: www.iksr.org.
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Problem area 5. Climate change effects on the river basin conditions
Based on the habitat degradation and loss for sturgeons in the natal rivers, and despite 
ongoing restoration efforts, it is estimated that less than 10% of the historical watersheds 
of the European sturgeons former entire range can be repopulated (Gessner et al., 2009; 
Gessner et al., 2010c). The former core area of the species’ historical southern range of 
the Mediterranean Sea, Adriatic Sea and Black Sea (fig. 1.2) is considered almost entirely 
lost. This is due to irreversible river engineering, while temperature increases due to 
climate change is increasingly negatively affecting these basins as habitat for sturgeons 
(Lassalle et al., 2010). In contrast, predicted shifts in temperatures and precipitation 
based on climate change scenarios, seem to favour the reintroduction of the European 
sturgeon to several rivers in its former northern range, including the Rhine (Lassalle et 
al., 2010).
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1.5 Thesis overview

This study aimed to assess the feasibility of reintroducing the critically endangered 
European sturgeon (Acipenser sturio) to the river Rhine and the North Sea. The assessment 
provides a basis to define the critical boundary conditions for successful reintroduction 
and can advise  whether it is useful  to stop or continue the reintroduction effort, and if 
so what additional conservation measures are needed.

The results presented in this thesis include an assessment of the availability of sufficient 
suitable habitats for the European sturgeon to fulfil its complete life cycle across a chain 
of marine, estuarine and riverine habitats. In addition, the main anthropogenic threats 
to the species and to its critical habitats are assessed, and it is discussed to what extent 
these threats can be mediated to enable a successful reintroduction to the river Rhine 
and the North Sea.

Four research question were formulated:

• Is sufficient suitable habitat available for European sturgeon in the North Sea and 
the river Rhine?

• What are the potential threats from incidental bycatch in coastal and estuarine areas 
for successful sturgeon reintroduction and from the currently present alien (non-
native) sturgeons?

• What other local and/or regional threats could hinder the sturgeon’s return?
• What are possible strategies considering the potential reintroduction of two native 

sturgeon species?

These research questions were answered in four sections, 1) habitats, 2) threats, 
3) tracking, and 4) alternatives, ultimately culminating in section 5) the overall 
reintroduction feasibility assessment as presented in the synthesis (Fig. 1.10).
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Part 1: Key habitats
In Chapter two, the historical spatiotemporal distributions of the now extinct sturgeon 
populations in the river Rhine and the adjacent catchments of the rivers Ems, Meuse, 
and Scheldt are unveiled. This enables the determination of the study area and compares 
each river’s importance for the species. This chapter was also used to assesses the 
contribution of historical anthropogenic activities to the extinction of sturgeon. The 
research is based on research in archives of the Royal libraries from the Netherlands, 
Belgium, Germany, France, and Switzerland. The dataset spans five countries and uses 
thousands of books, newspaper articles and manuscripts. The data will be stored in a 
publicly available data repository.

Chapter three presents the availability and localisation of the species’ potential spawning 
and nursery grounds in the current river Rhine. This is achieved by a systematic literature 
review that identifies the species key habitat requirements for spawning and nursery, 1D 
and 2D modelling, and GIS-based mapping. This chapter also highlights the potential 
negative effects of coastal infrastructure and inland navigation on the species and its key 
habitats.

Part 2: Main threats
In Chapter four the perceptions and attitudes of fishers are studied, that may be the reasons 
that they avoid reporting sturgeon bycatch. Also, potential approaches are presented that 
could encourage them to report and cooperate in sturgeon conservation. Incidental bycatch 
mortality is considered one of the primary anthropogenic pressures to the extremely 
limited population at sea . Because monitoring the population development is extremely 
challenging due to the species highly migratory nature and technical limitations, 
obtaining data on the species occurrences at sea largely depends on fishers’ willingness 
to report incidental bycatch. This qualitative research uses semi-structured interviews.
Chapter five assesses the potential risks that alien sturgeons may pose to their novel 
environment and to the local native biodiversity. Data used are obtained from the 
industry (sturgeon aquaculture, wholesalers, distributors), anglers (digital logbooks), 
commercial fishers, and research institutes to investigate the extent to which alien 
sturgeon species are cultivated in the delta of rivers Rhine and Meuse. The abundance 
of sturgeon species will be verified in hydrologically connected waters, unveiling the 
pathways of their introductions. The results will be mapped in a GIS to show the densities 
of alien sturgeon species in combination with the extent of the sturgeon industries in the 
studied area. The risks will be assessed using the online Harmonia+ protocol, a first-line 
risk assessment protocol developed by the Belgian Biodiversity Platform (D’hondt et 
al., 2015) for potentially invasive plants, animals, and their pathogens. The data will be 
stored in a publicly available data repository.



35

Thesis Overview

Part 3: Tracking - telemetry to verify the species sensitivity to other threats
Chapter six presents the results of an experimental release to analyse the outmigration 
patterns of juvenile sturgeons aged 3-5 years (n=87) using the NEDAP Trail system 
(radio telemetry). At this age, sturgeon juveniles are capable of full osmoregulation 
making them ready and able to migrate along the river’s main channel downstream into 
the sea (Brevé et al., 2013a). Fish were released into the Rhine at the German-Dutch 
border, in May and June of 2012 and 2015 to provide valuable information regarding 
the threats the animals encounter during their downstream migration, including 
shipping-related problems and incidental bycatch mortality at sea. This complements 
the desk top studies.

The survival and spatiotemporal distribution of 13-15 months old (younger) sturgeons 
are examined in Chapter seven. The animals (n=74) were tagged for acoustic telemetry 
and released in the Rhine at the bifurcation of rivers Rhine and Meuse (Biesbosch area) 
in 2023. A total of 79 acoustic receivers were installed in the Lower Rhine-Meuse delta 
and the coastal zone, including the port of Rotterdam, the historical estuary of the 
Rhine ‘Haringvliet and Hollandsch Diep’, as well as in the interconnective waterways. 
The released juvenile European sturgeons only just acquired the capability to full 
osmoregulation and therefore were expected to remain longer in the estuary than the 
cohort of older fish described in Chapter 6. The research presents the spatiotemporal 
habitat use of juvenile sturgeons, and identifies the local and regional pressures that 
affect their survival and the timing of their out-migration into the North Sea.

Part 4: Alternatives
Chapter eight delivers evidence of the historically presence into the twentieth century 
of two sturgeon species in the river Rhine and the North Sea, namely the European 
sturgeon and the Atlantic sturgeon (A. oxyrinchus). This is not commonly assumed, and 
this chapter discusses the benefits and drawbacks of strategies to reintroduce either a 
single or both sturgeon species, considering the current conditions, including climate 
change and a poleward (northward) shift in suitable river basins.

Part 5: Synthesis of  the feasibility assessment 
Chapter nine the General Discussion provides a synthesis of the thesis and has the 
conclusions. This chapter combines the results of the habitat feasibility assessment, 
identifies knowledge gaps, highlights future perspectives, and provides science-based 
advice (recommendations) about critical boundary conditions that should be secured 
for successful reintroduction of European sturgeon to the river Rhine and the North 
Sea.
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Abstract

This study aims to reconstruct the historical spatiotemporal distribution of the 
anadromous sturgeons, Acipenser sturio and A. oxyrinchus, in NW-Europe (especially in 
the Rhine, Meuse, Scheldt, and Ems rivers, and in the North Sea), in light of evaluating 
the possibilities for their reintroduction. It is based on fisheries data from the 14th-
twentieth century, consisting of >5,000 records of sturgeon landings and sales (c. 
40,000 specimens) from the Netherlands, Belgium, Germany, Luxemburg, France and 
Switzerland. Most data originate from fisheries in the Rhine-Meuse delta (c. 28,000 
specimens, 98% of the Rhine catches). Further upstream, far fewer sturgeons (c. 600 
specimens) were reported from the Rhine’s mainstem and its principal tributaries, Mosel, 
Neckar and Main. Smaller tributaries and the Ems, Meuse, and Scheldt rivers seldom 
yielded sturgeons. This spatial pattern can be related to the species’ preference for large-
river habitat, combined with fisheries activities that were most intensive in the delta 
areas. Sturgeon catches began to dwindle in the late nineteenth century, at a time when 
river engineering first strongly affected the sturgeon’s reproductive habitats in the Lower 
Rhine and delta areas. Also from then onwards, North Sea fishery pressure increased, as 
trawlers switched from sail to steam-powered propulsion. These sea fisheries harvested all 
age-classes of sturgeons year-round, including populations from other European rivers. 
The outcomes strongly suggest that NW-European sturgeon populations were initially 
impacted by intensive river fisheries, but especially by destruction of reproductive 
habitat, due to river regulation, and an intensified North Sea fishery, ultimately resulting 
in total population collapse.
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2.1 Introduction

Sturgeons (order Acipenseriformes; sturgeons and paddlefish) only occur in the Northern 
Hemisphere (Billard & Lecointre, 2000). Most sturgeons are long-lived, large-bodied, 
late-maturing fish that undertake long-distance anadromous migrations through 
marine, estuarine and riverine habitats (Bemis & Kynard, 1997). Due to these life 
history characteristics and their anadromous nature, sturgeon populations are easily 
affected by (marine) overfishing and river engineering. This includes dredging, diking, 
canalisation, and barriers to upstream and downstream migration due to weirs, dams, 
sluices and hydropower plants, amongst others (Birstein et al., 1997a; Puijenbroek et al., 
2019; Rochard et al., 1990). According to the IUCN Red Data List, at present 85% of 
all Acipenseriformes are endangered, making it the most threatened order of vertebrates 
in the world. This conservation status is a wake-up call to restore their populations, 
migration routes, and core habitats in their natal rivers and estuaries (for spawning, 
nursery, and salt/freshwater acclimatisation).

This study aims to reconstruct the historical spatiotemporal distribution of sturgeons 
in the river Rhine and in the adjacent Ems, Meuse and Scheldt rivers (Fig. 2.1). 
Two sturgeon species from the north Atlantic Ocean, the now critically endangered 
European sturgeon (Acipenser sturio) (Gessner et al., 2010c) and the near threatened 
Atlantic sturgeon (Acipenser oxyrinchus) used to display extensive homing behaviour to 
these rivers (Thieren et al., 2016a; Van Neer et al., 2012). These sturgeon species, that 
represent a separate clade distinct from all other Acipenseriformes (Thieren et al., 2015), 
were strongly impacted during the nineteenth and twentieth centuries. While Atlantic 
sturgeon populations survived on the North American side of the Atlantic Ocean, this 
species became extinct in Europe (Chassaing et al., 2016; Gessner et al., 2006; Williot et 
al., 2002a), but was recently reintroduced in the river Oder and the Baltic Sea (Gessner 
et al., 2010a; Kolman et al., 2011b). The European sturgeon, which only occurs on the 
European side of the Atlantic Ocean, was barely saved from global extinction during the 
1990’s, when 53 specimens were collected from a relict population in the Gironde basin 
in France (Williot & Castelnaud, 2011). These specimens were raised to build an ex situ 
brood stock in Bordeaux and another one in Berlin, for restocking fry and fingerlings in 
the Gironde and Elbe river basins (Williot & Kirschbaum, 2011).
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Figure 2.1. (a) Reported historical sturgeon landings and sales (fisheries reports) between 1300-2000 from 
the basins of the Rhine, Meuse, Scheldt and Ems rivers, the North Sea & the Wadden Sea. Pie-charts show 
total numbers reported per century, per river-section (Rhine-Meuse delta; Lower-, Middle-, Upper- and 
High Rhine, and tributary rivers, e.g., river Mosel, Neckar and Main).
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(b) Traffic-light colours indicate historical abundances of sturgeons per river-section. The stacked bar-chart 
in Fig. 2.1b presents the total number of recorded sturgeons per century per river basin and sea. Labels with 
years (e.g. 1972) give the year for the last known sturgeon reported from that specific river-section or sea.
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As a result of the restocking efforts, in recent years hundreds of European sturgeon 
juveniles and adolescents have been observed in neritic zones of the northeast Atlantic 
Ocean (Council of Europe, 2018; OSPAR Commission, 2021). Although the species’ 
status is still critical, as no natural reproduction is yet observed, this gives rise to 
consideration of the expansion of restoration efforts. The species’ core habitat in the 
Mediterranean (Chassaing et al., 2016) is almost completely lost due to substantial 
anthropogenic impacts, like dams and human-induced climate change (droughts, 
increased temperatures) (Lassalle et al., 2010; Williot et al., 2002a), making recovery 
virtually impossible. In contrast, the river Rhine (from now on: Rhine) has an intact 
longitudinal connectivity between the North Sea, the Port of Rotterdam, and the upper 
reaches, over 850 river kilometres upstream (ICPR, 2018). In addition,  remediation 
of 18th-twentieth century industrial pollution (Villamayor-Tomas et al., 2014) has 
further improved the Rhine’s carrying capacity for diadromous fishes (Borcherding et 
al., 2010; Hundt et al., 2015). To strengthen the conservation status in the species’ 
northern range, the possibility of re-introducing the European sturgeon in the Rhine is 
currently under assessment, which includes experimental releases of tagged individuals 
(Brevé et al., 2019b; Brevé et al., 2013a). However, before actual restocking of this river 
can be implemented, a thorough habitat feasibility and risk assessment is paramount to 
reduce any risks to this critically endangered species (IUCN/SSC, 2013). For example, 
the Rhine’s use as a major European shipping lane potentially poses serious threats to 
sturgeons (ship-propeller strikes, noise pollution, dredging, etc.).

A study of the historical spatiotemporal distribution and core habitat of sturgeons 
in the Rhine is an important starting point for evaluating the opportunities for their 
reintroduction. Historical fisheries data can be used as an indicator for long-term 
population distribution and abundance, with changes therein potentially linked to 
anthropogenic or climatological influences (Fortibuoni et al., 2017). Although historical 
fisheries data does not distinguish between the closely resembling A. sturio and A. 
oxyrinchus (Thieren & van Neer, 2016), historical biogeographical research can identify 
former core habitats and the species’ seasonal distribution in the Rhine and adjacent 
catchments (Gessner et al., 2011b; Lenders, 2017; Paaver, 1999; Spratte, 2014; Williot 
& Castelnaud, 2011). This study therefore addressed the following research questions, 
using historical sturgeon fisheries landings data and sales from the Netherlands, 
Germany, Belgium, Luxemburg, France and Switzerland:

1. What were the spatiotemporal distribution patterns of the now extirpated sturgeon 
populations in NW-Europe, with an emphasis on the Rhine river basin, but 
including the adjacent catchments of the Ems, Meuse and Scheldt rivers?

2. Which historical anthropogenic activities most likely dictated the extirpation of 
sturgeon populations in these river systems?
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2.2 Materials and methods 

2.2.1 Study area
The river Rhine is the 9th largest Eurasian river. Its drainage basin covers 185,260 km2, 
along a total length of 1,230 km, with an average discharge of about 2.200 m3/s (Uehlinger 
et al., 2009) (Fig. 2.1). It flows to the north, from its origin in the Alps in Switzerland, 
through Germany, France and Luxemburg, to the lowlands in the Netherlands where it 
drains into the North Sea. The Rhine’s mainstem is divided into the Alpine, High, Upper, 
Middle and Lower Rhine, based upon geomorphological characteristics (Uehlinger et 
al., 2009). Its largest tributaries are the Mosel, Main, Neckar and Aare rivers. In the 
Netherlands, the IJssel distributary of the Rhine drains c. 1/9 of the discharge to the 
north into the Wadden Sea. To the southwest, the Rhine’s mainstem confluences with 
the river Meuse into a freshwater delta (from now on: Rhine-Meuse delta), an area 
renowned for its historical Atlantic salmon (Salmo salar), Allis shad (Alosa alosa), North 
Sea houting (Coregonus oxyrinchus) and sturgeon fisheries (Martens, 1992). Downstream, 
the combined Rhine and Meuse rivers share a delta with the river Scheldt. Historically 
these rivers continuously shifted course (Berendsen & Stouthamer, 2000). From the 
18th century onwards, intensive river engineering that began upstream, shortened, and 
shaped these rivers into efficient shipping routes (Bloesch & Sieber, 2003). Currently, 
the Rhine is a major European shipping lane with the Port of Rotterdam as its terminal, 
while the Rhine-Meuse-Scheldt delta is marked by huge storm surge barriers and strong 
land reclamation (Steenhuis et al., 2016; Wolff et al., 1994). Because of the intricately 
interwoven geographical, hydrological and biogeographical connections between the 
river Rhine and its tributaries, the Meuse, Scheldt and Ems rivers, data were collected 
for all four of these river systems.

2.2.2 Data collection
Although there are several data series that span decades of sturgeon landings and sales for 
specific sites (De Jong et al., 1988; Martens, 1992; Mohr, 1952; Verhey, 1949), there are 
no high-quality, long-term time series for the four river basins. We therefore collected data 
from multiple sources and collated a comprehensive dataset and time series. Data on fish 
consumption, references to fish in culture (legends, plays), and anecdotal data, were collected, 
but we focused on fish trading sources (especially fish market sales lists), fisheries sources, and 
early scientific fish ecological surveys (for typology, see (Haidvogl et al., 2014) (Table 2.1). 
Most data stems from the nineteenth century and later, but we have also tried to collect 
many older sources, because disregarding such older sources could lead to a serious content 
bias, leaving relevant long-term causes and processes out of the picture (Hoffmann, 1996). 
Historical sturgeon data, including archival sources and handwritten documents obtained 
from many different institutes and professions, were previously collected by (Kinzelbach, 
1978; Kinzelbach, 1997), whose data was rechecked and added to our dataset.
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Google Scholar, Scopus and NSC ProQuest were searched, but contemporary reviewed 
literature yielded surprisingly little additional historical data for the study area. The 
database of the Global Biodiversity Information Facility (www.gbif.org) was downloaded 
(April 4, 2021) for Acipenser sturio and Acipenser oxyrinchus, and checked, which gave an 
additional 22 data entries. The dataset was further extended with data from historical books 
and handwritings, obtained through Google books and the Universities acknowledged. 
A major contribution to the dataset was achieved by searching digitised newspaper-
articles via www.delpher.nl (1618-2005, National Library of the Netherlands), www.
belgicapress.be (1814-1970, Royal Library of Belgium), www.europeana.eu (1618-
1980, European newspapers from 20 countries) and www.e-newspaperarchives.ch 
(1692-2018, Swiss National Library). These platforms yielded substantial quantitative 
data on fisheries statistics (individual counts, weights, and prices) for the period 1845-
1953. 

The following search keywords were used in all platforms: sturgeon* (this includes the 
French ‘esturgeon’), stör*, “Acipenser sturio”, steur*; combined with Rijn, Rhin, Rhein, 
Maas, Meuse, Scheldt, Ems, Escaut. Searches for vernacular names and aberrant spellings 
like ‘rombus’ or ‘fteur’ yielded only 50 additional results. This search delivered nearly 
150,000 hits that were sorted, filtered, and cleaned. Data on landings and sales could 
concern duplicates in the sense of ‘repeated’ records from different sources (mainly 
newspapers), and in the sense of ‘summed’ per week, month or year (mainly for fish 
auctions). Duplicate data were individually checked and, if applicable, marked in the 
dataset and filtered-out for data analysis. All data were sorted into predefined fields 
(such as year, month, week, numbers, weights, length, price per kg, per fish, source, 
URL). For sturgeon landings, and locations of fish auctions and markets, coordinates 
were found in historical maps provided by the Netherlands’ Cadastre, Land Registry 
and Mapping Agency (Het Kadaster) via https://www.topotijdreis.nl, and verified with 
Google Maps https://maps.google.nl, adding an accuracy in km’s when necessary (NA, 
1, 2, 5, 10, 20, 50, 100, 200 km). The final dataset spans the 14th–20th centuries, it 
includes >5,000 unique data entries on landings and sales of approximately 40,000 
sturgeons for the study area and is deposited in the repository DANS-EASY under a CC 
BY license (Brevé et al., 2022c); Table 2.1 for the overview).
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2.2.3 Fisheries data analysis
For spatiotemporal analysis, total numbers of sturgeon landings and sales (i.e. individual 
counts, locations, weights, and prices) were summarised per century, river (section) or 
sea (North Sea and Wadden Sea) and mapped in QGIS 3.16. Total numbers of sturgeons 
were summarised in separate timelines for the Rhine’s delta, the river’s mainstem, and for 
the sea. Seasonal distributions were analysed for all sturgeon numbers that were traceable 
to the month of catch. To obtain a proxy for the species local or regional abundance 
or scarcity, price developments on freshwater and sea fish markets were calculated by 
averaging yearly and 5-yearly prices, numbers and weights. This is a valid approach for 
socio-economically stable periods in history (so, excluding wars or economic crises), 
when the price of products is strongly linked to their availability (Lenders et al., 2016; 
Lenders, 2017). Historical prices in Dutch Guilders were converted to equivalents in 
euros in 2016 via the consumer price index of the Institute of the Royal Netherlands 
Academy of Arts and Sciences (KNAW), based on Van Zanden (2013) (available for 
years 1450-2016); and from Belgian Francs to Euros in 2015 via the currency converter 
provided online http://www.historicalstatistics.org/Currencyconverter.html (Latest 
update 10 January 2016, available for years 1880-1950, except 1914-1920).

2.3 Results 

2.3.1 Spatiotemporal distributions of  sturgeon landings and sales
The historical distribution of sturgeons in the four river systems appears to be confined 
to the estuaries, the (freshwater) delta areas and the Rhine river’s mainstem. Clearly, 
fewer sturgeons were reported for the tributary rivers, the High Rhine, and the Ems, 
Meuse, and Scheldt rivers. Most data were obtained from fisheries and fish auctions 
in the Rhine-Meuse delta in the Netherlands (27,714 specimens: 98% of all sturgeon 
capture reports from the river Rhine) (Fig. 2.1a). For the Rhine, the number of reported 
sturgeons diminished immediately upstream from this area. In total 590 (2%) sturgeons 
were reported from the Rhine’s mainstem in the Netherlands, Germany, France, 
Luxemburg, and Switzerland; of which 319 originated from the Lower, Middle, Upper 
and High Rhine, and 70 from the main tributaries Mosel, Main, Neckar and Are, while 
all other (of the thirty-three) Rhine tributaries seldom yielded sturgeons.

From the Wadden Sea and the estuaries of the therein debouching rivers, sturgeons 
were only occasionally reported, yet these reports represent high numbers of fish. For 
example, 237 sturgeons in 1869 and 80 in 1870 were landed and sold at one seaport 
situated in the river Lauwers estuary; in 1896, 672 sturgeons were landed at hamlets in 
the north of the Netherlands. No weights or prices were mentioned. Because, in general, 
adult sturgeons were usually weighed, priced, and taxed, the sturgeons mentioned may 
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have concerned smaller/younger specimens. From the river Ems, 40 sturgeons were 
reported, which is much lower than the total of 1,704 sturgeons captured in the Ems-
estuary (named: Dollard). From the small river Lauwers-estuary and its tributaries, 14 
mature sturgeons were reported between June and July. Although, according to anecdotal 
information, large numbers of sturgeons were captured in the Rhine’s IJssel distributary 
and its freshwater delta in the Zuiderzee pre-1700 (Ennema, 1946), only a total of 121 
sturgeons were reported from this region between 1321 and 1932.

For the North Sea, most sturgeon reports were obtained from the late 19th and early 
twentieth centuries. The decreasing river catches and increasing marine catches resulted 
in a yearly marine harvest in the Netherlands that, by 1910, exceeded that from the 
Rhine-Meuse delta. Belgian and Dutch sea-fisheries reported a total catch of 1,192 and 
5,402 sturgeons respectively (see also Fig. 2.1a). Yields of trawl fisheries were registered 
by the Dutch and Belgian governments in annual reports. For the Netherlands the series 
spans 16 years (Hoek, 1894; Redeke, 1915), for Belgium 24 years (Zeevisscherij, 1912, 
1936). These Belgian statistics specify propulsion type, seaport, and fishing ground for 
sturgeon harvests. For this period, almost 100% of sturgeons marketed in Belgium were 
landed by steam trawlers (not sail), sold at Belgium’s main fish market in Oostende, and 
caught at both nearby fishing grounds (e.g. the Belgian coast and the English Channel), 
as well as from distant areas (e.g. the Bay of Biscay, Portugal, and the northern North 
Sea). Although there are many data gaps in the timeline (Fig. 2.2), the pattern for 
the 18th-twentieth century, and historical reports (e.g. Hoek 1910), suggests that the 
sturgeon’s decline started in the late 19th century, around 1885. This was followed by 
approximately 35 years of rapid population decrease, until c. 1920 when the species 
effectively vanished from the river systems, followed by another 30-50 years of sporadic 
landings until the species total disappearance. The last sturgeon captured in the river 
Rhine dates from 1952, for the North Sea the year is 1974 (Fig. 2.1b). 

2.3.2 Seasonal patterns
Seasonal analyses of summed-up catches of mature sturgeons over the years, showed 
a strong pattern. Catches of riverine sturgeon increased from March onwards, with 
a dominant peak in June, after which catches declined again until August (Fig. 2.3). 
Although there are very rare reports of sturgeon occurrences during winter months, i.e. 
one sighting in the Meuse in 1890 and four from the river Aare in 1895, in general, the 
mature spawners left the rivers between September and March. Catches ranged from 0 
to 2500 specimens per month. Marine catches, that started around 1885, showed far 
less seasonal fluctuation, ranging from 50 to 150 per month, with a dip in the number 
of catches between May and September (Fig. 2.3). Maturity was based on the sturgeons’ 
size (see also the mean weight in Fig. 2.4b). 
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2.3.3 Market developments
Remarkably, the dataset unveils a substantial trade in sturgeons from the Netherlands 
to Belgium. As early as the 15th century, fisheries and fish auctions from the Rhine-
Meuse delta transported salmon, Allis shad and sturgeon (salted or pickled in barrels) 
towards Belgian and French cities (Leuven, Gent, Antwerp, Brussels, Liège, Paris, 
etc.). This was mentioned by, for example, Hoek (1910) and (Martens, 1992), and 
substantiated in this study by the collection of hundreds of newspaper articles from 
Brussels’ ‘Poissonneries’ (fish shops), advertising sales of sturgeon ‘from Holland’ (Brevé 
et al., 2022c). Between 1742-1775, different fisheries delivered their harvests to the 
region’s central Geertruidenberg fish auction, which sold on average 468 sturgeons per 
year from the Rhine-Meuse delta, while between 1895-1900 all fish auctions in the area 
reported a combined average of 521 sturgeon sales per year (Fig. 2.2a). 

Figure 2.2. (a) Total numbers of reported sturgeon landings and sales per year between 1300-2000 from the 
river Rhine (black), Rhine-Meuse delta (grey), North Sea & Wadden Sea (blue). Excluded are data for the 
Ems, Scheldt and Meuse rivers. The ‘peak’ between 1742-1775 (shown in this graph from 1750 onwards) 
originates from the region’s central, collective fish auction (Geertruidenberg) for six different fisheries in 
the Rhine-Meuse delta (Martens, 1992). Data between 1875-1931 originate mainly from other central fish 
auctions (Hardinxveld, Kralingsche Veer) and different fisheries in this area. Dotted line: start of the North 
Sea steam trawl fisheries. (b) Total numbers of sturgeons per year between 1900-1980 from the river (black) 
and all delta areas (grey), North Sea and Wadden Sea for the Netherlands (NL Sea, blue) and Belgium-
Sea (BE Sea, red). (c) Idem, between 1920-1980, in total weights. N.B. From 1920 onwards fish auctions 
reported sturgeons in weights. Sometimes, both the numbers and total weights are available, enabling an 
estimate of the average weight of individual fish. Dotted lines: beginning and end of World Wars I and II.
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Figure 2.3. Summed catches over the year (in the period 1300-2000) of sturgeons from the Rhine river 
basin (n = 5656, grey line), and from the North Sea for The Netherlands (n = 1103, black dashed line).

Although exceptionally big sturgeons were landed from the sea (the largest on record 
had a total length of >5 m and weighed 350 kg (Brevé et al., 2022c), in general sturgeons 
from the sea were smaller than those harvested from the Rhine-Meuse delta (Fig. 2.4b). 
Figure 2.4b also provides some evidence of a diachronic change in sturgeon weights 
between 1895-1914. During this period, the average individual weight for sturgeons sold 
at fish auctions in the Rhine-Meuse delta increased from 60 to 90 kg, whilst numbers 
dropped by 90%. Simultaneously, sturgeons harvested from the sea decreased in average 
weight from 60 to 20 kg, whilst their numbers increased, after which these harvests also 
collapsed (Fig. 2.4b). Between 1895-1914, a sturgeon’s value in the Netherlands, taken 
from the Rhine-Meuse delta, almost doubled from an equivalent of circa 10 euro per kg 
to 18 euro per kg (Figs. 2.4a-b). The largest sturgeons fetched the highest prices, even 
up to an equivalent of >1000 euro per fish (Fig. 2.4c). Prices continued to increase at a 
time when sturgeons became scarce between 1905-1914 (Fig. 2.4a). The data suggests 
that prices were influenced by World-War I when the Netherlands were neutral, while 
Belgium, Germany and so many other countries were at war. The war caused a decreasing 
demand, which led to prices dropping heavily from 1914 onwards, making clear that it 
was mainly an export market that drove Dutch Rhine and North Sea sturgeon fisheries.
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Figure 2.4. Price development for sturgeon at Dutch fish auctions, selling sturgeons from the river Rhine 
and North Sea. (a) 5-year moving averages in price per sturgeon between 1875-1920 and the total number 
sold per year (n/year). (b) Average price/kg and average weight per sturgeon between 1895-1914. Grey 
lines and symbols = sturgeons caught in the delta & river; black (dashed line) = sturgeons caught at sea. 
(c) Average price per sturgeon in relation to the total number of sold sturgeons per year (n/year) between 
1895-1914. Original prices in Dutch guilders were converted to 2016 Euros (€). For the Rhine river the 
exponential relationship is statistically significant (y=1408·e-0.00133x; R2=0.75, p=<.0001, n=20), for the 
North Sea catches there is no statistically significant relationship (R2=0.06, p=0.298, n=19).
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2.4 Discussion 

This study aims to identify the historical spatiotemporal distributions and core 
reproductive habitats of sturgeons from the river Rhine and neighbouring basins of 
the Ems-Dollard, Meuse and Scheldt rivers,  as well as the principal factors behind 
the sturgeon’s population decline and ultimate extirpation. From the Late Middle Ages 
onwards, sturgeons were claimed by, and given to, the central authorities of ecclesiastical 
and secular powers (Blackstone, 1830). Sturgeons were a welcome food source, and of 
general interest (put on display) to the public because of their size (Boddeke, 1971). 
Hence sturgeons were often numerically recorded, and taxed (Martens, 1992), yielding 
high prices in the Netherlands, Belgium, Germany, and other North Sea countries 
(Hoek, 1900; Mohr, 1952; Zeevisscherij, 1925). This strong interest suggests that 
sturgeons will have been fished for, wherever they occurred. 

2.4.1 Historical data, use and limitations
A large dataset could be collected from historical books, handwritten notes, annual 
fisheries statistics and newspapers that included exceptional captures (big fish), fish 
shop advertisements, and frequent fisheries statistics for local or regional markets and 
auctions (Brevé et al., 2022c). Yet there are inevitably numerous data gaps and probably 
many historical statistical records have been lost. Searching digital (newspaper) archives 
is laborious, despite the availability of ever better digital filtering techniques (van Erp et 
al., 2018), and it is inevitable that some of the data is not found because some sources are 
still insufficiently accessible. Many libraries were damaged during the second World War 
(Van der Hoeven & Van Albada, 1996). Moreover, fewer catch records were obtained 
from small-scale fisheries than for fish expedited straight to markets abroad (Antwerp, 
Brussels) (Hoek, 1910). Catch- or market data could also have been underreported to 
avoid taxes (Haidvogl et al., 2014); and in general, most reports concern adult fish, not 
the younger sturgeons. Although most data collected originates from post 1850, the data 
collated from pre-1850 sources comprises >300 verified records. These long-term data 
also help in avoiding bias, since they offer insight into potentially relevant ecological 
and economical processes that may have influenced – in this case – sturgeon population 
developments. Thus, the findings of this study are supported by several lines of evidence, 
from spatiotemporal distributions and developments in numbers, weights and prices, 
which substantiate the identification and seasonality of the species’ reproductive 
grounds; and from historical anthropogenic pressures affecting the historical sturgeon 
population in NW-Europe. 
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2.4.2 Reproduction grounds and season
One main finding is that a surprisingly high number of sturgeons were reported from 
the Rhine-Meuse delta in the Netherlands (c. 28,000 or 98% of the total river Rhine’s 
catch). This is in strong contrast to the fraction of sturgeon landings and sales (c. 600 
specimens) reported from all upstream river reaches, including the tributary rivers in 
Germany, Luxemburg, France, and Switzerland. This geographical distribution pattern 
is in accordance with previous reports for the Rhine and for other river basins, like the 
river Elbe where most sturgeons were also reported from the river’s mouth (Holčík et al., 
1989; Kinzelbach, 1978; Kinzelbach, 1997). However, this distribution in data raises 
the question as to whether the sturgeons’ dominant occurrences in the Rhine-Meuse 
delta can be explained by their biology and ecology, an important part of their life cycle 
being spent in estuaries/delta areas (see e.g. Acolas et al. 2011), or by a strong regional 
fisheries effort, or by both. Answering this question is critical in identifying which river 
sections were key to sturgeons, because this is of paramount importance for sturgeon 
habitat restoration and protection.

2.4.3 Spawning season and main pathways upstream
This study shows that the sturgeons’ spawning run peaked in June, around the longest 
day, at the start of the summer season when the Rhine is still fed by snowmelt from 
the Alps (Uehlinger et al., 2009). Notably, rivers fed merely by rain have a decreased 
discharge during dry summer months (e.g. rivers Meuse, Scheldt, and Ems), whilst 
rivers fed by rain and snowmelt (like the river Rhine) have a more continuous river 
discharge, even during dry summer months. The influence of snow melt is therefore 
discernible to the delta (Uehlinger et al., 2009) and the strongest freshwater current may 
have lured sturgeons towards the Rhine, instead of to the Meuse, Scheldt, and Ems. The 
sturgeons clearly preferred certain river systems and sections. Rare captures of mature 
sturgeons occurred in the tiny Lauwers river system and in the smallest of tributaries of 
the river Scheldt. These fish most probably strayed into these minor water courses, as 
these provide no suitable spawning habitat. There is also proof of occasional occurrences 
in the river Meuse near the Belgian cities of Visé and Liège, mostly before 1850 when 
the population was still at an average level, and often during and after rainfall (Brevé et 
al., 2022c). Supposedly, these fish used the risen water levels to enter the Meuse from the 
Rhine-Meuse delta and explored this river that normally carries much less water than 
the Rhine. These findings demonstrate that mature sturgeons could occur in all parts of 
the four river systems, even in the capillaries, however, the largest numbers occurred in 
the (largest) currents and delta areas.

2.4.4 Spawning grounds
Because of the sturgeon’s abundance in the Rhine-Meuse delta, it was suggested by 
several authors that this particular area was used for spawning (Deelder & Huussen 
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Jr, 1973). Yet Hoek, the first prominent Dutch fisheries biologist, declared that no 
spawning activity was observed and suggested that this occurred further upstream in the 
deep sections of the river (Hoek, 1910). In 1949, Verhey writes that the entrepreneur of 
the ‘Nieuwe Merwede’ fisheries (salmon-seine fisheries located in the most upstream part 
of the Rhine-Meuse delta) had never seen a spent sturgeon. Verhey (1949) observed that 
sturgeons at this location were mainly captured during ebb periods in the deepest part 
of the delta, when the strongest and deepest currents occur. Because of this he suggested 
that sturgeons at this site were on their spawning run, moving further upstream. 
Current knowledge on sturgeons’ biological cycles and morphological insight in the 
area seems to corroborate these findings. Both the Rhine and Meuse rivers confluence 
in this freshwater delta and continuously deposit part of their silty and muddy bedload. 
Continuous sedimentation, creating environments of swampy creeks and islands 
provides no suitable spawning habitat for the European sturgeon, because this species 
requires deep, oxygenated, heterogenous gravel beds (Jego et al., 2002). Moreover, the 
influx of brackish waters in the Rhine-Meuse delta would hamper the survival of larvae 
and young-of-the-year sturgeons that naturally move downstream and are unable to 
osmo-regulate in their first year (Acolas et al., 2011a). The area seems unsuitable for 
Atlantic sturgeon spawners as well, which prefer gravel for ease of attachment of the 
adhesive eggs and for the interstitial spaces providing refuge for the larvae, although they 
may use sandier or even siltier substrates, but not pure mud (Bain et al., 2000; Sulak 
et al., 2016). It thus becomes apparent that sturgeons, together with Atlantic salmon, 
Allis shad, and other diadromous fish aggregated ‘en masse’ within these funnel-shaped, 
shallow grounds (Martens, 1992), but none of these species spawned in the Rhine-
Meuse delta (Huijbregt, 1984; Martens, 1992; Reekers, 1916). 

As the spawning grounds were most probably further upstream, the question remains: 
how far upstream? Both sturgeon species can undertake long range spawning migrations. 
European sturgeons can even cover over 1,000 river kms (refs in Holčík 1989), with 
their migration distance being positively correlated with river discharge (Holčík et al., 
1989). Sturgeons from the Rhine were occasionally reported at Strasbourg (Upper 
Rhine) (Baldner, 1666), but only exceptionally further upstream at Basel and Bern in 
Switzerland (High Rhine). This consistent pattern was previously reported by several 
authors (Brandt, 1833; Hartmann, 1827; Leuthner, 1877) and written down as early as 
in 1625: “Their migrations in the Rhine rarely extend beyond the lower Rhine, which is 
why its appearance in the middle Rhine is already rare. The sturgeon rises to Basel even 
more rarely and only as an exception.” (Leuthner, 1877). This implies that sturgeons 
normally occurred between Bingen (river km 530) and the Port of Rotterdam (river 
km 1026), i.e. at a maximum distance of c. 500 km from the river mouth. Yet, mature 
sturgeons probably did not need to move far into Germany, as approximately 100 km 
in the upstream direction in the Lower Rhine in Nord Rhine-Westphalia (Germany) 
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sturgeons encountered an abundance of deep, highly oxygenated, heterogenous gravel 
beds in strong currents, ideal spawning habitat for European sturgeons. Possibly, 
Atlantic sturgeons would spawn somewhat closer to the delta than European sturgeons, 
because of their preference for somewhat smaller sized substrates, but this cannot be 
substantiated from the collected dataset as no distinction could be made between the 
two species. This is consistent with observations that most mature sturgeons did not 
move far into Germany, something that was previously attested by (Hoek, 1910), 
(Verhey, 1949) and Kinzelbach (1987). Considering that the sturgeon’s spawning run 
only lasted a couple of months, whereafter they left the river empty between September 
and March, and considering the energy costs and duration of up- and downstream 
migration over 1000 kilometres, it seems plausible that most sturgeons didn’t move 
that far upstream. In comparison, most of the 27 mapped historical spawning sites in 
the Garonne and Dordogne rivers were located within 200-270 km from the Gironde 
estuary (Bismuth & Lauronce, 2019; Jego et al., 2002). In the river Elbe, sturgeons were 
found to spawn up to 400 kilometres upstream, but the main spawning areas were not 
that far upstream. We cite from (Jego et al., 2002): “In the river Elbe the main spawning 
sites in the nineteenth century were in the lower part of the river between Brunsbuttel – only 
approximately 40 rkm – and Hamburg at 110 rkm (Quantz, 1903).” 

2.4.5 Nursery grounds
As nursery grounds are naturally located downstream from the spawning grounds (Acolas 
et al., 2011a), this suggests that the freshwater Rhine-Meuse delta in the Netherlands, 
and the IJssel distributary in the Wadden Sea (former Zuiderzee) would have been an 
important habitat for young-of-the-year sturgeons. There are indeed indications of large 
numbers (hundreds) of sturgeons captured over a period of weeks in these areas (Brevé 
et al., 2022c; Ennema, 1946), which needs further study.

2.4.6 Historical anthropogenic pressures
The decline of the Rhine’s diadromous fishes is generally explained by a strong 
deterioration and loss of spawning and nursery habitat, caused by reduced water quality 
and extensive river-reconstruction, as well as overfishing (de Groot, 2002; Nemitz, 
2010; Van Emmerik, 2004). In salmon, the decline could have started as early as during 
Early Modern Times (post 1500 AD), caused by the historical rise of water power in 
tributary rivers (Lenders et al., 2016). In sturgeon, the decline seems to have started at 
the earliest by the end of the 18th century (Lenders, 2017), which was confirmed by 
this present study. This raises the question: which anthropogenic activities impacted the 
sturgeons most, when and where? 
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2.4.7 Fisheries in the Rhine-Meuse delta
Historical information shows the existence of a thriving fisheries community in the 
Rhine-Meuse delta as early as 1421, which continued for centuries, as the area is well 
suited to large-scale fisheries for diadromous fish (Deelder & Huussen Jr, 1973; Martens, 
1992; Verhey, 1949). Sturgeons were targeted with driftnets and other types of strong 
fishing gear (Brehm, 1900; Hoek, 1910; Mohr, 1952). Sturgeons became trapped in 
fykes and entangled in seine nets used in salmon and shad fisheries (Brehm, 1900; 
Brevé et al., 2022c). From c. 1870 onwards, fisheries in the Rhine-Meuse delta became 
industrialised, simultaneously with a reasonably well-developed fish auction system 
(Hoek, 1910; Martens, 1992), which is mirrored in the increased sales notifications 
from multiple markets in the Rhine-Meuse delta (aggregated in Fig. 2.4). This increase 
could partially be due to an underestimation of the true sales by under reporting in 
older sources, as by 1885 sturgeon yields were already in decline, which was described by 
(Hoek, 1910). When the actual decline began remains unclear, due to a substantial lack 
of older data. In 1908, fishers in the Rhine-Meuse delta tried to make their business more 
profitable by scaling up and further increasing mechanisation, to improve efficiency, 
which led to a short-lived increase in salmon and shad harvests, especially during World-
War I. Their partnership ‘Nieuwe Merwede’ continued until 1931, after which they, and 
most other large seine fisheries, were forced to close their business due to a substantial 
decline in yields (Verhey, 1949).

2.4.8 Upstream fisheries
In upstream river sections, sturgeons have historically most probably always been 
rarer than in the downstream reaches (Quantz, 1903; Williot et al., 2011b). Although 
upstream fisheries may have been unevenly distributed, it is unlikely that German 
sturgeon captures from the 19th and 20th centuries were left completely unreported. 
Several indications for this exist. For instance, German fisheries in the Rhine successfully 
targeted salmon, and their sturgeon harvests were much lower than in the Netherlands 
(Böcking, 1988; Bürger, 1926). This finding is further supported by the fact that in 
1886, a salmon treaty was signed between the German, Swiss, Luxembourg and Dutch 
governments (Von Boetticher, 1886). The reason for this treaty was a general decline in 
salmon yields. It prohibited the use of fishing methods which would block more than 
half of the breadth of the watercourse, prescribed closed seasons, minimum fish size, etc. 
However, this treaty did not consider sturgeons. The scarcity of sturgeon captures was 
confirmed by a study by colleagues from the Rheinische Fischerei Verband, who stress 
that that salmon fisheries were abundant in the mouths of tributary rivers (Sieg, Lippe, 
Mosel, etc.), yet hardly any sturgeons were recorded (Nemitz, 2010). Thus, all available 
sources point to a rather limited abundance of sturgeons in upstream fisheries, which 
cannot be exclusively explained by a lack of such fisheries in either the Lower, Middle, 
Upper or High Rhine in Germany, France, Luxemburg or Switzerland. 
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2.4.9 Fisheries at sea
As sturgeons spend most of their life at sea, and only migrate back into their spawning 
rivers at an advanced age, and for mature females only every 3-5 years (Acolas et al., 
2011a; Bain, 1997), the risk of rapidly overfishing a population at sea is greater than in 
the river. River fisheries harvested a part of the mature spawners, but only seasonally, 
mostly in June when the sturgeon’s spawning run peaked (Fig. 2.3). Between 1895 and 
1914, freshwater fish auctions sold increasingly heavier sturgeons, and landed numbers 
further collapsed. In contrast, sturgeon harvests from the sea decreased in average weight 
during the same period. The rise in harvests from the North Sea fleet coincides with the 
introduction of steam engines to the fishery and the replacement of sail trawlers. Steam 
trawl fisheries developed in England and Scotland and expanded by the end of the 19th 
century. The construction of a steam trawler fleet in Britain was rapidly followed (with 
purchases in England) by Belgium (1884), Germany (1885), the Netherlands (1892), 
France (1894), and other sea faring countries (Sahrhage & Lundbeck, 2012). Compared 
to sail trawlers, steam trawlers towed larger gear, moved faster, fished in more distant 
waters, further offshore and in deeper grounds, and for longer periods (less influenced 
by the wind) (Engelhard, 2008). Consequently, the rise in steam trawlers impacted 
the marine populations year-round, targeting sturgeons of all age classes, including 
populations from multiple rivers debouching in the northeast Atlantic (possibly also 
from the Thames, Severn, Elbe, Loire-Allier, Gironde, etc.) (Demoll & Maier, 1940; 
Engelhard, 2008; Gessner et al., 2011b). 

2.4.10 River engineering 
Considering the natural distribution of sturgeon’s reproductive areas in the lower courses 
of the river’s mainstem, it is unlikely that sturgeon recruitment was fully limited by 
the pressure of deteriorating habitats in the tributary rivers, or upstream in the river’s 
mainstem of the High- or Alpine Rhine in Germany, France or Switzerland. After the start 
of the Tulla corrections (straightening of the Rhine from 1814 onwards), undoubtedly 
a lot of fine-grained material was washed out in the High and Upper Rhine, possibly 
deposited on pebble/boulder substrate further downstream and deteriorating spawning 
and nursery habitat. Additionally, sand and gravel was dredged away for construction 
works. In the Garonne and Dordogne rivers dredging of gravel destroyed multiple 
historical sturgeon spawning grounds, an activity which is now banned (Williot & 
Castelnaud, 2011). However, even at present, and although it is partially impacted by 
the shipping lane, there is ample spawning habitat left in the Lower Rhine in Germany 
(Staas, 2017). Another anthropogenic stressor, the building of huge storm surge barriers 
in the Netherlands (in 1932 and 1970; (Steenhuis, 2015) affected all diadromous 
fish populations. Interestingly, these dams only appeared after sturgeons had already 
effectively vanished from the Rhine River system, which was around 1920. Moreover, at 
present, the river’s mainstem and its broad, deep gravel beds are still partially intact and 
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in open connection to the North Sea over a length of approximately 850 km. Therefore, 
habitat deterioration and loss alone cannot fully explain the sturgeon’s extirpation from 
the Rhine. Loss of suitable spawning and nursery habitat in concert with intensified 
fisheries in the river and, especially, sea fisheries can.

2.4.11 Implications for sturgeon population restoration 
This study provides evidence that the sturgeon’s decline in NW-Europe at the end of the 
19th century was impacted by reproductive habitat deterioration, industrialised fisheries 
in the delta, and strongly increased catches by marine steam trawl fisheries. The results 
from this historical study suggest that the minimum requirement to make the delta 
area and river Rhine suitable for sustaining a viable sturgeon population, should be for 
reproductive habitat restoration in the Rhine-Meuse delta in the Netherlands, and in 
the Lower Rhine in Germany, and not in upstream reaches or tributaries in Germany, 
Luxemburg, France or Switzerland. It is highly recommended to study the potential 
for this habitat restoration under the current conditions and anthropogenic influences, 
further drawing on lessons from the past.
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Abstract

Information about reproductive habitat and migration pathways is of paramount 
importance to restore migratory fish species. This study assesses the availability of 
spawning and nursery habitats for the European sturgeon (Acipenser sturio) in the delta and 
lower Rhine (covering over 350 river kilometres) as part of a larger feasibility assessment 
for a future restoration of this critically endangered species. The general approach has 
three steps: (1) the identification of the species’ specific habitat requirements, based on 
a systematic literature review; (2) the collection and pre-processing of data from two 
countries, including the 1D and 2D modelling of water depths and flow velocities; 
and (3) GIS-based mapping of spawning and nursery habitat. Based on a HSI score of 
1 we identify a total of 0.75 km2 as minimal spawning habitat, potentially suitable for 
approximately 2,500 female European sturgeons (one spawning site would use ca. 300 
m2). This is sufficient, as currently only an estimated maximum number of 750 adults 
exist. Suitable spawning habitat is mainly located in the German state of North Rhine-
Westphalia, while suitable nursery habitat is mainly located in the Netherlands. The 
availability is, however, significantly reduced by coastal infrastructure (damming) and 
inland navigation. The insights gained can be used to assess the current suitability of 
the river Rhine for the species’ reintroduction and to identify opportunities for habitat 
restoration and protection for various life stages. The outcomes thus play an essential 
role in the conservation of the species. In addition, the modelling approach developed 
could be applied to other northwestern European rivers too. This broader application 
would allow inter-comparison and support decisions about which rivers are best suited 
for future reintroduction of the critically endangered European sturgeon.
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3.1 Introduction

The European sturgeon is listed as critically endangered by the International Union 
for Conservation of Nature and natural resources (IUCN) (Gessner et al., 2022). The 
endangered status requires urgent action to save the species from going extinct in the 
wild. Possibly the river Rhine, a former stronghold of the species (Brevé et al., 2022d; 
Kinzelbach, 1987), may be suitable for its reintroduction as a third river basin, in 
addition to the basins of the Gironde estuary and the Garonne and Dordogne rivers in 
southern France (GGD river basin) and that of the river Elbe in Germany.

Historically, the anadromous European sturgeon (Acipenser sturio) occurred in all marine 
and large river basins of northwestern Europe (Williot et al., 2002a). Around 1850, 
the species’ populations began to decline due to various human activities, in particular 
overfishing, damming, canalisation, and environmental pollution due to industrial 
effluent agricultural runoff and urban wastes (Debus, 1997; Holčík et al., 1989; Williot 
et al., 2002a). In the course of the twentieth century the European sturgeon became 
extirpated across its entire former range, but for one small relict population in the 
GGD river basin. At this site, the species naturally reproduced until 1994 (Williot 
& Castelnaud, 2011). The species was only saved from extinction by capturing the 
last individuals from the wild, which formed the basis of a programme of artificial 
reproduction (Williot & Castelnaud, 2011; Williot et al., 2002b).

Today, the European sturgeon still depends for its survival on ex situ artificial rearing 
and the release of offspring (stocking) in the GGD river basin (France Ministère de 
l’Écologie, 2020). Unfortunately, no natural reproduction has been observed in this 
river basin yet (status 2024) notwithstanding the in situ habitat restoration performed 
(Gessner et al., 2022). Since the 1990s, a second ex situ broodstock in Berlin is established 
for reintroduction of the species to the river Elbe (Gessner et al., 2011c), while the 
river Rhine is currently under consideration for a potential third reintroduction (De 
Nie & Ommering, 1998; Visser et al., 2020). However, before a decision can be made 
to translocate sturgeon offspring from the French hatchery to the Rhine, a thorough 
feasibility assessment is required. This, in order to prevent the potential waste of 
time, money, and individuals of this extremely rare species, on a potentially failing 
reintroduction (IUCN, 2012).

The Rhine potentially has certain advantages for restoring a population of its largest 
fish species. This is one of only a few large European rivers that still has an open 
connection between the sea and its middle and upper reaches across 850 river kilometres 
(Puijenbroek et al., 2019; Uehlinger et al., 2009). The Rhine has been subjected to 
major restoration efforts, cleaning up its historical industrial pollution (albeit not 
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everywhere in the river bed) (Dieperink, 1998; Mostert, 2009; Van Dijk et al., 1995; 
Villamayor-Tomas et al., 2014). And following the objectives as set out in the European 
Water Framework Directive and the Habitats Directive (EEC, 1992; European Union, 
2000; ICPR, 2018) the Rhine has seen a strong improvement of its water quality and 
ecological status. The latter is underlined by the partial recovery of several of the Rhine’s 
migratory fish populations, such as river Lamprey (Lampetra fluviatilis) and Houting 
(Coregonus oxyrinchus), and there are initial signs of recovery of Allis shad (Alosa alosa) 
(Brevé et al., 2014a; Hundt et al., 2015; ICPR, 2018).

However, the Rhine also has several disadvantages for reintroducing its extinct migratory fish 
species. Although the Rhine’s main stem is free from fish migration barriers and there is an open 
connection to the sea via the port of Rotterdam, a significant part of its delta in the Netherlands 
is obstructed by dikes and storm surge barriers that impair the fish migration routes (Bij de 
Vaate et al., 2003; Breukelaar et al., 2009; Brevé et al., 2019a; Brevé et al., 2013a; Verbiest et 
al., 2012). The Rhine is also one of the most intensively navigated rivers in the world (Mako & 
Galieriková, 2021; Uehlinger et al., 2009) and shipping may induce harmful water movements 
and mechanically damage (migratory) fish through ship propeller strikes (Brevé et al., 2019b; 
Spierts, 2016). As such, damming and shipping in the Rhine are still pressures of sufficient 
concern to include them in the feasibility assessment.

The feasibility assessment thus aims to estimate the impact of these disadvantages and if necessary 
design management activities to mitigate these, as is outlined in the “First Action Plan for the 
European sturgeon (Acipenser sturio) for the Lower Rhine” (Visser et al., 2020). Unfortunately, 
the feasibility assessment lacks vital information about the availability of the species’ spawning 
and nursery grounds. As the Rhine’s sturgeon population became already virtually extinct in the 
1920s, at a time when fisheries biologists were unaware of the species’ complex life-cycle, no 
historical information was collected of the historical spawning and nursery grounds in the Rhine 
(Hoek, 1910; Verhey, 1949, 1963). The present study therefore aims to address an important 
part of the feasibility assessment, by answering the question: Where, and how much suitable 
spawning and nursery habitats of the European sturgeon can be found in the river Rhine? 
Answering this question will support a science-based go/no-go decision for reintroduction of the 
species into this large, heavily modified European river. 
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3.2 Materials and methods

3.2.1 Study area
The study area is based on the European sturgeon’s historical spatiotemporal occurrences 
of capture reports of sturgeons, as described in Brevé et al. (2022d). From this study it was 
deduced that adult sturgeon on their spawning run occurred in the Rhine from the end of 
April to mid-August, with a clear peak during the last week of June. Approximately 95% of 
the historical sturgeon catches were collected from the delta of the rivers Rhine and Meuse 
in the Netherlands and from the Rhine’s main stem within 250 river km from the sea (Brevé 
et al., 2022d). So, to include most of the catches, presumably aligning the localisation of 
the historical spawning sites, the study area comprises the Rhine in the Netherlands and 
the German state of North Rhein-Westphalia (NRW), i.e. from the port of Rotterdam to 
Bad Honnef (a town near Bonn, see Fig. 3.1). For comparison: in the GGD river basin in 
southern France European sturgeon also spawned between May and August, whereby these 
spawning grounds were mainly located upstream of the tidal zone between river km 170 and 
245. That is, for the Dordogne between Pessac and Bergerac and for the Garonne between 
Meilhan and Agen (Bismuth & Lauronce, 2019; Jego et al., 2002).

3.2.2 General approach
The general approach consists of three main steps: (1) a systematic literature review to 
identify the species’ abiotic requirements for spawning and nursery; (2) the collection of 
data from the study area, and pre-processing of water depths and flow velocities using 
1D and 2D modelling techniques; and (3) GIS-based mapping of spawning and nursery 
grounds for European sturgeon in the river Rhine. Noticeably, in the discussion section we 
evaluate the outcomes and discuss the potential negative effects of damming and shipping, 
as these may reduce the suitability and hamper the sturgeon migration pathways to and 
from the spawning and nursery habitats.

3.2.3 Step 1. Systematic literature review
The systematic literature review, used to identify key abiotic parameters for spawning 
and nursery of European sturgeon was conducted through the platforms of the 
Natural Science Collection ProQuest (https://www.proquest.com/products-services/
natural_science.html) and Scopus (www.elsevier.com/solutions/scopus). The following 
query string was applied in ‘advanced search’ in Titles, Abstracts and Summaries (* = 
wildcard): (“Acipenser sturio” or “Acipenser oxyrinchus”) and (egg or yolk or embryo or 
larv* or depth or discharge or juvenile or oxygen or O2 or pH or nursery or salinity or 
spawn* or substrate or sediment or temperature or tide or tidal or turbidity or sediment 
or velocity or current). After eliminating duplicate information, scanning all abstracts 
and further snowballing (citation tracking), in total 142 documents (articles, book 
chapters, reports, theses) remained that were of interest to this study (for references, see 
Supporting Information, Appendix A)
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Figure 3.1. Map overview of the study area. In white: the delta and lower river part of the Rhine river basin. 
In blue: three combined SOBEK models (see Table 3.1), whereby modelling of the Rhine was done for the 
Netherlands and the German state of North Rhine-Westphalia (from the North Sea until Bad Honnef ). 
Hv. Dam = Haringvliet Dam.
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3.2.4 Step 2. Data collection and modelling (pre-processing)
Based on the systematic literature review we identified the ranges of values for key abiotic 
parameters for European sturgeon spawning and nursery habitats, which can be divided 
into: (a) parameters that hardly change during one spawning season: river morphology 
(digital elevation model, DEM), and substrate composition (sediment type, grain size 
and sorting); and (b) parameters that fluctuate on a daily basis in a highly dynamic 
riverine environment of the Rhine: river discharge, water depth, flow velocity, water 
temperature, oxygen saturation, and Ph. Most data were obtained from several Dutch 
and German governmental agencies (see Table 3.1). However, water depths and flow 
velocities were derived from a hydrodynamic model because these data are not measured 
on a scale with enough detail to enable the identification of potential spawning and 
nursery sites.

Among existing models, only 1D models covered the full study area from the port of 
Rotterdam in the Netherlands to Bad Honnef (near Bonn) in Germany. We therefore 
merged three SOBEK models into a single hydrodynamic model that covered the full 
study area (Fig. 3.1). SOBEK’s partial models (for references see Table 3.1) simulate 
complex flows and water-related processes, with hydrodynamic 1D and 2D simulation 
and robust computational methods at any scale.

We used the resulting SOBEK model to calculate water levels along the Rhine river basin 
for discharges in June-August according to a dry, mean, and wet scenario: P10, P50, and 
P90 respectively, whereby 10, 50 and 90 are percentile occurrences. The corresponding 
main inflow river discharges to the SOBEK model were 23, 35, and 73 m3/s at Hattingen; 
10, 21, and 49 m3/s at Menden; 1301, 1976, and 2499 m3/s at Andernach; 20, 23, and 
36 m3/s at Schermbeck; and 82, 135, and 245 m3/s at Lith (for locations see Fig. 3.1). 
These discharges were derived from time series for years 1964 -2020.

The 1D outputs for water levels were translated into 2D water depths by using the bed 
levels of a DEM that cover the area between the winter dikes (see Table 3.1, NL: RWS 
Baseline; De: WSV Digitales Geländemodell). The water depth dk was calculated for 
each grid cell k by subtracting the local bed level zk from the water level h at the nearest 
SOBEK observation point (river kilometre): dk = h − zk. Flow velocities were calculated 
for the reaches (trajectories) between consecutive observation points, by deriving water 
depths from water levels at these observation points and bed levels according to the 
DEM and representative SOBEK cross-sections for the reaches. So, we calculated depth 
for observation points and flow velocities for reaches. We divided each cross-section into 
150 bins j (vertical strips) with equal width ∆B. Applying the Chézy (1776) equation 
and the definition of discharge, the flow velocity at each bin was calculated under the 
assumption of steady uniform flow by
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Table 3.1. Data collection sources.

Data type (unit) The Netherlands North Rhine-Westphalia, Germany

Digital Elevation 
Model (DEM),  1x1 m2 

resolution grid cells 
derived from DEM 
and multibeam sonar 
bathymetric survey data.

RWS Baseline https://iplo.nl/
thema/water/applicaties-modellen/
watermanagementmodellen/baseline/

WSV; Digitales Geländemodell, 1m: https://
www.opengeodata.nrw.de/produkte/geobasis/hm/
dgm1_xyz/dgm1_xyz/

Sediment grain size 
(diameter) in D10, D50, 
and D90 for every 500 
m, albeit with some data 
gaps (largest = 11 km).

RWS; Fugro (2002)
https://data.4tu.nl/datasets/c6e7c1ff-
44e6-46f9-9b30-e010e91a97dd

Staas (2017); BafG https://geoportal.bafg.de/
ggina-portal/

Rhine water level (m 
above NAP)

RWS Waterinfo
https://waterinfo.rws.nl/#/nav/
bulkdownload

WSV https://www.pegelonline.wsv.de/gast/start

River discharge (m3/s) BafG https://portal.grdc.
bafg.de/applications/public.
html?publicuser=PublicUser#dataDownload/
Stations

Water temperature (°C), 
O2 saturation (%), pH

LANUV https://www.opengeodata.
nrw.de/produkte/umwelt_klima/wasser/
oberflaechengewaesser/gues/

SOBEK models Deltares, reference websites for the models: sobek-rmm-vzm-j15_5-v4 (Rhine-Meuse 
Estuary, https://iplo.nl/thema/water/applicaties-modellen/modelschematisaties/zuidwestelijke-
delta/), sobek-rijn-j22_6-v1a1_rwsos (NL Rhine branches), and sobek-rijn-j17_5-v2-
rwsos_merge (DE Rhine to Andernach): https://iplo.nl/thema/water/applicaties-modellen/
modelschematisaties/rivieren/ sobek-rijn-j22_6-v1a1_rwsos (NL Rhine branches), and 
sobek-rijn-j17_5-v2-rwsos_merge (DE Rhine to Andernach).

Water depths (m) and 
Flow velocities (m/s)

Obtained from hydrodynamic modelling, using SOBEK.

Data sources: For the Netherlands: Rijkswaterstaat, the executive agency of the Ministry for Infrastructure 
and Water Management (RWS) and Deltares. For the German state of North Rhine-Westphalia: the 
Bundesanstalt für Gewässerkunde (BafG), Wasserstraßen und Schifffahrtsverwaltung des Bundes (WSV), 
Das Landesamt für Natur, Umwelt und Verbraucherschutz (LANUV), Wasser- und Schifffahrtsamt 
Duisburg-Rhein (WSA), and Landesamt für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen 
(LANUV).
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where Q denotes the total discharge through a cross-section. We compared initial results 
with those from a 2D hydrodynamic model of the Dutch Rhine branches (dflowfm2d-
rijn-j22_6-v1a; (Kosters, 2022)) for a 10 km long test area. This revealed that the 1D 
results overestimated flow velocities in shallow areas (< 4 m) and underestimated flow 
velocities in deep areas (> 4m). We used this to introduce a depth-dependent correction 
factor in our method. Furthermore, the formula overestimated flow velocities in deep 
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areas outside the main channel, such as lakes and harbours, where virtually no water 
flows in the months June-August (dry summer months). Grid sells in such areas were 
therefore set to a low flow velocity of 0.1 m/s.

Sediment grain size was superimposed on the DEM grid based on observational data. 
We used sediment grain size data (grain diameter, see Table 3.2) from measurements to 
determine the minimum, medium and maximum D50 grain size. For the Netherlands 
these grain sizes are available for every kilometre, on the left, in the centre and on the 
right side of river. For Germany only one set of grain sizes is available per cross-section, 
every 500 m with gaps up to a river stretch of 11 km. Data on sediment grain size were 
not measured in the estuary of the Rhine and Meuse rivers in the Netherlands, but were 
assumed to be approximately 1 mm based on Fugro (2002).

3.2.5 Step 3. GIS-based mapping of  spawning and nursery habitats
Using the Habitat Evaluation Procedure (HEP) (U.S. Fish and Wildlife Service, 1980) 
we mapped the Habitat Suitability Index (HSI) and the limiting variables for spawning 
and nursery areas for European sturgeon (HSI maps). These HSI maps were created 
by confronting the derived species’ criteria (see Table 3.2) with the modelled values of 
water depth, flow velocity and sediment grain size (sedmax, sedmed, sedmin) for the 
Rhine, for three scenarios (P10, P50, P90). We then estimated the total sum of suitable 
spawning and nursery sites for the river Rhine in km2 for these criteria and scenarios 
(see Table 3.3).

For this method, we chose to apply pre-determined suitability categories and based the 
suitability value on the minimum value methodology (Zhang et al., 2016), resulting in 
a hard cut-off between classes instead of a gradual fuzzy logic approach. We used D-Eco 
Impact (Weeber et al., 2024), to map spawning and nursery areas within the study area, 
based on the modelled values of parameters water depth, flow velocity and sediment 
grain size. 

The results of the modelled values in addition to the suitability mapping exercise were 
presented in QGIS (version 3.28.2).
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Table 3.2. Parameter-setting for GIS-mapping of spawning and nursery habitat for European sturgeon 
(Acipenser sturio). This is a summary of data from the literature review. For the full dataset see Supp. Info. 
App. A.

Habitat Spawning and hatching Nursery 

Life-stage Fertilized-eggs 
& Yolk-sac larvae

Larvae (< 50 mm) & 
juveniles 0+ 
(< 300 mm)

Location in river basin River main stem, mainly 
within 250 river km.

River main stem, 
lower reaches, and 
estuary.

Main season June - August June - March

Total length Yolk-sac larvae 
ca. 15 mm.

15-300 mm.

Age Hatching after 3-7 days. 0-11 months old.
Parameter Classification (category) Parameter-setting for modelling
Water depth 0 - 2 m (shallow) 0.25 0.75

2 - 4 m (moderately deep) 1 1
4 - 6 m (deep) 0.75 1
> 6 m (very deep) 0.5 0.75

Flow velocity 0 - 0.5 m/s 0.5 1
0.5 - 1.0 m/s 1 0.5
1.0 - 1.5 m/s 0.75 0.25
1.5 - 2.0 m/s 0.5 0
> 2.0 m/s 0 0

Grain Ø (substrate 
composition in ASTM grid 
D50) 
Eggs will not be deposited in 
sediment-rich areas.

< 0.075 mm (silt and mud) 0 1
0.075 - 2 mm (sand) 0 0.75
2 - 16 mm (gravel fine) 0 0.25
16 - 31.5 mm (gravel medium) 1 0
> 31.5 mm (gravel and large 
rock)

0.75 0

Water temperature
Embryonic survival peaks at 
20 °C. Larvae upper tolerance 
limit is between 26 and 30 
°C, and lower tolerance limit 
< 12 °C.

< 15°C 0 0.5
15 - 17°C 0.25 0.75
17 - 19°C 0.75 1
19 - 21°C 1 1
21 - 23°C 0.5 0.5
> 23°C 0.25 0

O2 saturation
Oxygen depletion induces 
sublethal effects at 70% O2 
sat.n and lethal effects at 50% 
O2 sat.

< 50% 0 0
50 - 70% 0 0.5
70 - 90% 0.5 0.75
> 90% 1 1

pH 
Minimum 5.5
Median 7.6
Maximum 8.7

< 5 0 0
5 - 6 0 0
6 - 7 0.5 0.5
7 - 8 1 1
8 - 9 0.5 0.5
> 9 0 0
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3.3 Results

3.3.1 Abiotic parameters that identify spawning and nursery habitats
The literature study was used to specify the ranges (i.e. minimum, optimum, and 
maximum values) of key habitat abiotic parameters that identify spawning and nursery 
habitats for the European sturgeon (see Supplementary Information Appendix A). The 
HSI parameter-setting for modelling is scaled along a simple gradient ranging from 
unsuitable to suitable, with values 0, 0.25, 0.50, and 1 (Table 3.2) estimated based on 
the literature review. Consequently, in our HSI modelling the suitable reproductive 
habitats are limited by parameter values lower than 1 (Fig. 3.2).

3.3.3. Mapping spawning and nursery habitats, using HSI scores
GIS-based mapping using HSI scores revealed that the main suitable spawning and 
nursery sites in the Rhine are roughly divided over the two countries: spawning in 
NRW-Germany and nursery in the Dutch Delta. Examples can be seen in Fig. 3.2, 
where the top and bottom panels show spawning and nursery areas respectively, and 
the left and right panels show suitable and unsuitable areas respectively. The currently 
suitable spawning sites in the Rhine are mainly located in NRW-Germany because of 
the high scores (>0.75) for water depth, flow velocity and grain diameter. Unsuitable 
spawning sites in this area are limited by water depth (too shallow), flow velocity (too 
low), and partially grain size (too fine). The currently suitable nursery sites are mainly 
located in the Netherlands. In NRW-Germany the availability of suitable nursery sites 
is mainly limited by flow velocity (too high). For the Dutch Delta, the suitability of 
spawning habitat is mainly limited by grain size (too fine), while some limitations are 
caused by combined qualities of flow velocity, water depth, and grain size. Notably, an 
HSI score of 1 for nursery sites was never obtained because the average and minimum 
of grain size do not reach the required P50 minimum value of 0.075 mm (Table 3.2).
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Figure 3.2. Potential areas in the river Rhine for European sturgeon spawning (top) and nursery (bottom), 
obtained through GIS-based mapping. Inlay maps (a, b and c) show examples in more detail. Names are 
those of towns (e.g. Wardt and Bonn; for locations also see Fig. 3.1). Left and right panels show sites that 
are either suitable (habitat suitability index determined for scenario P50, medium sediment suitability) and 
unsuitable (limiting variables), respectively. top: a = Wardt (effect of sediment cut-off), b = Cologne (highly 
suitable), c = Bonn (effect of modelling / changes in flow velocity through calibration). bottom: a = the port 
of Rotterdam (suitable, however sediments are not fine enough), b = Biesbosch freshwater delta (idem as 
a), c = the river branch Waal.
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3.3.4 Availability of  spawning and nursery habitat for European sturgeon 
in the Rhine
Based on a HSI overall score of 1 and sedmed P50, the Rhine comprises 0.75 km2 habitat 
suitable for spawning and 0 km2 suitable for nursery. The latter is because of the strict 
limitations set for sediment grain size (< 0.075 mm, see Table 3.2). As a result, hardly 
any location in the Rhine scored an overall HSI of 1 for spawning, and none for nursery 
(see Table 3). The choice of the parameter values are based on the systematic literature 
review and possibly our settings were too strict. It cannot be excluded, however, that 
currently no suitable nursery habitat is available anymore. When for the HSI an overall 
score of 0.75 and sedmed P50 are accepted, the Rhine provides 5.75 km2 (5 + 0.75) for 
spawning (mainly located in NRW Germany) and 307 km2 (307 + 0) as nursery habitat 
area (mainly located in the Netherlands) (see Table 3.3, indicated with the two black 
frames). 

So, how many female European sturgeons could probably spawn in the Rhine? According 
to Gessner and Bartel (2000), the carrying capacity of European sturgeon spawning 
grounds can be estimated based on the density of incubation (Derzhavin, 1947). With 
an average fertility of one million eggs and an optimum density of 1,000-3,500 eggs/
m2, the average  spawning site size for one female would be approximately 300 m2 
(Jakob, 1996). Therefore, 0.75 km2 of suitable spawning sites would provide 2.500 
female European sturgeons with suitable spawning habitat (see Table 3.4).

Table 3.4. Number of female European sturgeons that could theoretically be provided with suitable spawning 
habitat based on a 300 m2 requirement. This is based on presence of area with certain characteristics, no 
other limiting factors were taken into account. HSI 0 = unsuitable, HSI 1 = optimal.

Habitat use Sediment type HSI >=0.25 >=0.5 >=0.75 1

Spawning sedmed P10 208,967 168,967 42,300 2,300

P50 1925,00 162,500 19,167 2,500

P90 149,867 119,867 19,867 3,200

sedmax P10 269,367 219,367 69,367 2,700

P50 255,867 215,867 32,533 2,533

P90 212,500 175,833 32,500 2,500
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3.4 Discussion

3.4.1 Limitations in underlying data availability
As the European sturgeon has been extinct in the Rhine since 1953 (Verhey, 1963), our 
assessment had to be based upon (historical) literature information and our modelling 
cannot be validated. Part of the required data was lacking for the study area and no 
2D model is available for the North Rhine-Westphalia Rhine basin in Germany. The 
spawning and nursery habitat requirements had to be estimated from a limited set of 
parameters as compiled from the systematic literature review. We have shown that the 
Rhine comprises sufficient habitat for approximately 2,500 to 19,000 female European 
sturgeons to spawn, depending on a HSI of 1.0 or 0.75 respectively. This would be 
sufficient for the estimated maximum of 750 (sub)adult European sturgeons alive in the 
wild (Gessner et al., 2022). However, it is important to consider the potential negative 
effects of climate change, consequences of inland navigation on physical habitat quality 
and safe migration, as well as adverse impacts on migration from coastal flood protection 
infrastructure. The latter would imply an overestimation in the modelling, but there is 
also the possibility of an underestimation.

3.4.2 Underestimation in the modelling
The use of average parameter values and hard cut-off values for parameter settings 
(Table 3.2) may underestimate habitat suitability. European sturgeon is naturally 
capable of coping with a variety of environmental conditions during migrations up – 
and downstream (Staaks et al., 1999). Furthermore, the real spatial variation in flow 
velocities is larger than the values from the 1D model in the GIS maps. The water 
depths in the model are approximately 20 cm larger than the measured values due to 
the conversion from a 1D to a 2D model. This could be improved by calculating more 
observation points in the SOBEK model through linear interpolation between existing 
observation points. Finally, sturgeons might seek out suitable spawning sites further 
upstream river, in case there isn’t enough to be found in the Lower Rhine.

3.4.3 Overestimation in the modelling
In contrast, our neglect of the effects of temperature, oxygen saturation, pH and the 
physical influence of damming and shipping might have led to overestimating habitat 
suitability. Adult European sturgeons are late-spring and summer spawners (main season: 
May-August). They can cope with various microclimates during their migrations (Staaks 
et al., 1999) and are tolerant to oxygen deficiencies (Holčík, 1989). The youngest life 
stages of fertilized eggs and yolk sac larvae, however, are sensitive to aberrant temperatures 
and O2 saturation, and to a lesser extent to variations in pH (Delage et al., 2014; Delage 
et al., 2019; Delage et al., 2015). Embryonic survival is highest at a temperature of 20 
°C with a range of 17-22 °C, which currently still is the normal temperature range in 



Chapter 3

74

the river Rhine during summer months. The upper tolerance limit is between 26 and 30 
°C (Delage et al., 2019). Due to anthropogenic thermal effluents and climate change, 
the measured summer water temperature at Koblenz increased by over 2 °C between 
1978 and 2011 and the number of days per year with water temperatures above 22 °C 
increased as well (ICPR, 2013). Future projections diverge (Lassalle et al., 2010; Lassalle 
& Rochard, 2009); Hardenbicker et al. (2017). The decommissioning of German nuclear 
power plant units has recently reduced the thermal effluents (ICPR, 2013; Zavarsky & 
Duester, 2020). Oxygen levels below 6 mg/L are harmful for embryo’s (references in van 
Winden et al. (2000)(also see Supporting Information, Appendix A), whilst pH levels 
are optimal between a pH of 7 to 7.8 and should not go below 5.5 or above 8.7 (Delage 
et al., 2019; Williot et al., 2009b). Thanks to improved water quality, the Rhine’s O2 
levels were already at safe levels in 2009 at approximately 9-10 mg/L (Uehlinger et al., 
2009). The mean annual pH (1995–2004) varied between 7.9 and 8.3, and decreases 
downstream (Uehlinger et al., 2009). Therefore, water temperature, oxygen saturation 
and pH in the Rhine do not seem to pose an issue to European sturgeon reintroduction.

The Rhine is one of the most intensively navigated rivers in the world (Mako & 
Galieriková, 2021). The adult European sturgeons preferably swim in the deep and fast 
flowing river sections and may use the river’s scour holes as resting and hiding places 
during their spawning migration (see Appendix A, Supporting Information). They have 
to swim occasionally to the surface to inflate their swim bladder, which makes this species 
vulnerable to collisions with passing vessels or ship propeller strikes (Spierts, 2016). This 
could become aggravated when summer river levels decrease due to climate change. 
Moreover, river bed erosion, and continuous dredging and nourishment (augmentation) 
of bed sediment within the river’s deepest parts to maintain the shipping lane (Frings, 
2015) is known to reduce the availability and quality of spawning and nursery sites for 
the Atlantic sturgeon (A. oxyrinchus), sister species of European sturgeon (Balazik et 
al., 2020; Barber, 2017; Nellis et al., 2007). In the Rhine main river stem, especially 
between the towns of Nijmegen and Cologne, shipping intensity portrays an almost 
permanent disturbance (Staas, 2017; Van de Ven, 2021). Passing ships create waves and 
water displacement which may affect egg and yolk-sac larvae survival at the spawning 
sites (Gabel et al., 2017; Spierts, 2016). If turbulence, water displacement, ship propeller 
strikes, and waves are harmful, they could seriously impair the quality of the Rhine for 
the European sturgeon’s youngest life phase.

The main stem of the Rhine is open between the port of Rotterdam and the first 
hydropower plant at Iffezheim at river km 334, but the Haringvliet Dam between 
the North Sea and the historical estuary of the rivers Rhine and Meuse (see Fig. 3.1) 
forms a major barrier to fish migration (Bij de Vaate et al., 2003; Bij de Vaate et al., 
2001; Breukelaar, 2017; Brevé et al., 2019a; Brevé et al., 2019b). The dam is open for 
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high river discharges to the sea. It was envisaged to enable fish migration through a 
small opening at low river discharges too, but this has remained limited or absent to 
prevent salinization of the freshwater reservoir (Noordhuis, 2017). This hampers safe 
and accessible migration to and from habitats. European sturgeon on their downstream 
migration avoided the Haringvliet route altogether and migrated towards the North Sea 
via the port of Rotterdam that carries much more river discharge (Brevé et al., 2019b). 
This limits the possible migration routes. The present study shows that damming of the 
former estuary of the rivers Rhine and Meuse also resulted in unsuitable nursery habitat.

3.4.4 Opportunities to increase habitat suitability and further research
This study has identified the availability and quality of spawning and nursery habitats 
for sturgeons in the Rhine. The results could also provide advice on opportunities for 
active habitat restoration and protection from the harmful effects of inland navigation 
and coastal infrastructure (damming). One of the most promising adjustments would 
be to split the main single channel into two parallel channels as has been done in the 
Room for the River pilot ‘longitudinal training dam’. Over a stretch of 10 km such dams 
significantly reduce the impact of passing ships (Collas et al., 2018). Also side channels 
without navigation could fulfil such roles when they are sufficiently large. Other options 
for passing key spawning habitats could be a reduced speed and lower rates per minute 
for reducing harmful water displacements and the chance of ship propeller strikes. But 
the efficacy is unknown and thus quite uncertain. Sheltering and resting places such as 
scour holes near spawning areas could be spared from sediment fills. For the Haringvliet 
sluices only a change in management towards using them as a storm surge barrier allowing 
a permanent estuarine gradient with a reinstatement of the tidal amplitude is expected 
to restore the suitable habitat conditions. This would have such drastic consequences 
for the freshwater supply in the region that it is not considered to be a realistic scenario 
in the near future. Given the extreme endangered status and rareness of the European 
sturgeon and availability of its offspring we recommend to carefully monitor the effects 
using small cohorts and telemetry. The results can be used to validate and improve the 
assessment model we developed, and fine-tune the parameter values.

3.4.5 Implications for conservation
The insights from the current study on spawning and nursery habitat requirements of 
the European sturgeon can be used to assess the current suitability of the river Rhine 
for the species’ reintroduction and to identify opportunities for habitat restoration 
and protection for various life stages. The outcomes thus play an essential role in the 
conservation of the species. In addition, the modelling approach developed to map 
spawning and nursery habitats for the Rhine could be applied to other northwestern 
European rivers too. This broader application would allow inter-comparison and support 
decisions about which rivers are best suited for future reintroductions of the critically 
endangered European sturgeon.
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Abstract

Incidental fisheries bycatch contributes to the dire situation of endangered, threatened 
and protected (ETP) species. Few published estimates of the severity of fisheries impacts 
exist as incidental bycatch is difficult to monitor, and reporting can be a sensitive 
matter for fishers. This paper addresses these sensitivities, the reasons for non-reporting, 
and possible solutions, using bycatch of the critically endangered European sturgeon 
(Acipenser sturio L.) in the Northeast Atlantic fisheries as a case study. This study comprises 
36 interviews with fishers, fisher representatives, environmental non-governmental 
organizations (NGOs), researchers, and governments involved in European sturgeon 
conservation from four countries: France, Germany, the Netherlands, and the United 
Kingdom. Fishers experience difficult economic circumstances, while fear of restrictions 
in their fishing area and gear makes them reluctant to report such rare bycatch. 
Adequate management of the European sturgeon and other marine ETP species is 
worsened by a lack of governmental coordination, and trust issues fuelled by some 
NGOs’ communication strategies using iconic species to lobby for fishing restrictions. 
This paper discusses solutions to strengthen fishers’ cooperation in ETP species research. 
This would need to include developing a shared vision, clear role separation between 
stakeholders, communication and trust building.

Fishers’ willingness to report incidental bycatches of endangered, threatened and protected fish species: 

the case of European sturgeon in the Northeast Atlantic Ocean

Conclusions

Governmental uptake

Standardize monitoring

Improve communication

Build trust

International cooperation

Involve fishers in 
research

Address NGO lobby

Data deficiencies

Impaired assessments

Impaired management

Pros and cons to report 

+ Good stewardship

- Fear closed areas

- Fear gear adaptations 

Niels Brevé*, Kateryna Urbanovych, Tinka Murk, Paul van Zwieten, Leopold Nagelkerke & Marloes Kraan

Diagnostic 
questionnaire

SolutionsFishers stopped 
reporting

Highlights
• Fishers’ reporting of bycatches are crucial for management of ETP species.
• Fishers fear that bycatch reports of ETP fish species will be used against them.
• All core aspects for fishers’ cooperation for bycatch reporting are hampered.
• European sturgeon conservation activities are driven by NGOs and scientists.
• More involvement of governmental bodies would strengthen the action plans.
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4.1 Introduction

Incidental fisheries bycatches and associated post-release mortality contribute to the dire 
situation of endangered, threatened and protected (ETP) species. The magnitude of the 
impact of incidental bycatch and associated mortality is however, unclear as few estimates 
are reported. This is partly due to the inherently rare nature of ETP species interactions 
with fisheries, and because incidental bycatch reports rely largely on voluntary action of 
fishers, as it is difficult to design observer programs to effectively monitor (extremely) rare 
ETP species bycatch (Babcock et al., 2003). As a consequence, inaccuracies in bycatch 
recordings cause uncertainty in population assessments (Babcock et al., 2003; Gray & 
Kennelly, 2018). If fishers decide to report incidental ETP species bycatches, this will 
help us to gain insights into the spatiotemporal distributions and the localisation of key 
habitats of ETP fish species (e.g. spawning, nursery, foraging, and wintering grounds), 
and strengthen the design, implementation and monitoring of best-practice measures 
(Lutchman, 2014). Improving fishers’ participation in reporting incidental, rare marine 
bycatches is therefore of paramount importance for (monitoring) the conservation of 
ETP species populations.

One ETP species of which the population assessment at sea largely depends on 
voluntary bycatch reports is the anadromous European sturgeon (Acipenser sturio L., 
1758). Today, IUCN lists the European sturgeon as critically endangered (facing a high 
risk of extinction), and it is protected under the legal systems of the Bern Convention, 
the Bonn Convention, the OSPAR Convention, the Rhine Convention, and the 
EU Habitats Directive (Bastmeijer, 2019; Williot & Castelnaud, 2011). This makes 
European sturgeon currently one of the most endangered, threatened, and protected fish 
species in Northwest Europe (Bastmeijer, 2019).

Historically, the ‘common sturgeon’ occurred in all Northwest European marine systems 
and major river basins (Williot & Castelnaud, 2011). Around 1850, the species’ was 
still widespread, but 150 years later, the species had almost entirely vanished due to 
overfishing and degradation and loss of spawning grounds in the natal rivers (Acolas et 
al., 2011a; Brevé et al., 2022d; Lenders, 2017). In the 1990s, only one relict population 
survived in the watersheds of the Garonne and Dordogne rivers and the Gironde estuary 
(Gironde river basin from now on) in southern France. From this basin, approximately 
50 European sturgeon individuals were captured and raised to build two ex situ brood 
stocks to save the species from extinction: one in France and one in Germany (Williot 
et al., 2007). Artificial reproduction of European sturgeons was challenging (Williot 
et al., 2007); it succeeded once in 1995, and later between 2007 and 2015, and again 
in 2022. In total 1.7 million larvae and juveniles were released in the Gironde river 
basin and 20,000 in the Elbe river system (Chèvre et al., 2019; Jatteau, 2015), while a 
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total of 161 individual juveniles were experimentally released in the Rhine river system 
(Brevé et al., 2019b). As a result, currently, European sturgeon occur in nearshore areas 
and form marine aggregations near the mouths of river systems (Charbonnel & Acolas, 
2022). Even though the numbers of fish released may seem high, the species’ survival 
rate during the first year of life is naturally low (Acolas et al., 2011a). Although the 
stocked European sturgeon individuals are nearing maturity, no natural spawning has 
been observed yet. In fact, the last observed natural reproduction was reported in 1994 
(OSPAR Commission, 2021; Williot et al., 2002b).

As any additional mortality due to anthropogenic stressors will greatly impact the species’ 
chances of recovery these should be reduced as much as possible (OSPAR Commission, 
2021). Therefore, even the rare, incidental bycatch, as currently reported for the different 
fisheries along the Northeast Atlantic coast (Fig. 3.1), may already further reduce the 
number of subadult specimens (Gessner et al., 2010c; OSPAR Commission, 2009, 2021). 
European sturgeons live at sea for the greatest part of their life (Acolas et al., 2011a), but 
monitoring the sturgeon population’s development at sea is challenging, given the large 
extent of the species’ home range and the low catch rate (Charbonnel & Acolas, 2022; 
Charbonnel et al., 2022). Although migration patterns of European sturgeon juveniles 
in rivers and estuaries have been studied using biotelemetry techniques (Abecasis et 
al., 2018; Acolas et al., 2017; Brevé et al., 2019b), these techniques have not yet been 
used to study the species’ movements in the marine environment. This is largely due to 
the required investments in time, money and effort related to such techniques, and to 
the extremely limited availability of (sub)adult individuals of this critically endangered 
species (Gessner et al., 2022). Therefore, systematic incidental bycatch reporting by 
fisheries (including any mark-recaptures) would greatly contribute to obtaining accurate 
knowledge about the developments of the population of European sturgeon.

Since the 1950s, fisheries across the Northeast Atlantic have provided data showing 
declining numbers of European sturgeon populations (Castelnaud et al., 1991b; 
Letaconnoux, 1961; Rochard et al., 1997b). Fishers continued to declare (part of ) their 
bycatch between 2007 and 2020 (Charbonnel & Acolas, 2022), which demonstrated 
that the French-German stocking efforts resulted in more sturgeon occurrences at sea 
(France Ministère de l’Écologie, 2020). However, reporting suddenly stopped in 2020, in 
particular in France and the Netherlands. Officers from the Centre pour l’Aquaculture, 
la Pêche et l’Environnement de Nouvelle-Aquitaine (CAPENA), who represent the 
fishers from the Gironde estuary were consulted, and confirmed that fishers indeed 
refrained from reporting. In addition, the Dutch environmental NGO ARK Nature 
reported that they had not received any sturgeon bycatch reports since 2020, and now 
experienced a reluctance in reporting from fishers.
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Reporting European sturgeon bycatch clearly has become a sensitive topic, while it 
previously was much less of an issue, in particular with French fishers who have a long 
record of reporting their sturgeon bycatch (Castelnaud, 1988). As this reluctance of 
reporting negatively affects the international conservation and restoration efforts, the 
current study aims to understand the reasons for this, by inquiring about the perceptions 
of fishers and other stakeholders on the need and consequences of bycatch reporting. 
The main questions are: what has caused fishers to stop reporting sturgeon bycatch, and 
what is needed to restore their willingness to report again? European sturgeon is one of 
the longest studied ETP species in the northeast Atlantic, is highly migratory, and highly 
vulnerable to overfishing. This case study therefore exemplifies many of the problems and 
challenges in ETP species conservation management and provides a basis for reflection 
on a better understanding of bycatch reporting in conservation efforts for marine ETP 
species in general (Gerring, 2004; Leedy & Ormrod, 2005).

4.2 Materials and methods 

4.2.1 Study area
The case study area covers the current distribution area of European sturgeon. Sturgeon 
were reported from the Gironde river basin and along the coastal regions of the Bay 
of Biscay, the English Channel, and the southern North Sea, including the marine 
territories of France, Belgium, and the Netherlands, and to a lesser extent those of the 
United Kingdom, Germany, and Denmark (Fig. 4.1).

4.2.2 General approach
This study used semi-structured interviews (Barriball & While, 1994) to assess what 
drives or hinders fishers from reporting sturgeon bycatch (and other marine ETP 
species), and investigates the complexity of interpretations, values, attitudes, and insights 
of sturgeon conservation among all stakeholders, i.e. fishers, fisher representatives, 
researchers, governments and environmental non-governmental organisations (NGOs).

4.2.3 Research population
The research population for this study was selected from the four countries (FR, NL, DE, 
UK) in two steps. Step 1 listed all fishers that had reported European sturgeon bycatches 
in previous years. From that group the author team identified fisheries métiers that were 
prone to catching sturgeon based on target species, gear, area fished, and seasonality 
(Ulrich et al., 2012). As the European sturgeon belongs to the same clade as the very 
similar, Atlantic sturgeon (Acipenser oxyrinchus Mitchill, 1815) (Peng et al., 2007), 
which is regularly caught in bottom trawl and gill-net fisheries (Beardsall et al., 2013), 
we focussed on this fishing gear(Charbonnel & Acolas, 2022).
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Figure 4.1. Study area. Black dots indicate the distribution of European sturgeon bycatch, reported 
between 2007 and 2021. European sturgeon have been stocked in the Gironde (1.7 million), Elbe (20,000) 
and Rhine (161 individuals) river basins, and this maps shows that the sturgeon mainly occurred in the 
Gironde estuary and along the coasts of the Bay of Biscay, English Channel and North Sea. Dotted lines 
indicate the Exclusive Economic Zones (EEZ). The interviewed Dutch fishers mainly fished the North Sea 
and English Channel, while interviewed French fishers mainly fished the Bay of Biscay and the Gironde 
estuary. Data was collected by the institutes of INRAE, CAPENA, IGB and ARK Nature, and collated to 
make this figure.
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We further concentrated the research on France and the Netherlands, because data on 
sturgeon bycatch mainly originated from within their Exclusive Economic Zones (EEZ) 
(Fig. 4.1), and it is within these countries that the sudden drop in reports occurred. 
Fishers involved in reporting were mainly French and Dutch. The French fishing in 
the Bay of Biscay using various types of trawl gear, and the Gironde estuary seasonally 
targeting meagre (Argyrosomus regius, Sciaenidae) using drift nets (gill-nets) (Rochard et 
al., 1997b; Williot & Kirschbaum, 2011). The Dutch, fishing the southern North Sea 
and English Channel, i.e. fishers who predominantly employ various types of beam trawl 
gear (Schadeberg et al., 2021). CAPENAS’ officers assisted in the interviews with French 
fishers, because this topic was very sensitive and finding willing fishers to be interviewed 
was difficult. In the Netherlands, the snowball sampling technique (Atkinson & Flint, 
2001) was used, whereby recommendations were given from interviewed fishers to 
find new fishers. This clearly aided to acquisition of access to most interviewees. An 
article was posted in the digital newsletter of the Nederlandse Vissersbond in June 2022, 
through the help of a fishers’ representative, but this did not yield any responses. Fishers 
organisations interviewed were CAPENA, the National Maritime Fisheries Committee 
(CNPMEM), the Nederlandse Vissersbond (NVB), Eendracht Maakt Kracht (EMK), 
the Institute of Fisheries Management (IFM), the Marine Management Organization 
(MMO), and the Royal Society of Fish (RSF).

Step 2 identified the different stakeholder groups, involved in sturgeon conservation 
in each country (FR, NL, DE, UK). Involved NGOs were the Défense des Milieux 
Aquatiques (DMA), ARK Nature, and the Blue Marine Foundation (BMF). Involved 
research institutes were the National Research Institute for Agriculture, Food and the 
Environment (INRAE), Wageningen Marine Research (WMR), and the Leibniz Institute 
for Freshwater Ecology and Inland Fisheries (in German: IGB). Involved government 
departments were the French DREAL Nouvelle-Aquitaine (régional Directory of de 
l’État relevant des Ministères de la Transition écologique et de la Cohésion des territoires 
et de la Transition énergétique), and the Dutch Ministry of Agriculture, Nature and 
Food Quality.

4.2.4 Interview guide, interviews and saturation
To ensure consistency whilst working with multiple interviewers, all interviews were 
based on an interview guide, which touched on four themes: (1) sturgeon captures (if 
any); (2) pros and cons of reporting rare marine fish bycatches; (3) interactions between 
stakeholder groups; and (4) awareness and criticism of the sturgeon programme. 
The guide was tested during two interviews and subsequently translated, resulting in 
English, French, Dutch, and German versions (see Supplementary material A for the 
English version). Before the interview, each interviewee was informed of the purpose, 
method and intended use of the interview, and was asked to give consent through either 



Chapter 4

86

a confirmation e-mail or a signed consent form (Supplementary material B). Although 
face-to-face interviewing was preferred (Bailey, 2008; Barriball & While, 1994), due to 
Covid-19, the majority (27 out of 36) of the interviews were conducted via Microsoft 
Teams, Zoom or telephone. Interviews lasted between 30 and 60 minutes. After 
the interview a brief written note was made of the first impression of the interview 
and its context to be used in the analysis (Barriball & While, 1994). All interviews 
were audio-recorded, transcribed verbatim and shared with the interviewees. The 
interviewees consisted of a total of 18 fishers and five fisher representatives. The fishers 
and their representatives were selected by purposeful sampling (described in 2.3) and 
interviewed until no further variation of the main themes occurred, i.e. saturation was 
reached, meaning that no new information was discovered, resulting in qualitative 
representativeness and no further interviews were therefore deemed necessary (Fusch Ph 
D & Ness, 2015; Glaser & Strauss, 1967; Guest et al., 2006). The other interviewees 
were selected from the different organisations (research institutes, NGOs, government 
departments per country) involved in European sturgeon conservation (Table 4.1). We 
ensured that a diversity of roles and countries was reached.

4.2.5 Anonymisation, transcription and thematic analysis 
A list of interviewee codes was created to anonymise the data, using two capital letter 
country codes, three letter stakeholder group codes, and a serial number, e.g. NLfre1 = 
interview with Dutch fisher representative #1 (Table 1 and Supplementary material C). 
The interviews were transcribed and translated into English, imported into a qualitative 
data analysis software ATLAS.ti. (2022), and coded. Coding used the different themes 
of the interview guide. 

Table 4.1. Number of interviewees per stakeholder group per country.

Country Fishers
(fis)

Fisher 
representatives 

(fre)

Researchers
(res)

NGO 
representatives 

(ngo)

Governmental 
representatives 

(gov)

France (FR) 5 2 2 1 1

The Netherlands (NL) 12 3 2 3 1

United Kingdom (UK) 1 0 1 1

Germany (DE) 0 0 1 0

18 5 6 5 2
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4.3 Results

For fluent reading quotes from the interviewees that support the results are given 
separately per paragraph.

4.3.1 Pros of  reporting rare bycatch
The pros and cons for reporting incidental bycatches of marine ETP fish species are 
summarized in Table 4.2. Pros are related to: (1) fishers interest in rare, iconic species; 
and (2) fishers wanting to express their responsibility towards good stewardship for 
marine resources. 

First, catching a sturgeon is generally perceived by fishers as a rare and impressive event. 
For some it is even seen as a “party moment” (NLfis3). Fishers interviewed found an interest 
to share their extremely rare (sturgeon) bycatch throughout their social networks and were 
(in principle) certainly willing to report it as they realise that otherwise scientists would be 
unable to find them. Fishers and all other stakeholders claim sturgeon capture reports 
to be an essential and instrumental source of data that is extremely difficult to obtain 
otherwise. 
Second, fishers feel that reporting is a sign of ‘good stewardship’ for marine life as it 
underlines a connection between the quality of the ecosystem and its users. Reporting 
sturgeon bycatch showcases fishers’ sense of responsibility for the sturgeon population.

• Sturgeon is a very emblematic, very beautiful fish that doesn’t look like a fish from our time. 
(FRfis1)

• Since you catch something special, you just report it… If no one brings these fish up, the scientists 
will be unable to find them. (NLfis1)

• That’s our job, not only catching the fish, it’s also caring for nature. (NLfis2) 
• Bycatch reports of rare fish are a very good indicator of the relationship, the bond, you [i.e. other 

stakeholders] create with the fisher. (FRfre1)
• Fishers are partners in the [sturgeon restoration] programme. They contribute to the monitoring 

of sturgeon in the natural environment and provide all relevant knowledge for the evaluation of 
the programme and more generally for the evaluation of the sturgeon population… Reporting 
sturgeon bycatch could be a great opportunity to do some good PR [for fishers], by disseminating 
it widely when someone catches a sturgeon. (FRgov1)

4.3.2 Cons of  reporting rare bycatch
The interest fishers have in sturgeon and other rare iconic species is a good basis for reporting 
the rare bycatch (and release). However, there are also four reasons for fishers to not report 
the bycatch of sturgeon, which surfaced from the interviews: (1) a lack of (financial) 
interest; (2) a lack of time; (3) a lack of understanding (awareness) of how important 
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the information about the species is for the species conservation management; and (4) 
the trust (or lack thereof) that fishers have in the other stakeholders involved, plus concerns 
about how the information might be used to result in more regulations, such as closed 
areas and/or technical measures to reduce bycatch.

First, most fishers commented that such reports do not carry any inherent (economical) 
benefit for themselves. The critically endangered European sturgeon is protected, and it 
is illegal to land and sell.

Second, Fishers explained that sharing photographs and footage of incidental bycatch 
through social media is done often and can be done quickly. Reporting, however, 
requires measuring the fish, writing down the coordinates and sending out an accurate 
report, which takes time and interferes with their regular work. Interestingly, several 
French fishers previously did not find it so much of a problem to report sturgeons and 
had often done so.

• So we take a photo of [the sturgeon], we weigh it, we measure it if we have the means and we 
take the GPS position, so that’s all we do, so we can’t say that it’s very difficult… I’m interested in 
seeing sturgeon again. Financially, it doesn’t bring me anything, but… it’s not a constraint at all, 
I don’t see who couldn’t comply with it. (FRfis3)

Third, we reasoned that fishers willingness to report sturgeon bycatch would be higher 
if they were aware of how important the information about the species is for the species 
conservation management, but this is not per se true. In France, researchers promoted the 
sturgeon restoration through an awareness campaign (Michelet, 2011), while fishers are 
currently informed about the sturgeon restoration through regular updates from CAPENA 
and CNPMEM (FRres2). In France, even though well informed, fishers suddenly stopped 
reporting in 2020 (see §3.2). In the Netherlands, fishers were informed about the European 
sturgeon re-introduction through several articles in fisheries newsmagazines. Fishers were 
rewarded 100 euro per confirmed European sturgeon capture report and given a flag with 
a printed sturgeon on it. This information helped to collect data, but certainly did not 
reach all fishers. Several fishers were not interested in such a reward, nor the conservation 
activities. In the Netherlands sturgeon reports had also stopped by 2020. In Germany, 
information meetings with fishers are the preferred method of communicating official 
action plans (DEres1). Still, DEres1 stressed a lack of general knowledge about sturgeon 
restoration among fishers and the general public. In the United Kingdom, UKfis1, when 
contacting the Marine Management Organization, was not offered any instructions on 
what to do with his rare sturgeon report. Support was offered after contacting the Blue 
Marine Foundation through the website ‘Save the sturgeon’. This illustrates how rare 
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sturgeons are around the British Isles and that the sturgeon restoration programme is not 
well known among fisher organisations in the UK.

• Most people should be aware of the release of these baby sturgeons [but they are not]. (FRfre1)
• I know it [sturgeon] is back and for me that was an indication that the North Sea is doing better. 

I didn’t know that it was because of a programme, or some hatchery or whatever. (NLfis3). 
• I do think that at some point there could be some kind of professionalization towards the wider 

public… that could be the final push for such a project [sturgeon restoration programme] to 
succeed. (NLgov1) 

• Despite multiple news items it is plausible that a large part of the general public [and fishers] in 
Germany is still mostly unaware of the sturgeon rehabilitation programme. (DEres1)

• Sturgeon is preferably seen as the source of caviar, not as a flagship species that represents the 
restoration of an aquatic ecosystem. (UKres1)

Fourth, the fishing industry is faced with difficult economic circumstances, including 
high fuel costs. Fishers have experienced a sharp decline in the number of operational 
fishing vessels. For most interviewed fishers it has become a challenge to remain 
economically viable. Fishers are highly concerned about the loss of space at sea due to 
closures of Natura 2000 areas and of wind farms, and other no-go areas where fisheries 
are restricted like the ‘plaice box’ in the Netherlands.

• In the 1980s there were around 240 beam trawlers, now we have 80, and more are going, I think 
30 or 40. (NLfis5) 

• The local fishermen are extremely threatened, because their numbers are declining over the last 30 
years. So, we initially started out with around about 1200 fishermen. And in the meantime, there’s 
like 10% of them who are still active. (DEres1)

• If they say: ‘Oh, it’s like the panda of the ocean and we should make a no-go area’. Yeah, then it’s 
obviously worrying. (NLfis3)

• We [fishers] want to cooperate in everything, except closed areas. (NLfis5)
• The ocean and North Sea is getting taken from us, from the fishermen, as we feel, by wind farms. 

(NLfis2)
• The [government] have already closed 40,000 km2 of the North Sea for the big fishing ships. It’s 

called the plaice box. And that’s why the fishermen say we don’t want to close anything anymore, 
because it doesn’t have an effect. (NLfre2)

Fishers also worry about forced gear adaptations to reduce bycatch risks. This fear reduces 
fishers’ willingness to report rare bycatch. They have experience that such information 
could be used by NGOs to lobby for further restrictions of fishing opportunities. Dutch 
fishers refer to the ban on pulse fishing (Haasnoot et al., 2016; Kraan et al., 2020), but 
in other countries fishers also express a fear of gear restrictions. For example, DEres1 
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explained how his research team worked on adapting the settings of gill-nets, these 
being the predominant gear used in German nearshore coastal waters. These nets rest 
on the bottom and reach up 2.5 m into the water column. Through sections of rope 
the researchers lifted the nets 30 cm off the ground, which reduced sturgeon bycatch 
by 90%, as the sturgeons move along the bottom. This researcher had organised three 
meetings with fishers to ask them if they would be willing to test this adaptation in gear-
setting, to see whether the numbers of fish that they would catch (target fish as well as 
bycatch) would differ between those two different net settings. However, it never came 
to anything, as the researchers were threatened during the first meeting by the fishers 
and removed from the property. German fishers were not willing to comment, but 
fishers interviewed from the Netherlands were quite clear. Fishers feel misunderstood 
and that they should be considered and hired as experts to design solutions to reduce 
rare bycatch, not constantly be told what to do.

• The boss of the cooperative told us that if we wouldn’t get off his property within the next 10 
minutes, they would certainly arrange for beating up. (DEres1)

• I know you can report it [sturgeon and other rare fish bycatch], but [fishers] are pretty careful 
about that… That’s how a fisherman thinks! Everything you say is used against you!... You cannot 
change the whole fleet [adapt gear] for only two or three sturgeons. (NLfis1)

• [Researchers and NGOs] are working too little with fishermen even if it’s fishermen who know a 
lot about the sea… I’m often treated like a criminal [by NGOs], but I never did something else 
than providing food… We [fishers] don’t see the future that positive anymore… We are really 
afraid that another negative development will come, based on what [researchers and NGOs] find 
in the data we deliver. Speech is silver, silence is golden. (NLfis4, a third-generation fisherman 
who recently had to put his two trawlers on a chain and find another job.)

Notably, some interviewees claimed that there is a general, substantial lack of sturgeon 
bycatch reporting. FRres2 explained how the French research institutes survey the 
Gironde estuary for sturgeons every two months and how they capture (measure, check 
the  tag and release) far more sturgeon than the numbers of sturgeon bycatch reported 
by individual fishers, fishing the same area, using the same fishing gear. In addition, it is 
important to mention that non- or underreporting does not per se means that fishers do 
not support the presence of rare species. Several fishers interviewed claim that they do 
release their rare bycatch alive.

• Even if a report is not produced, this does not mean that the bycaught fish [sturgeon] is treated 
badly or injured. Sturgeons are released alive, without reporting. (NLfis4)
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Table 4.2. Summary of perceived pros and cons of fishers reporting incidental sturgeon bycatch, per stakeholder group.

Stakeholders’ 
perceptions

Fishers Fishers 
organisations

NGOs Research 
institutes

National 
governments

Pros Sturgeon reports 
are of interest to 
fishers’ and their 
social network. 
Reporting expresses 
‘Good stewardship’ 
of the marine 
environment.

Indication 
of the bond 
between fishers 
and other 
stakeholders.
Good PR.

Shows that 
fishers are taking 
responsibility for a 
healthy ecosystem. 
Increase of public 
awareness.

Essential data 
for population 
assessment and 
monitoring 
spatiotemporal 
distributions.

Useful for making 
management 
decisions. Lack in 
bycatch reports 
hampers making 
management 
decisions.

Cons No inherent economic profit. 
Takes time (costs money). 
May create severe problems for 
fishers, such as closed areas and 
forced gear adaptations and 
restrictions.

Lacking 
declarations of 
dead sturgeons are 
misleading.

No cons. No cons.

4.3.3 Sudden drop of  reporting
In France, the number of bycatch reports decreased substantially in 2020, then stopped. 
The French fishers’ reason was, that one of the NGO’s - active in sturgeon management 
in the Gironde area - had gone to court aiming to force the French administration to 
enforce Habitat Directive, article 12 (EEC, 1992). The article prohibits any form of 
capture, disturbance or intentional killing in the wild of the species listed in Annex 
IV (including European sturgeon) and obliges fishers to release and report such species 
bycatch. The reason for the court case was that the NGO suspected the French 
government of using the bycatch reports to suggest that fisheries have no negative 
impact on sturgeons, thereby undermining effective sturgeon management. According 
to the French NGO the best solution to conserve sturgeon is therefore, to ban fishing 
in the Gironde. French researchers stated that since then French fishing organizations 
are far less open to collaboration and fishers have stopped reporting sturgeon bycatch. 
Remarkably, in the Netherlands sturgeon bycatch reports stopped as well in 2020, but 
interviewees expressed no link between the French and Dutch situation.

• The government uses bycatch reports to assure that the bycatches are not fatal for the fish, since 
dead sturgeons are never reported… Catch declarations are as useful as they are misleading! 
(FRngo1). 

• This [court case] had the effect of a bomb in the [Gironde] region, resulting in fishers to 
become very hesitant to report anything as they feel that everything they [fishers] do in terms of 
transparency ultimately backfires… They don’t want to inform that in a certain area [Gironde] 
they [fishers] catch a lot of sturgeon because they don’t want to have restrictions to access to this 
area. (FRres2)
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4.3.4 Interviewee suggested solutions to improve reporting
The interviewees also mentioned examples that improved reporting may improve 
sturgeon conservation. In France, tag readers were handed out (as most stocked juvenile 
European sturgeons are chipped) and visits to the rearing station were organised. Fishers’ 
involvement and willingness improved when they participated in the programmes’ 
research. This was underlined by FRfre1, “My main advice would be to create a 
trust relationship with fishers to involve them. And to put them at the same level as 
scientists… I think that’s the main key to the success of the reintroduction programme”. 
In the Netherlands, fishers and their representatives also expressed a wish to participate 
in research. It was stressed by all stakeholders that the researchers needed to be fully 
transparent towards fishers about the ways in which bycatch reports would be used.

• Fishers can be an arm of the scientists, because we’re on the water all the time. (FRfis2)
• Involve [fishers] above all in the research, involve them as researchers! (NLfre3)
• Research should create a clear feedback loop between what is reported and what is achieved from 

these reports. (NLres2)
• I think it would be a good idea in itself if [government and organizations managing the sturgeon 

action plan] could sit around the table with [fishers] more often. That [fishers] know what is 
happening in the action plan, and what might come their way. (NLgov1)

4.3.5 Perceptions of  sturgeon management
All interviewees were asked to reflect on the sturgeon action plans, as these are managed 
differently across the four countries (Table 4.3). In France, the government officially 
controls the action plan whilst the activities are carried out by researchers (France 
Ministère de l’Écologie, 2020). French researchers explained the strength of the 
governments’ legal, administrative and financial help. In contrast, the French NGO 
expressed a strong dissatisfaction and underlined that the French government is not 
actively involved. In Germany, the sturgeon action plan is also driven by research, yet 
without any governmental involvement (Gessner et al., 2011c; Kirschbaum & Gessner, 
2000). The German researchers explained how most of the implementation work 
(including fund raising) is being carried out by volunteers, which is less than optimal. In 
the Netherlands, the Dutch action plan was initiated and has also been run by NGOs, 
since 1995. The NGOs also finance research on a feasibility assessment of reintroducing 
the species in the river Rhine. NGOs developed the required sturgeon action plan, 
which was offered to the government (Visser et al., 2020). The government partially 
supports this plan, financially. Yet, the NGOs sketched the necessity for a stronger, long-
term governmental collaboration. In the United Kingdom, sturgeon reintroduction is 
in its initial phase, and governmental resistance was experienced in accepting European 
sturgeon as a native species. Only after an evidence report was produced and enough 



Fishers willingness to report rare bycatch

93

pressure from researchers and NGOs did the UK government started taking notice of 
the possibility of the rehabilitation of sturgeon.

• The French Action Plan is the last hope for the species. (FRgov1)
• The [French] administration does not want to protect nature and only takes decisions that create 

an illusion of improving the situation. (FRngo1)
• In Germany the government is not involved in the rehabilitation. But it should be. Bring 

authorities together to implement changes that were requested in the action plan. (DEres1)
• By putting people on the project, putting out the actions, and getting more involvement from 

the fishers. (NLngo3)
• I don’t think UK authorities were really taking this [sturgeon’s return to UK waters] seriously. 

(UKres1)

Outside France and the Netherlands, other administrations of European member states 
are not directly involved in the sturgeon action plans. European sturgeon conservation 
in Germany and the United Kingdom (and partially in the Netherlands) is left to 
project-based funding. As a consequence, overall, coordinated tasks are driven by NGOs 
and researchers. No other countries are involved, even though the species occurs within 
their EEZ (e.g. Spain, Portugal, Belgium, Denmark, Ireland). The interviewees see this 
lack of European and national governmental involvement as a source of problems, as this 
causes gaps in international engagement, continuity in long-term funding, coordination of 
actions, monitoring of fisheries measures, and consistent application of legal documents to 
assure mitigation of anthropogenic pressures and sturgeon protection (e.g. mitigation of 
bycatch mortality). The challenge is that EU member states are responsible for (fisheries) 
management measures in their inland and coastal waters, whereas management at sea is 
agreed upon at EU level. By default therefore coordination is required, but currently this 
is not the case for the European sturgeon and other marine ETP species.
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Table 4.3. Stakeholder groups’ relevance to bycatch reporting and their (current) role in European sturgeon 
conservation.

Stakeholder group Reports on sturgeon bycatches Current role in sturgeon conservation

Fishers Fishers bycatch reports are highly useful 
to researchers and policy makers. Good 
handling of the fish on deck (and careful 
release) will save individuals of a rare 
species.

Eyes and ears (and hands) at sea. Potentially 
impacted by restrictions determined by 
the sturgeon conservation. Not directly 
involved in sturgeon Action Plans. 

Fisher organisations Main communication channel to and from 
fishers. Represent the interests of fishers. 
May inform fisheries-management on 
bycatch mitigation of ETP species.

Manage eventual restrictions determined by 
the sturgeon conservation. Voice to evaluate 
the fisheries management measures from a 
fishers’ perspective. Not directly involved in 
sturgeon Action Plans.

Research institutes Collect, collate and analyse bycatch 
data. May use data to assess ETP species’ 
populations, spatiotemporal distributions, 
and advice on sustainable fisheries 
management measures.

Main drivers of sturgeon conservation in 
France (since 1980) and Germany (since 
1990).

NGOs Use bycatch data and research outcomes in 
their respectful (to other actors involved) 
communication strategies to lobby for 
adaptations in fisheries management 
measures.

Main drivers of sturgeon conservation 
in the Netherlands (since 2010) and the 
United Kingdom (since 2015).

National governments Use bycatch data and research outcomes 
and translates advice into fisheries 
management measures in collaboration 
with other countries to rehabilitate these 
ETP fish species in European waters.

Responsible for the restoration of ETP 
species and therefore of the (sturgeon) 
conservation programme. Only in France 
actively involved in European sturgeon 
conservation. European collaboration and 
coordination would be extremely helpful 
for the national governments involved.

4.4 Discussion

In recent years fishers have been increasingly challenged by reduced space to fish and 
are competing for space with an increasing amount of other users (Van Hoof et al., 
2020). This comes on top of a history of increased fisheries management interventions, 
reduced fishing opportunities and rising fuel costs (Parker & Tyedmers, 2015). Fishers 
perceive that others (researchers, policy makers, NGOs) are, both directly and indirectly 
limiting their fishing opportunities for different reasons. These issues make them extra 
sensitive about disclosing information that they perceive could worsen their situation 
(Van Hoof et al., 2020). In consequence of the sensitivities, finding willing interviewees 
was challenging. For example, the French fishers interviewed were approachable only 
through mediation by their organisations. Yet, fishers sharing information is key to the 
management of ETP species and thus fishers’ cooperation could be instrumental in 
species conservation.
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4.4.1 Core aspects of  successful cooperation with fishers
A vast body of literature exists on fishers and researchers cooperating in data 
gathering (Johnson, 2011; Johnson & van Densen, 2007; Kraan et al., 2013; Steins 
et al., 2020; Steins et al., 2022; Stephenson et al., 2016). Reported core aspects of 
successful cooperation are: 1.a shared vision; 2.a clear role separation; 3.communication 
and 4.trust. However, this study shows that all these core aspects of cooperation are 
seriously hampered. It is governments who are legally responsible for European sturgeon 
conservation (Bastmeijer, 2019) and other ETP species. Apart from in France, the 
management of European sturgeon action plans is not carried out by governments but 
by researchers and/or NGOs. Several countries where the species occurs within the 
EEZ are not even involved in European sturgeon conservation and rehabilitation. The 
interviewees see this lack of an international shared vision and approach as a source of 
problems, as it impairs consistent international collaboration, coordination, optimized 
approaches and long-term finance. 

In addition, there are issues of communication and trust of fishers in the intentions of 
NGOs and (vice versa) trust of NGOs in data gathered by fishers, and neither of these are 
unique to this case (Steins et al., 2022). There is a strong trend of environmental NGOs, 
emphasizing scientific evidence for the negative effects of fishing in lawsuits, to obtain 
strengthened ecosystem and species protection (Hilborn, 2007). NGOs and fishers 
often have different forms of causal reasoning from available data and observations, 
information, and knowledge, e.g. scientific vs. lay reasoning, and differences in knowing 
what is really going on at sea, and thus diverging points of view (Verweij et al., 2010). 
They have different perceptions. Where NGOs demand fishers to take more responsibility 
for the state of the marine resources, fishers perceive themselves to act responsibly for 
‘their’ resources and feel connected to the sea itself. While fishers indicate that fishing 
is essential as it feeds the human population, NGOs point to the negative effects of 
fishing on marine ecosystems and fish habitats (Auster & Langton, 1999; Jennings & 
Kaiser, 1998). NGOs call for preserving and closure of marine ecosystems opposes the 
interests of commercial fishers who demand the continued access to space and resources 
(Baker, 2000; Hilborn, 2007; Voyer et al., 2014, 2015). The observed conflict and 
different objectives can be summarized as one between preservation (NGOs) versus 
utilization (fisheries) (Hilborn, 2007). The experiences in France demonstrate that when 
this difference is not bridged, dispute will arise and the much-needed cooperation with 
fishers will come to an end.

4.4.2 Ways forward
The interviewees explained how three pragmatic solutions may aid to improve fishers 
cooperation potential (thus touching on the four core aspects listed in 4.1): (1) involve 
fishers in sturgeon conservation activities and research, make clear what is in it for 
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fishers, and thus build trust between fishers and researchers; (2) improve completeness, 
accuracy and speed in fishers reporting incidental bycatch through technological means 
and social media; and (3) solve trust issue between fishers and NGOs.

First, fishers need to perceive much more benefit (including intrinsic rewards) and value 
in declaring ETP species bycatch. The interviewees stated that this can be achieved by 
fishers cooperation in research. Fishers show (in principle) willingness to participate 
in such research, and contribute data and experiential knowledge (Steins et al., 2022). 
Those that currently participate may do so out of their own interest or understanding 
of the importance. For fishers to fully collaborate in research, it is required that they be 
acknowledged for their knowledge, expertise and skills (Yochum et al., 2011). However, 
no fisher is likely to report on ETP species if the information could be used to advise 
on, or lobby for closed areas or forced gear adaptations. Researchers are interested in 
facilitating the participation of fishers in cooperative research as it has multiple benefits, 
such as improving (rare) fish population assessments, improved relevance of research to 
fisheries management, and improved relationships and trust between fishers, researchers, 
and managers (Johnson & van Densen, 2007; Pustelnik & Guerri, 2000). Motivating 
each group of actors and including them in a collective project can help to achieve the 
goals of the European sturgeon restoration action plans. Fishers are more likely to trust 
researchers if: (1) they are allowed to participate in the research project formulation 
(National Research Council, 2003); (2) understand how scientific reporting works 
(Johnson & van Densen, 2007); and (3) understand what the consequences of their 
data delivery could be. With good role separation fishers can also see that science is 
responsible for data analysis and advice based on the data, and that policy is responsible 
for making decisions based on different sources of information. Research cooperation is 
also useful as it often takes place in projects in which the settings and rules of engagement 
can be made clearer (Yochum et al., 2011). Research cooperation opens up the ability to 
address trust issues between fishers and researchers, and can do so, much faster than by 
depending on voluntary reporting of bycatch by fishers alone. This approach implies that 
researchers must work on improved relations, i.e. deliver positive feedback on capture 
reports, and on a regular basis via social and fishers’ corporate media. Inviting fishers to 
visit rearing stations, as done in France, in addition to handing out tag readers is a good 
idea as it gives fishers an idea of the purpose of their work. Increased communication 
can also minimize negative relationships between fishing communities and management 
agencies (refs in Yochum et al., 2011).

Second, bycatch reports must be collected in ways that are acceptable to fishers (also 
in terms of time and money spent). Researchers wish to facilitate fishers’ self-sampling 
studies (Kraan et al., 2013), including training and strengthened communication. 
This approach would imply that fishers aid scientists to develop protocols on how to 
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minimize handling time on deck and could result in fishers licensed to tag fish (Beardsall 
et al., 2016; Doddema et al., 2020). It should be carefully assessed how such tasks 
can be designed to consume minimal time and effort on the part of the fishers (see 
for example Doddema et al. (2020)). Data declaration and collection could also be 
facilitated by internationally standardized monitoring methodologies to improve 
speed, accessibility, accuracy and anonymisation (Gray & Kennelly, 2018; Savoca et 
al., 2020; van Helmond et al., 2020). However, certainly not all fishers are interested 
in implementing electronic monitoring techniques (van Helmond et al., 2020). The 
data collection should be acceptable for the users of the data by making use of accepted 
quality assurance frameworks (Steins et al., 2022).

Third, ideally, obtaining fishers cooperation must be based on trust and willingness, 
not on constant monitoring as this may be ineffective as fishers could feel victimised 
(Ford & Stewart, 2021). Trust issues between fishers and NGOs are often based on 
differing interpretations and opinions of species conservation, and such interpretations 
depend heavily on specific social, cultural, and historical contexts (Auster et al., 2022). 
Obtaining fishers’ and NGOs cooperation to the European sturgeon Action Plans can 
therefore be characterised as a complex, or a “wicked problem” (Jentoft & Chuenpagdee, 
2009) in the sense that the problem is difficult to define, delineates from other and 
bigger problems, and tends to reappear.
For comparison purposes: the (successful) rehabilitation of the beaver (Castor fiber) in 
Scotland was described by Coz and Young (2020) to be an example of such a “wicked 
problem”. In this case, conflicts and trust issues existed between NGOs and farmers or 
landowners, as such groups held different views on the beaver’s return (Coz & Young, 
2020). By engagement in effective discussions all stakeholders came to agree on a shared 
vision and clear role division, resulting in a broad and long-term conservation plan. 
Gradually, issues were finally set aside, which led to successful rehabilitation in certain 
designated areas in Scotland (Coz & Young, 2020). Another successful example can be 
found in Canada, where an imperilled population of Atlantic salmon (Salmo salar) in the 
Northwest river rapidly and sustainably recovered, after managers decided to turn to an 
adaptive management approach with fishers based on local cooperation and transparency 
(Cote et al., 2021). Both examples show how important it is to involve local users. In the 
case of European sturgeon restoration and conservation, this means strongly improving 
the cooperation with local fishing communities fishing in the European sturgeon’s 
essential habitats, e.g. the Gironde (estuary), and fishers from the town of Urk (currently 
the largest Dutch fishing fleet using bottom trawls), and shrimpers fishing the Belgian, 
Dutch and German shallow coastal zones of the North Sea (Brevé et al., 2013a). This also 
requires that the local NGOs (that are already involved) understand the difficulties of data 
acquirement of ETP species at sea, and how their communication campaigns may raise 
unwanted conflicts, even work in a counterproductive manner as they may push fishers 
further away from conservation activities. 
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4.5 Concluding remarks

Because of the Endangered, Threatened and Protected status, the management of the 
European sturgeon and any other ETP fish species must be at the top of the agenda 
of Europe’s fisheries management. However, under-reporting of these species bycatch 
(and mortality) is still left largely unaddressed. Apart from France and partially in the 
Netherlands, governments are not recognizing the European sturgeon conservation 
activities. Researchers and/or NGOs lead the activities. This holds true for France, 
Germany, the Netherlands, and the United Kingdom. Other countries where the species 
occurs within their EEZ are not even involved. The interviewees see this as a main 
source of problems, as it impairs consistent international collaboration, coordination, 
optimized approaches and long-term finance. 
This study also shows that all core aspects for fishers’ cooperation in ETP species 
conservation (a shared vision, a clear role separation, communication and trust) are 
seriously hampered. Fishers feel a responsibility for the sea and its natural resources, 
and are inclined to report rare bycatch, but most have stopped doing so since 2020 for 
many reasons. Fishers experience difficult economic circumstances and feel that the sea 
is taken from them through closure of fishing grounds (e.g. wind farms, natura 2000 
areas). Fishers feel misunderstood as their knowledge and expertise is not recognized 
and they are not involved in planning. Fishers feel threatened by NGOs who use iconic 
species in their communication strategies to reduce fishing possibilities.

To solve the issue, all interviewed stakeholder groups pointed to the required national 
and international, governmental uptake of European sturgeon conservation. Another 
solution is to involve fishers in research, improve communication and build trust. This 
could be done by training fishers to participate in the scientific data collection (e.g. self-
sampling of data and fin-clipping for molecular biology studies), and by organisation 
of participatory workshops involving all the stakeholders, whereby fishers would be 
encouraged to propose specific mitigation measures. The latter also implies that NGOs 
need to understand that they should not be dominant in the debate about what needs 
to be done to improve sturgeon bycatch reporting and subsequent protection. It also 
implies that researchers keep fishers in a constant feedback loop and explain what their 
data is used for.

If the shared goal is to express ‘good stewardship’ of the marine environment, then all 
stakeholder groups involved should develop best practice methods, and solve any issue 
that might hamper the restoration and conservation of marine ETP fish species. We 
therefore invite the fishery management councils, in which member states come together 
(e.g. the Scheveningen Group for the North Sea), to put the subject of reporting rare 
marine fish species on their agendas.
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Abstract

Sturgeons rank among the most endangered vertebrates in the world. Yet, the dwindling of 
wild sturgeon populations stands in stark contrast to their thriving status in aquaculture. 
Moreover, through the exotic pet trade, sturgeons are introduced outside their natural 
ranges where they may compete and hybridize with native species and transmit parasites 
and diseases. Here, we present an in-depth inventory of alien sturgeons in the delta of 
the rivers Rhine and Meuse, because several countries consider reintroduction of the 
native, critically endangered European sturgeon (Acipenser sturio). Our study is based 
on (a) an inventory of the industry of sturgeon cultivation; (b) reports on spread of 
alien sturgeons; (c) an analysis of pathways for introduction and spread; and (d) a risk 
assessment using the Harmonia+ protocol. In total, 11 alien Acipenseriformes (sturgeons 
and paddlefishes) were traded across an intricate network of >1000 distribution points 
in the Netherlands, Belgium, and Germany. Circa 2500 alien sturgeons were reported 
from 53 angling ponds and 64 other lakes and ponds, whereas circa 500 alien sturgeons 
were reported widespread across hydrologically connected waters. Species that posed 
the highest risk of introduction, establishment and spread are Siberian sturgeon (A. 
baerii), Russian sturgeon (A. gueldenstaedtii) and Sterlet (A. ruthenus). We recommend 
to implement stringent trade regulations and practical solutions to prevent spread of 
alien sturgeons. Measures must preferably be taken at the spatial scale of river basins.

• Diseases and parasites

• Hybridization (outbreeding)

• Predation 

• Competition for food and habitat

Risk assessment
For 11 sturgeon species 

Using Harmonia+

Alien sturgeons
Introduced in rivers 

Rhine & Meuse delta

Conclusion 
Alien sturgeons

Pose ecological risks!

Implement more stringent 

trade and management measures 

to prevent spread of alien sturgeons!

Recommendation

A) Introduction – High

B) Establishment   – Medium

C) Spread – High

D) Impacts – Medium

Targets

Highlights
• Endangered sturgeons are widely used in aquaculture, garden- and angling ponds.
• 11 alien sturgeons are traded across an intricate distribution network.
• Three alien sturgeon species potentially pose ecological risks in the study area.
• Risks comprise diseases and parasites, hybridization, predation, and competition.
• Implementing trade and management measures prevents spread of alien sturgeons.
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5.1 Introduction

Biodiversity loss is one of the biggest problems facing our planet today (Cardinale 
et al., 2012; Piccolo, 2017). At present, the order of Acipenseriformes (25 sturgeons 
and two paddlefishes) is the most threatened order of vertebrae in the world (Pikitch 
et al., 2005). According to the International Union for Conservation of Nature and 
natural resources (IUCN), four Acipenseriform species are recently considered extinct, 
including the Chinese paddlefish (Psephurus gladius) (Zhang et al., 2020), while of the 
remaining 23 species 85 % is endangered (Birstein et al., 1997a; Haxton & Cano, 2016; 
Pikitch et al., 2005). The historical decline in Acipenseriformes (‘sturgeons’ from now 
on) is generally explained by overfishing and ecological change that impacted sturgeon’s 
natal rivers for the past 150 years (Birstein, 1993; Debus, 1997).

The endangered status of sturgeons is a wake-up call to restore the wild populations. 
However, the endangered status of the wild populations stands in stark contrast to their 
thriving status in aquaculture. Approximately 100 years ago, the extirpation of the wild 
populations prompted the development of sturgeon aquaculture, as a means for artificial 
propagation for reintroduction, and for production of the highly valued black caviar and 
meat (Havelka & Arai, 2018). During the second half of the 20th century, the industry 
of sturgeon aquaculture steadily expanded. Market demands had farmers switch from 
using specific sturgeon species producing high quality caviar, mainly Russian sturgeon 
(Acipenser gueldenstaedtii), Great sturgeon or Beluga (Huso huso) and Starry sturgeon (A. 
stellatus) (Williot et al., 2001), to highly productive hybrids, such as the ‘Bester’: Great 
sturgeon × Sterlet (A. ruthenus). Whereas recently, several other, even more profitable 
crosses were bred (Arndt et al., 2002; Bronzi et al., 1999; Bronzi et al., 2011; Wei 
et al., 2004; Williot et al., 2001). In consequence of the developments in sturgeon 
aquaculture, more species are exploited, and a large portion of caviar production is 
attributed to farmed hybrids. Moreover, at present, sturgeon aquaculture has become an 
economically important industry that increasingly includes the production of live fish 
for the exotic pet trade and for sport fishing (Lockwood et al., 2019).

Even though sturgeon cultivation saves certain sturgeon species from becoming 
extinct and potentially reduces the pressure on natural populations (Jarić et al., 2018), 
sturgeon cultivation also impedes sturgeon conservation in the wild. Net pens in 
rivers are occasionally flooded during storms and because of accidental escapes, and 
intentional or unwanted releases, sturgeons and their hybrids are introduced in waters 
outside their native ranges (Arndt et al., 2000; Gessner et al., 1999; Hanel et al., 
2011; Maury-Brachet et al., 2008; Spratte, 2014; Wei et al., 2004). Alien sturgeons, 
i.e. sturgeons belonging to any (sub)species introduced outside their natural range 
that might survive and subsequently reproduce (European Commission, 2014), may 
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impose three categories of threats to their novel environments and native biodiversity: 
hybridisation with native sturgeons, distribution of diseases and parasites, and predation 
and aggressive behaviour. A major threat in sturgeon conservation is the potential 
interspecies hybridisation leading to genetic deviation through outbreeding (Birstein 
& Bemis, 1997; Birstein et al., 1997b; Ludwig et al., 2009a). Sturgeons are prone to 
introgressive hybridisation because all sturgeons are polyploids, and even intergeneric 
hybrids can be fertile and survive in the wild (Birstein et al., 1997a; Havelka et al., 
2011). In such cases, introgression, thus movement of genes from one species to 
another, can occur, threatening vulnerable native populations. Another persistent 
risk of introducing cultured fish, and a consequence of intensive rearing operations, 
is the transmission of associated diseases and parasites that may spread to new hosts 
in the receiving area (Barber et al., 2000; Bauer et al., 2002; Spikmans et al., 2020; 
Welcomme, 1988). Several pathogens are associated with cultivated sturgeons, such as 
Viral haemorrhagic septicaemia and Infectious haematopoietic necrosis (Bauer et al., 
2002; European Union, 2018). In such cases the actual threat may be the pathogen, 
not the host. However, the main problems attributed to invasive alien species (IAS) are 
predation and aggressive behaviour. In general, competition for prey and reproduction 
grounds has caused numerous reductions and collapses of native fish populations before 
(Lehtonen, 2002; Van der Veer & Nentwig, 2015) and may happen among alien and 
native sturgeon species.

Notably, several sturgeon species rank among the largest predatory fish on the planet. 
For example, both the Great sturgeon and the White sturgeon (A. transmontanus) can 
grow over 5 m in total length and over 1000 kg in weight (Kottelat & Freyhof, 2007; 
Page & Burr, 2011). Still, due to sturgeons’ laggard life cycles and their vulnerability 
to anthropogenic pressures, they cannot be considered as typical IAS. Normally their 
introductions will fail (Maury-Brachet et al., 2008; US Fish and Wildlife Service, 
2018d). On the other hand, as long as introductions, escapes and releases continue, the 
risks that alien sturgeons and their hybrids may pose to their novel environments and 
native biodiversity will also persist.

The present study analyses the environmental risk that alien sturgeons may pose, as 
countries consider reintroducing European sturgeon (A. sturio) in the rivers Rhine and 
Meuse. Two native sturgeon species from the north Atlantic Ocean, that represent a 
separate clade distinct from all other Acipenseriformes (Birstein & Doukakis, 2000), 
used these rivers to spawn: the now critically endangered European sturgeon and the 
near threatened Atlantic sturgeon (A. oxyrinchus) (Gessner et al., 2010b; St. Pierre & 
Parauka, 2006; Thieren et al., 2016a; Van Neer et al., 2012). Historically, the Rhine 
sturgeon populations started to dwindle at the end of the 19th century, and the last 
sturgeon from these rivers was captured in 1952 (Brevé et al., 2022d; Verhey, 1963). In 
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recent decades, however, the improved water quality and the largely restored longitudinal 
connectivity resulted in a partial return of the Rhine’s diadromous fish (Bij de Vaate et 
al., 2006; Borcherding et al., 2010; De Groot, 1992; Mostert, 2009). Moreover, at 
present, adolescent European sturgeons occur in the northeast Atlantic Ocean, even 
in the outer estuary of the river Rhine (OSPAR Commission, 2021). Their renewed 
presence is a result of ongoing stocking efforts in French and German rivers (Williot 
& Kirschbaum, 2011), and as such promising for a future reintroduction of the native 
sturgeon species in the river Rhine.

The reappearances of migratory fish triggered ARK Nature, the World Wide Fund for 
Nature and Sportvisserij Nederland, to initiate a reintroduction programme of this iconic 
species in the river Rhine (Brevé et al., 2013a). However, with the current improved 
water conditions, alien sturgeons may also survive and establish in this river and their 
presence may pose a conflict with the reintroduction efforts. Thus, before the native 
sturgeon species can be reintroduced, a risk assessment is of paramount importance, 
and recommended by the French, German and Dutch action plans for the European 
sturgeon, and the Pan-European Action Plan for Sturgeons (Council of Europe, 2018; 
France Ministère de l’Écologie, 2020; Gessner et al., 2011c; MEDDTL, 2011; Visser 
et al., 2020). Such a risk assessment will prevent the potential loss of money, time and 
individuals of the endangered European sturgeon.

The research questions that will be addressed here are: what is the extent of alien 
sturgeon introductions, what are potential risks these could pose for the environment, 
and for the reintroduction of the European sturgeon in the rivers Rhine and Meuse? 
It was hypothesized that alien sturgeons pose an environmental risk related to their 
hybridisation, predation, competition, diseases and parasites, even though they may also 
be a good indicator of restored environmental quality of the rivers Rhine and Meuse. 
To answer the research questions we quantified the distribution network of sturgeon 
cultivation and of introduced alien sturgeon species. We also analysed the pathways 
for their introduction and spread, and assessed the environmental risks. Only with this 
knowledge, decision makers and stakeholders can be informed and urged to stop the 
unwanted releases and spreading of alien sturgeons.

5.2 Materials and methods

5.2.1 Study area
The area of concern for the risk assessment comprises the main geographical distribution 
area of the historical native Atlantic sturgeon and European sturgeon populations in the 
delta of the rivers Rhine and Meuse (Brevé et al., 2022c, 2022d) (Fig. 5.1). The area 
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covers three neighbouring countries in northwest Europe: the Netherlands, Belgium, and 
Nord-Rhine Westphalia in Germany. The study included regional sturgeon aquaculture 
and trade of all alien sturgeon and paddlefish species.

5.2.2 Data collection
We collected data from multiple sources to obtain two complete datasets. The first 
comprised the industry of sturgeon aquaculture, including data from commercial 
and non-commercial angling ponds as these locations also hold alien sturgeon species 
for (non-) commercial purposes. The second dataset comprised reported catches and 
sightings of free-living alien sturgeons introduced to the study area.

5.2.3 Inventory of  sturgeon aquaculture and angling ponds
We performed an inventory of hatcheries, farms, wholesalers, importers, retailers (e.g., 
garden centres and pet shops), and consumers of alien sturgeon species. This dataset was 
collected by the following four methods: (a) an online Google search for sturgeon farms 
producing sturgeon caviar and meat, and live fish for the exotic pet trade; (b) merging 
and unifying lists provided by all three Dutch wholesalers that delivered live sturgeons 
to their distributors in the Netherlands, Germany and Belgium; (c) a search for other 
online distribution points via www.marktplaats.nl and www.eBay.com. Key words used 
were “steur”, “sturgeon”, “esturgeon” and “Stör”, which resulted in a list of over 50 web 
shops; and finally, by (d) screening anglers’ logbooks, dive websites, and biodiversity 
databases for any other locations in-field where sturgeons are commercially or non-
commercially fished or observed during diving. This dataset was validated by querying 
all entrepreneurs in the Netherlands. We asked if they sold sturgeons and which species, 
first by e-mail, and then by telephone for non-respondents. Entrepreneurs in Belgium 
and Germany were not contacted because the Netherlands covers the largest part (ca. 80 
%) of the Rhine-Meuse delta and already included over 350 verified addresses.

5.2.4 Inventory of  catches of  free-living alien sturgeons
We also collected data on capture reports and sightings from research institutes, 
commercial fishers, anglers (digital logbooks), biodiversity databases, dive websites 
and social media. The collected data were sorted per country and water type, either in 
isolated waters (ponds or lakes) or hydrologically connected waters (rivers or canals) 
in the period 1990–2021. For the Netherlands, the sources were obtained from (a) 
VAART software B.V., digital anglers logbook Sportvis Vangsten Registratie (n = 
1180); (b) Sportvisserij Nederland, digital anglers logbook MijnVISmaat (n = 1791); 
(c) Sportvisserij Nederland, field inventory system Piscaria (n = 26); (d) ARK Nature, 
sturgeon recapture reports from commercial fishers (n = 37, mostly European sturgeon 
in the North Sea); (e) Wageningen Marine Research (WMR), sturgeons captured in fyke 
fisheries (n = 289, mostly unidentified sturgeon species); and (f ) RAVON, sturgeons 
captured with landing nets (n = 50).
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Notably, Belgium and German fisheries research institutes do not provide online 
anglers’ logbooks, nor do they collect data on alien sturgeon captures or sightings. 
This was confirmed by colleagues working at the Rheinischer Fischereiverband and 
INBO Research Institute for Nature and Forest. Therefore, we carried out a search 
via Google, which yielded additional data for both countries (n = 100). Finally, data 
on alien sturgeons was downloaded from GBIF.org (24–05–2021) GBIF Occurrence 
Download (https://doi.org/10.15468/dd.fjuaer) (Brevé et al., 2022a). This database 
included 10,576 data-entries worldwide but was reduced to 349 records after filtering 
‘human observations’ within the study area. The full dataset was validated by the authors 
for species and locations by checking photographs, coordinates in Google Maps, and 
through local knowledge. Data with validated species but non-validated location were 
not used. Unidentifiable sturgeon species or hybrids were named Acipenser spp. Data 
without validated species and without validated location were excluded from analysis. 
As a result, this dataset has unified and double validated species and location data.

5.2.5 Data quality control
The datasets on aquaculture, angling ponds, catches and sightings were sorted, filtered, 
summed per sturgeon species, year, and water type. Distribution patterns of the industry 
and of the free-living sturgeons were mapped and assessed through simple point pattern 
analysis in QGIS 3.16. The datasets, assessments, tables, and figures are stored in the 
data repository underlying this publication (Brevé et al., 2022a).

5.2.6 Risk assessment
The risk assessment followed two steps: (a) An analysis of pathways for introduction and 
spread of alien sturgeons using the classification system that was developed within the 
framework of the Convention on Biological Diversity (Harrower et al., 2018); (b) A risk 
assessment using the internet-based Harmonia+ protocol that was developed by the Belgian 
Biodiversity Platform (D’hondt et al., 2015; Vanderhoeven et al., 2015), to screen the 
environmental risks for 10 sturgeon and one paddlefish species introduced in the Rhine-
Meuse delta. Harmonia+ is a first-line risk assessment protocol for potentially invasive 
plants, animals, and their pathogens. This protocol includes all invasion stages (Leung 
et al., 2012), concerns all environmental impacts (Verbrugge et al., 2010) and separates 
the likelihood from magnitude of these impacts (Kumschick & Richardson, 2013). 
The general structure of the Harmonia+ protocol and its key elements are described in 
D’hondt et al. (2015). The full protocol and detailed explanations for the assessments can 
be consulted online at http://ias.biodiversity.be/harmoniaplus. The assessment consisted of 
41 questions grouped into six categories: 1) context, 2) introduction, 3) establishment, 4) 
spread, 5) impact categories (environment, plant cultivation, animal production, human 
health, infrastructural and ecosystem services), and 6) future effect of climate change (Fig. 
5.2). The risk analysis was thus interpreted for the potential (risk of) survival under current 
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and future climate conditions in the Rhine-Meuse delta. As recommended by D’hondt 
et al. (2015), we first performed the assessments individually, based on literature and best 
professional knowledge. This allowed for assigning individual risk scores and confidence 
levels to all questions for each species.

We then plenary discussed differences in environmental risk scores and assigned 
confidence levels to elucidate whether these apparent disagreements could be traced to 
epistemic or linguistic uncertainties or persisted as different expert opinions. This process 
generally yields consensus on final risk scores and increases the level of confidence for 
all assessed species (Leung et al., 2012). The Harmonia+ risk classification yielded an 
invasion score, impact score and overall risk score, by calculating the arithmetic mean 
and maximum score for each risk category. The numerical analysis allows for ranking of 
species overall risks and can be used both for prioritization schemes of already-present 
species and for horizon scanning of emerging species (D’hondt et al., 2015). All risk 
assessments can be found in (Brevé et al., 2022a).

Figure 5.1. The industry of alien sturgeon cultivation in 2021: locations of (a) aquaculture, wholesalers, 
and distribution points (e.g., garden centres and pet shops) in the Rhine-Meuse delta (‘verified’ = confirmed 
after querying by e-mail and phone; ‘not verified’ = known distribution point from wholesaler dataset but 
not queried in-person); and (b) angling ponds, and other ponds or lakes with live alien sturgeons in the 
Netherlands. BE: Belgium; DE: Germany; NL: The Netherlands.
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Figure 5.2. Conceptual scheme: general structure of the Harmonia+ assessment tool.

5.3 Results

5.3.1 Distributions of  alien sturgeons
Based on the dataset on distribution of sturgeon aquaculture, we localized 26 hatcheries, caviar 
farms and wholesalers that sold live sturgeons in 2021. Wholesalers distributed their fish over 
an intricate network of >1000 distribution points such as garden centres, pet shops and fishing 
tackle shops with aquarium and/or pond facilities. We verified over 350 distribution points 
(entrepreneurs) who all responded to our questions about sturgeons (Fig. 5.1a). In turn, these 
distribution points sold sturgeons to numerous customers, such as garden pond owners, aquarists, 
angling clubs, and dive centres all of which released sturgeons in isolated waters, such as angling 
ponds, recreational lakes, city park ponds, and (flooded) quarries. While little data exists on 
sturgeons obtained by these customers, we localized 53 commercial and 64 non-commercial 
angling ponds and lakes that were stocked with alien sturgeons (Fig. 5.1b). Based on the catch 
and sightings dataset, we also localized the presence of 10 alien sturgeon and one paddlefish 
species in the study area, of which eight sturgeon species were stocked in commercial angling 
ponds (Fig. 5.3).
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Figure 5.3. Photographs with examples of (sub)adult alien sturgeon individuals introduced in the Rhine-
Meuse delta, caught (and released) by anglers: (a) Acipenser baerii, (b) A. gueldenstaedtii, (c) A. naccarii, 
(d) A. oxyrinchus (which is a native species), (e) A. ruthenus, (f ) A. stellatus, (g), A. transmontanus and (h) 
Huso huso. In 2021, other Acipenseriformes, also kept in aquaculture in the Rhine-Meuse delta were not 
reported in hydrologically connected waters, especially Polyodon spathula, Scaphirhynchus platorynchus, A. 
brevirostrum and A. nudiventris.

All water types, that is isolated and hydrologically connected waters, were dominated by 
three sturgeon species: Siberian sturgeon (A. baerii), Russian sturgeon (A. gueldenstaedtii) 
and Sterlet, and their hybrids. All other seven alien sturgeon species and the paddlefish 
composed <10 % of total number of individuals (Fig. 5.4, Fig. 5.5). These other species 
were found across the study area in three main settings: (a) Mississippi paddlefish 
(Polyodon spathula), Shortnose sturgeon (A. brevirostrum), and Shovelnose sturgeon 
(Scaphirhynchus platorynchus) were confined to aquaculture and garden ponds; (b) 
Adriatic sturgeon (A. naccarii), Atlantic sturgeon (which is a native species), and White 
sturgeon, were confined to aquaculture and commercial angling ponds; (c) Stellate 
sturgeon and Great sturgeon were confined to aquaculture and multiple commercial 
angling ponds, but also occurred sporadically in hydrologically connected waters (Fig. 
5.4d).
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Figure 5.4. Verified records of alien sturgeon individuals, free-living in hydrologically connected waters 
(river or canal) in the Rhine-Meuse delta in the years 1990–2021 for the three most captured (and released) 
species: (a) Acipenser baerii, (b) A. gueldenstaedtii and (c) A. ruthenus, and (d) other alien sturgeon species 
and hybrids.
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5.3.2 Free-living alien sturgeons
Between 1990 and 2021, 519 sturgeons were recorded from hydrologically connected 
waters (Fig. 5.5). We found no proof of alien sturgeon establishment in our data, that 
is no sightings of eggs, nor sightings of young-of-the-year sturgeon juveniles. In total 
336 individual sturgeons were not identified. From the identified 182 sturgeons, 175 
(96 %) concerned the three species Siberian sturgeon, Russian sturgeon and Sterlet (Fig. 
5.4, Fig. 5.5). The first capture of a free-living alien sturgeon concerned one Sterlet in 
1944 (Fig. 5.6). All other alien sturgeons were only recorded after the start of sturgeon 
cultivation in the Rhine-Meuse delta from 1990 onwards. The total number of alien 
sturgeons was <10 % of the mean yearly numbers of native sturgeons that were reported 
around 1900 (Fig. 5.6).

5.3.3 Assessments of  introduction, establishment, spread and risks
Using the Harmonia+ protocol (Fig. 5.2), we focussed risk assessments on alien sturgeons 
that occurred in hydrologically connected waters. Based on the arithmetic mean scores 
the three most frequent species Siberian sturgeon, Russian sturgeon and Sterlet scored 
a high risk for introduction (confidence level, cl: high) and establishment (cl: medium) 
(Table 5.1). These three species also scored a high overall risk of invasion but a low 
overall risk for impacts (Table 5.2). The other sturgeons, Starry sturgeon and Great 
sturgeon, that were reported sporadically in hydrologically connected waters (<10 in a 
decade), scored a low risk of introduction (cl: high) and a medium risk of establishment 
(cl: medium).
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Due to sturgeons’ highly migratory nature, all 11 sturgeon species assessed scored a high  
risk of spread (cl: high). Moreover, all 11 sturgeon species scored medium impacts on 
environmental and animal targets (cl: medium), with the exception of the predatory 
Great sturgeon that attained a high risk for environmental impacts (cl: medium). All 
11 sturgeons scored low impacts on plant, human and other targets (cl: high). Species 
that were not reported in hydrologically connected waters were: Mississippi paddlefish, 
Shortnose sturgeon, Adriatic sturgeon, Ship sturgeon (A. nudiventris), White sturgeon 
and Pallid sturgeon (Scaphirhynchus albus). The risks related to these species were not 
described in detail here, but all individual sturgeon assessments are available in Brevé et 
al. (2022a).
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Table 5.2. Summary of risk assessments (average and maximum scenario’s) of 11 alien Acipenseriformes introduced in 
the Rhine-Meuse delta, using Harmonia+.

Species Risk category Overall risk score according 
to Harmonia+ protocol

Potential (risk of ) 
survival under current 

climate conditions 
in the Rhine-Meuse 

delta * 

Supporting material 
in data repository

Average Maximum

Polyodon spathula invasion 0,69 0,79 + Table 3

impact 0,10 0,50

overall risk score 0,07 0,40

Acipenser baerii invasion 0,79 1,00 ++ Table 4

impact 0,14 1,00

overall risk score 0,11 1,00

Acipenser brevirostrum invasion 0,00 0,00 + Table 5

impact 0,05 0,50

overall risk score 0,00 0,00

Acipenser gueldenstaedtii invasion 0,79 1,00 ++ Table 6

impact 0,17 0,75

overall risk score 0,13 0,75

Acipenser naccarii invasion 0,00 0,00 + Table 7

impact 0,12 0,50

overall risk score 0,00 0,00

Acipenser nudiventris invasion 0,00 0,00 + Table 8

impact 0,10 0,75

overall risk score 0,00 0,00

Acipenser ruthenus invasion 0,79 1,00 ++ Table 9

impact 0,16 1,00

overall risk score 0,13 1,00

Acipenser stellatus invasion 0,00 0,00 - Table 10

impact 0,14 0,75

overall risk score 0,00 0,00

Acipenser transmontanus invasion 0,00 0,00 - Table 11

impact 0,11 1,00

overall risk score 0,00 0,00

Huso huso invasion 0,00 0,00 - Table 12

impact 0,18 1,00

overall risk score 0,00 0,00

Scaphirhynchus platorynchus invasion 0,00 0,00 + Table 13

impact 0,03 0,25

overall risk score 0,00 0,00

* ++ can certainly survive, + is likely to survive, 0 unknown, - is unlikely to survive, -- cannot survive
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5.4 Discussion

5.4.1 Intricate distribution network
Alien sturgeons have been cultivated in the Rhine-Meuse delta since 1990. In total, 10 
sturgeon species, one paddlefish and their various hybrids were introduced in hatcheries 
and commercial farms. From these farms live sturgeons were distributed across an 
intricate network of over 1000 localities in The Netherlands, Germany and Belgium. 
Although not all localities were verified by us (via e-mail or telephone), they were 
advertised by wholesalers as sturgeon sales points online. Hence, it became clear that the 
sturgeon distribution network is omnipresent across the study area and most probably 
across north-western Europe. This is a major finding as no other previous study showed 
the intensity of this distribution network of alien sturgeons.

Another major finding concerns the occurrence of 11 alien sturgeon species across the 
study area, as 85 % of all acipenseriform fishes are listed as critically endangered by the 
IUCN, including those in the study area. However, from the 11 species, only three 
were reported frequently, that is Siberian sturgeon, Russian sturgeon and Sterlet. Most 
sturgeons were stocked in isolated ponds and lakes, but also >500 individuals were 
reported free-living in rivers and canals in the Rhine-Meuse delta between 1990 and 
2021. Of these sturgeons, the majority (>300 fishes) were not identified to the species 
level by the fishers, nor were photos available. However, it is highly unlikely that these 
were European sturgeons. The species spend their adolescent and most of their adult life 
at sea (Acolas et al., 2011a) and European sturgeon larvae and juveniles from the French 
and German sturgeon programmes stocked between 2007 and 2015 had not reached 
maturity in 2021 (OSPAR Commission, 2021). Still, the non-identifications severely 
affected our analysis of trends in sturgeon occurrences at the species level. We therefore 
emphasize that sturgeons need to be identified to the species level and pictures of all 
individual sturgeons should be taken for expert verification purposes. Moreover, when 
alien sturgeon identification is certain, then commercial fishers could even be allowed 
to land these alien species.

5.4.2 Assessments of  pathways for introduction and spread
The pathways for sturgeons’ introductions are (a) import, and (b) sturgeons moving in 
from surrounding areas via river corridors, or coastal waters. Most probably import is 
the main pathway, as naturally occurring sturgeon species are extremely rare in the study 
area and in surrounding waters. For example, Sterlet has a native range in the Danube, 
a river that is connected to the river Rhine through the Rhine-Main-Danube canal. This 
canal acted as invasion corridor for a multitude of AIS into the river Rhine (Leuven et 
al., 2009). However, at present the Danube Sterlet population is endangered and there 
are multiple migration barriers in the river Danube restraining fish migration (Friedrich, 
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2018; Friedrich et al., 2019). Therefore, this species will not likely disperse to the river 
Rhine via this corridor and must have been introduced, then spread. Still, Sterlet poses 
a high risk of establishment due to the optimal climate it encounters in the river Rhine.

The pathways for spread of alien sturgeons within our area of concern are (a) intentional 
releases, (b) unintentional escape from confinement, and (c) unaided, through natural 
dispersal via interconnected canals, rivers and coastal waters within the Rhine and 
Meuse river systems. Sturgeons are highly migratory species (Bemis & Kynard, 1997). 
Therefore, once introduced, they can disperse over hundreds of kilometres, unless barriers 
and impoundments limit this (Puijenbroek et al., 2019). Escape from confinement is 
not possible as open net pen facilities do not exist in the study area. However, escapes 
from garden ponds and angling ponds are likely because some ponds were flooded 
during recent high river discharges. Finally, intentional release into the wild by anglers, 
garden pond owners and aquarium keepers is also plausible because sturgeons can attain 
unexpected large size and longevity, and there is no take-back obligation for sellers, nor 
do pet rescue centres for these fish exist. Thus, plausible explanations for sturgeons’ 
presence in hydrologically connected waters are escapes during floods and/or intentional 
releases.

Three patterns in sturgeon sales explain the dominant occurrences among the sturgeons 
of Siberian sturgeon, Russian sturgeon and Sterlet: 1) These three sturgeon species are 
widely available at over >1000 distribution points, and even online through web shops 
and platforms such as www.marktplaats.nl and www.ebay.com; 2) these sturgeon species 
are sold at reasonable prices of €25.- to €75.- each. The other eight species are rare and 
expensive, ranging from €250.- for Shortnose sturgeon to €5200.-. for an exceptionally 
rare 2.5 m White sturgeon; 3) these three sturgeon species are sold without restrictions, 
while the rarer species are mostly chipped and registered. To prevent impulsive purchases 
it would be helpful to create more awareness about the size and longevity that these fish 
can attain. In addition, all sturgeon sales could be restricted to only registered, certified, 
and chipped sturgeons. This will prevent alien sturgeon farming outside certified, 
controlled aquaculture. Moreover, chipping all alien sturgeons’ will aid to identify their 
origin and monitor species first appearances, survival, and potential establishment when 
fish end up in hydrologically connected waters.

5.4.3 Risk assessments of  introduction, establishment, spread and impacts
We carried out a risk assessment with the Harmonia+ protocol for all 10 reported alien 
sturgeon and one paddlefish species, although our priority was the three sturgeons most 
frequently occurring in hydrologically connected waters. The risk assessment for these 
three species consequently showed a high risk of introduction, establishment and spread 
with a high confidence level. Considering their establishment, until now, none of the 
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species was able to reproduce successfully in the Rhine-Meuse delta and to establish 
viable populations. Yet, their spawning periods and spawning grounds are comparable 
to those of the native European sturgeon and Atlantic sturgeon. The three alien and 
two native sturgeon species all spawn in spring and summer months in the rivers’ 
mainstream over gravelly substrates, and under comparable ranges of water temperature, 
water depths and flow velocities (Acolas et al., 2011a; Brevé et al., 2022a; Gessner & 
Bartel, 2006; US Fish and Wildlife Service, 2018a, 2018b, 2018c; Van Eenennaam 
et al., 1996). Therefore, these alien sturgeons might compete and hybridize with the 
native species. Even though we found no proof of alien sturgeons’ reproduction and 
establishment of viable populations in the Rhine-Meuse delta, this does not imply that 
they will not achieve to do so in the future when habitats and connectivity would be 
improved. As long as the introductions continue, the numbers of these animals will 
increase also without reproduction. Importantly, as sturgeon releases continue, risk of 
spread of their diseases and parasites also continues and this might pose a high risk for 
the rivers Rhine and Meuse environment and potentially introduced native sturgeons 
and other fish species (European Union, 2018; Mugetti et al., 2020; Radosavljević et 
al., 2019).

Several risk assessments of Siberian sturgeon and Sterlet have been performed before 
for other areas of concern in Europe (Almeida et al., 2013; Verbrugge et al., 2019; 
Vilizzi et al., 2019) and North America (Wyman-Grothem, 2019). Although a variety 
of protocols and risk score systems were used, the results of these assessments are in line 
with our scores for environmental impacts and overall risks. Siberian sturgeon even 
classified for the German-Austrian black-list of invasive alien species (Essl et al., 2011; 
Nehring et al., 2010).

5.4.4 Measures to mitigate introductions and spread
Based on the outcomes of the Harmonia+ risk assessments and the other risk assessments 
we can confirm the recommendations of the French, German, Dutch and Pan-European 
sturgeon action plans, that is to use caution in sturgeon cultivation and introductions of 
alien sturgeons (Council of Europe 2018; France Ministère de l’Écologie 2020; Gessner 
et al. 2011; Rosenthal 2008; Visser et al. 2020). Not surprisingly, the legal framework to 
stop the introductions and spread of invasive species and of related diseases and parasites 
is already in force. Yet sturgeons are not easily recognized as potential IAS, nor are the 
restrictions of their introductions and spread enforced. While invasions of alien species, 
in general, can be stopped at an early stage, they are difficult and even impossible to 
stop after the invasion is well underway (Navid, 1989) and thus, there is an urgency 
to act. We therefore recommend to assess whether specific alien sturgeon species could 
be placed on the list of invasive species of EU concern, according to the Regulation 
on prevention and management of IAS (European Parliamant, 2014). This regulation 
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would imply that import, trade, containment, distribution, and release of specific 
sturgeon species are banned throughout the European Union. The advantage would be 
that the risk related to their introductions would be mitigated at the highest possible 
international legislative level in Europe. The disadvantage would be a commercial loss, 
especially to the sector involved in the exotic pet trade. If the latter is not acceptable, 
then another option would be to implement more stringent trade regulations for specific 
sturgeon species that apply on a scale of (interconnected) river basins, such as the Rhine 
and Danube rivers. This would imply that the Rhine and Danube member states must 
follow the examples given by the German-Austrian black-list of invasive alien species 
(Essl et al., 2011; Nehring et al., 2010). This means that mitigation measures (like 
the stop of intentional release) prevail instead of immediate action and eradication, in 
Germany and Austria.

5.4.5  The paradoxical status between sturgeon cultivation and sturgeon 
conservation

For three decades sturgeon aquaculture steadily increased while sturgeon conservation 
struggled to achieve success. The contrast could hardly be more evident. On the one hand, 
there is a general ease with which rare, endangered sturgeons can be traded, cultivated, 
multiplied, hybridized and distributed outside their natural range. Thus, without 
restrictions to a clientele that is hardly aware of the related risks. On the other hand, 
sturgeon conservation follows strict rules and guidelines for conservation translocations 
of endangered native sturgeons species (IUCN/SSC, 2013), which comes at great costs 
and efforts. We therefore suggest to develop a more critical view on the industry of 
sturgeon cultivation and balance the activities with Europe’s main policies on river 
restoration and biodiversity goals. The minimum requirement to achieve this would be 
to imply more stringent trade regulations that apply to specific species, preferably on 
the scale of river basins, and chip all sturgeons that are sold across the exotic pet trade.
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Abstract

Working towards a future Rhine Sturgeon Action Plan the outmigration pathways of 
stocked juvenile European sturgeon (Acipenser sturio L., 1758) were studied in the River 
Rhine in 2012 and 2015 using the NEDAP Trail system. A total of 87 sturgeon of 3 to 5 
years old (n = 43 in 2012, n = 44 in 2015) were implanted with transponders and released 
in May and June in the river Rhine at the Dutch‐German border, ap‐ proximately 160 
km from the sea. In total three sturgeons (3%) were found dead on river banks within 
seven days after the release. Based upon their wounds these sturgeons were likely hit 
by ship‐propellers. Tracking results were obtained from 57 (66%) of the sturgeons, of 
which 39 (45%) indicated movement into the Port of Rotterdam. Here the sturgeons 
remained for an average of two weeks, which suggests they spent time to acclimatize 
to higher salinities before entering the North Sea. Of the 45 (52%) sturgeons that 
were confirmed to have entered the North Sea, ten (22%) were recaptured (mainly by 
shrimpers and gill‐nets) close to the Dutch coastline; nine were alive and were released. 
From the results we obtained the preferred outmigration pathways, movement speeds 
and an indication of impacting factors (i.e. ship propellers and bycatch). Bycatches 
provided also localisations information in the coastal area. A next step to complete this 
work would be to assess habitat selection in freshwater and downstream migration of 
young of the year (YOY sturgeons) in the Lower Rhine.
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6.1 Introduction

Around 1900 the European sturgeon (Acipenser sturio L. 1758) still spawned in all main 
European rivers (Holčík et al., 1989). However, at present the species faces a high risk 
of extinction according to the IUCN (Gessner et al., 2010c); the species has nearly 
disappeared from all rivers including the Rhine basin (Rhine) (De Nie & Ommering, 
1998). The last European population is originated from the Gironde basin in France and 
stocking in Europe is currently supported by national action plans in the Gironde in 
France (MEDDTL, 2011) and in the Elbe in Germany (Gessner et al., 2011c).

6.1.1 Towards a Rhine sturgeon action plan 
A possible re‐establishment of European sturgeon in the Rhine could support the 
attempts towards effective prevention of extinction and recovery of the species in its 
Northern range. However, as a prerequisite for a possible rehabilitation in the Rhine, a 
sound scientific assessment of the suitability of its current state of habitat is paramount: 
cited from (Kirschbaum et al., 2009) “Natural populations can be established only if 
the most important factors that contributed to the decline of the species are no longer 
present in the rivers chosen for the re‐introduction measures.” As a result of water 
quality improvements and under the current scenarios for climate change the Rhine 
is suggested to provide again a potentially suitable basin for the species (Lassalle et al., 
2010; Williot et al., 2011a). Based upon this assessment, a political commitment and 
a realistic Rhine Sturgeon Action Plan within the catchment has to be reached that 
includes the potential countermeasures to circumvent adverse conditions for the species 
before actually considering to implement a reintroduction (Acolas et al., 2011b; de 
Groot, 2002). Due to certain biological features (e.g. females mature at 14–15 years old 
[yo] (Magnin, 1962) the population recovery is a long‐term process with an estimated 
minimum timeframe of 30–50 years (Jarić & Gessner, 2013).

Considering a future Rhine Sturgeon Action Plan, as is out‐ lined in several studies 
(Gessner et al., 2011c; Nemitz, 2010; Williot & Kirschbaum, 2011), there are key 
aspects that need to be addressed: 

1. Determination of the outmigration pathways of the species (if possible under 
different hydrological regimes) and the (adverse) impacting factors upon the species.

2. Assessment of availability, size/extent, stability and quality of critical habitats, such 
as spawning habitat and the identification of area for saltwater acclimatization.

3. Determination of the interference with navigation (current practice as well as the 
future development options). The Rhine is in‐ tensely navigated and the propulsions 
of these vessels cause strong and possible harmful water movements. 
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4. Monitoring the habitat use of juvenile sturgeons in the southern North Sea and 
investigating the effects and impacts of fisheries. 

5. Assess the cooperation potential of fisheries. 
6. Assess the usage of potential nursery areas in the Rhine in Germany. 
7. Evaluate the effects of the temporal opening of the Haringvliet discharge sluices 

on sturgeon behaviour. This will only be possible after actual installed remediation 
management in 2018. 

The outcomes of these assessments could provide the baseline information to verify the 
necessity and intensity of future habitat improvements and to help develop and deploy 
international cooperation on those subjects as is advised in related studies (Bölscher et 
al., 2013; IKSR-CIPR-ICBR, 2009).

6.1.2 Experimental releases 
Within the project of a Rhine sturgeon action plan the present study focuses on key 
question 1, i.e. characterising the outmigration pathways in the lower Rhine, but some 
elements for questions 3, 4 and 5 were also acquired. Considering the configuration 
of this part of the Rhine, a complex network of channels and the Haringvlietdam that 
blocks the access to the sea at one stretch, it is important to identify if juvenile sturgeons 
are capable to reach the sea to fulfil their life cycle. 

In the summers of 2012 and 2015 two tracking studies were carried out with marked 
juvenile European sturgeons to answer this question. The specimens were obtained from 
the French captive stock within intra‐governmental agreement for a limited number of 
sturgeon for experimental releases. The results obtained in 2012 have been published in 
Brevé et al. (2013a), the results obtained in 2015 and a comparison between both field 
studies are given in the present paper.

6.2 Materials and methods 

6.2.1 Study area 
The study area covers the Lower Rhine in the Netherlands, a mix of channels and 
natural habitats that are strongly modified by hydraulic engineering (Figure 6.1a and 
b). This includes the port of Rotterdam the terminus of all Rhine navigation, and some 
of the largest storm surge barriers in the world i.e. the Haringvlietdam and Afsluitdijk. 
During the study, the water temperature varied between 18 and 24°C for both years. 
The average Rhine flow velocity is estimated by RWS to be approximately 1 m/s at 
discharges of 2,000 m3 /s. In 2015, the average Rhine discharge in the first week after 
the release was 1,868 m3 /s and in 2012 it was 2,000 m3 /s in May and 2,443 m3 /s in 
June (Figure 6.2a and b).
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6.2.2 Sturgeon tagging and release 
In 2012, 43 juvenile A. sturio from 3 to 5 yo (76 ± 4.4 cm in total length (TL), 1.65 ± 
0.25 kg) were released in the Rhine on May 10 (n = 13) and June 21 (n = 30) (Figure 
6.1a). In 2015, on June 10, 44 conspecifics (4 yo, 80.9 ± 10.2 cm TL, 2.39 ± 0.9 kg) were 
released 15 km higher upstream at the Dutch/German border (Figure 6.1b) to identify 
if they would choose the Waal or the Pannerdensch channel to migrate downstream. In 
2012 the tracking lasted 171 days and in 2015 97 days.
All sturgeons originated of a controlled reproduction of the French broodstock (Williot 
& Chevre, 2011). Notably, the three to five yo sturgeons were physically able to support 
the salinity of the sea (Acolas et al., 2011a). All sturgeons had been implanted into the 
abdominal cavity with transponders for the NEDAP TRAIL system® (Breukelaar et al., 
1998). The telemetry system has detection stations installed at each main weir in the 
Rhine and Meuse Rivers in the Netherlands (Figure 6.1a and b). Surgery took place at 
the Irstea French experimentation station and the method of tagging and recuperation, 
transportation to the Netherlands and acclimatisation of the sturgeon to Rhine water 
followed the procedure described in Brevé et al. (2013a). The transponders are contained 
within a shell of surgical glass (26.5 g in air; Ø: 15 mm; length: 70 mm; battery life of 
approximately 4 years). Their weight was less than 2% of the total weight of the lightest 
sturgeon which is an acceptable ratio for studies in underwater biotelemetry (Winter, 
1983). WOT‐tags were inserted on all released individuals at the base of their dorsal fin 
to provide external recognition. 
The involvement of commercial fisherman was obtained by inviting their representatives 
at the release events and by providing a handling protocol, an Id‐card and a 100 euro 
reward for reported re‐ captures. News during the study’s progress (tracking and 
recaptures) was published in magazine Visserijnieuws.

6.2.3 Data analysis 
Outmigration pathways were plotted in ArcMAP according to registrations (detections, 
finds and recaptures at sea) of the sturgeon. The downstream movement speed in m/s 
of individual sturgeon and the average speed for all sturgeons (net ground speed of 
the sturgeon downstream + average river flow velocity) was calculated for the river 
stretch between the release site and the first station Waal_Brakel, whereby the distance 
was measured in Google maps along the midst of the river and the time between the 
release moment and the first detection at this station. Detection rate of two Nedap 
stations (Waal_Brakel and Beneden_Merwede_Sliedrecht, Table 6.1) was estimated by 
the number of sturgeon detected divided by the total number that should have been 
detected according to additional registrations downstream. Both calculations were not 
made for other river stretches nor other stations since there are many bifurcations further 
downstream thus possible detours.
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Figure 6.1. Study area and outmigration pathways (blue lines and areas). (a) 2012, (b) 2015. Yellow circles with crosses 
= release locations; black dots = NEDAP trail stations with no detections; white dots with black centres = stations with 
detections; numbers = detections of individual sturgeons (n); numbers between brackets = other individual sturgeons that 
passed this station without being recorded as deduced from detections collected further downstream.

6.3 Results 

6.3.1 Outmigration pathways 
The outmigration pathways were mapped (Figure 6.1a and b) based upon detections 
derived from 63 (72%) of the sturgeon (Table 6.1); additional data was obtained 
from finds on river banks and recaptures in the North Sea (Table 6.2, Figure 6.3). No 
sturgeon was detected upstream of the release sites. Considering the release site in 2015, 
the sturgeon reached the first bifurcation 9.5 km downstream (Figure 6.1b) between the 
Pannerdensch kanaal (channel) which carries approximately a third in river discharge 
and the Waal (river) carrying two third of the discharge. All sturgeons detected followed 
the maximum river discharge. At the first station (“Waal_Brakel”, Figure 6.1a and b) 20 
and 25 sturgeons were detected in 2012 and 2015, respectively. But by back‐tracking of 
individuals detected at stations further downstream and by additional recaptures from 
the North Sea that were previously undetected, it was deduced that more sturgeons 
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must have passed station Brakel undetected i.e. 29 and 32, respectively; the same 
principle applies to station “Beneden Merwede Sliedrecht” (Table 6.2, Figure 6.1a and 
b). At 102/117 km downstream from the release location there is a second bifurcation 
between the Nieuwe Merwede and the Oude Merwede (Figure 6.1a and b). From this 
bifurcation two main routes lead towards the North Sea, via the discharge sluices of the 
Haringvlietdam or via the Port of Rotterdam (Nedap stations “Nieuwe Waterweg” and 
“Hartelkanaal”, Table 6.1). In 2012 the sturgeons preferred the route Nieuwe Merwede 
→ Hollandsch diep → Dordtsche Kil → Oude Maas → Nieuwe Waterweg (Figure 
6.1a). In 2015 the sturgeons preferred the route Beneden Merwede → Oude Maas 
→Nieuwe Waterweg (Figure 6.1b). 

Both years, most sturgeons migrated towards the station “Nieuwe Waterweg” which 
corresponds to the Port of Rotterdam (Table 6.2, Figure 6.1a and b). The number of 
detections collected at this station differed between both years: in 2012 the station 
collected 99% of all detections, in 2015 this proportion was 78% of all detections 
(Table 6.1) and for both years it corresponds to the most frequented area (169 and 95 
days of detections). 

In 2012, the migration from the release site towards the Nieuwe Waterweg took 
between 2.5 and 48 days ( n = 16), with an average of seven days. Three sturgeon were 
detected in the Hartelkanaal (Port of Rotterdam), but no sturgeon was detected at the 
Haringvlietdam. In 2015, the migration to the Nieuwe Waterweg took between 3 and 
52 days ( n = 19), with an average of 13 days. In 2015 sturgeon were also detected along 
the route towards the Haringvlietdam which took between 8 and 13 days ( n = 3), with 
an average of 11 days. Two sturgeons passed the Haringvlietdam immediately after their 
arrival, whereas a third sturgeon was delayed for 5 days. One sturgeon was detected in 
the channel Noord (Figure 6.1b) which most likely reached the North Sea through the 
Nieuwe Waterweg. Thus, in both years at least 50% of the sturgeons were confirmed to 
have reached the North Sea (Table 6.2). 
In 2012 the average movement speed downstream was 1.2 m/s (106 km/day) and the 
fastest sturgeon moved 1.6 m/s (142 km/day). In 2015, 1.1 m/s (96 km/day) and 1.5 
m/s (127 km/day), respectively.
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Figure 6.2. (a) 2012 and (b) 2015 Rhine River discharge (red line), total opening of the sluices of the Haringvlietdam 
(blue line), release moments (arrows), and sturgeon detections at the Haringvlietdam in 2015 (green squares). Source: 
RWS Operationele bedieningsstaat Haringvlietdam.

Table 6.1 Detections collected by the NEDAP Trail system in 2012 and 2015.

Kekerdom Spijk

Release site and month => May/June 2012 (n = 43) June 2015 (n = 44)

Name NEDAP stations W na n(%) na n(%)

Water location sturgeons sturgeons sturgeons sturgeons

Waal Brakel 20 (6) 20 25 (6) 47

Beneden Merwede Sliedrecht 2 2 2 (18) 13

Dordtsche Kil s’Gravendeel 8 8 5 6

Noord Kinderdijk 1 1 4 5

Spui Zuidland - - 1 2

Oude Maas Spijkenisse 9 14 14 18

Hartelkanaal Port of Rotterdam 3 5 - -

Nieuwe Waterweg Port of Rotterdam 16 5,412 (99%) 19 365 (78%)

Haringvliet dam - - 3 9

Total detected 26 5,426 31 465
a Missed detections as recalculated from detections downstream.
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6.3.2  Interactions between sturgeons, ship propellers and fishermen from 
the north sea 

In total three sturgeons were found dead on river banks by pedestrians (Table 6.1, Figure 
6.3), all within seven days after their release. Based upon the decomposition of the 
bodies they were dead for several days. None of the dead sturgeon were detected. Two 
were found between the release site and station Brakel, nearly decapitated with sharp 
cuts perpendicular to the body. A third sturgeon was found at 102 km from the release 
site but the transponder was broken, the sturgeon had a broken tail, a broken dorsal 
spine, and a sharp but shallow cut at the beginning of the belly. 

Ten sturgeons were reported in coastal waters, representing 11% of all sturgeons released 
(n = 87) and 22% of the sturgeons that were confirmed to have reached the North Sea 
(n = 45) (Table 6.2). Nine sturgeons were released alive and one died in 2012 due to a 
stone that was picked up by the net. In 2012, six sturgeons (three not detected) were 
recaptured by beam trawlers (Figure 6.3). Five were caught between July 19 and August 
20, thus within 1 month after the release. During this period shrimpers were licensed to 
fish without sieve net (to omit abundant sea weed), a provision to reduce by catch (Polet 
et al., 2004). In 2015, four sturgeons, all detected by the Nedap system, were recaptured 
between June 28 and December 31. Two were caught in a gill net, one by a beam trawler 
and one by an angler on December 19 in the Oosterschelde (Figure 6.3). Until present 
(April 2018) no further re‐ captures were reported of tagged sturgeon from this study. 
In total the observed mortality (finds and recaptures) was 5% (n = 4). Sturgeons with 
unknown fate represented in 2012 25% (n = 11) of the released sturgeons and 36% (n 
= 16) in 2015 (Table 6.2).

6.4 Discussion 

6.4.1 Function of  the Nedap trail system
In total 65% (n = 57) of the sturgeons were detected which resulted in 5,927 detections 
collected by nine stations (Table 6.1). In 2012 the stations in the Beneden Merwede and 
in the Haringvlietdam were malfunctioning, both were repaired in that year. The other 
stations were functional during the study period, but there were still non‐detections 
and back‐tracking was done to receive a better image of the outmigration pathways. In 
a similar study with Atlantic salmon smolts (Salmo salar) the overall percentage of non‐
detections was 13.6% (unpublished data). Possible reasons for non–detections are: (a) 
the signal is interrupted when a transponder is less than 10 cm to the hull of a vessel; (b) 
when the transponder is parallel to the antennae the chance of non‐detection becomes 
higher (Ensing & Breukelaar, 2017). 
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6.4.2 Outmigration pathways 
Both years, most sturgeon reached the Port of Rotterdam within 2 weeks. The overall 
downstream movement speed was approximately 100 km/day which is about 20 km/
day faster than the estimated speed of the river. A close look at the outmigration patterns 
shows that the sturgeons probably followed the routes with the highest river dis‐ charge. 
In 2015, at the first bifurcation all sturgeon took the route over the Rhine/Waal, which 
carries approximately 2/3 of river discharge. At the second bifurcation Beneden‐/Nieuwe 
Merwede the same principle applies, although a bit less obvious, which can be explained 
as follows: the sluices of the Haringvlietdam are used to redirect river water in the Lower 
Rhine network to facilitate navigation and to prevent excessive salt water intrusions in 
the Port of Rotterdam. When the river discharge is below 1,100 m3 /s the sluices are 
closed and most river water flows into the Port of Rotterdam and out into the North Sea. 
At higher river discharges the redundant river water is discharged during ebb tides under 
free fall into the North Sea via a measured opening of the sluices of the Haringvlietdam. 
This starts at a river discharge of between 1,100 and 1700 m3 /s (RWS, 1984) and at 
higher discharges consequently more water is directed via the Nieuwe Merwede towards 
the Haringvlietdam.  In 2015, the sturgeon preferred the route through the Beneden 
Merwede. In the first week after their release the average river discharge was 1868 m3 
/s and the average sluice opening of the Haringvlietdam was 65 m2 . Three sturgeons 
were detected at the Haringvlietdam. However, in 2012, the sturgeons preferred the 
route through the Nieuwe Merwede. In the first seven days after the release the average 
river discharge was somewhat higher than in 2015: 2,000 m3/s and 2,443 m3/s and the 
average sluice opening of the Haringvlietdam was 164 m2 and 314 m2 . No sturgeon was 
detected at the Haringvlietdam but this station was out of order in that year. In 2012 
three sturgeons not previously detected were recaptured at sea, and this is an indication 
that probably more sturgeons entered the North Sea through the Haringvlietdam.

Nevertheless, most sturgeons were detected at station Nieuwe Waterweg, a location with 
a high influx of the sea, characterized by a dynamic salt‐fresh water gradient (Dankers 
et al., 2006). Here the sturgeon stayed on average 14 and 22 days, and probably this 
is an expression of acclimatization behaviour to salt water. Notably, sturgeon that 
passed the Haringvlietdam did have no time to adapt to salt water, they went from 
Lake Haringvliet immediately into the North Sea and this could have been a problem 
for their wellbeing or even survival. Given the high average movement speed and the 
uniformity with which the sturgeons migrated downstream it is not very likely that any 
sturgeon stayed in the river. In addition, no sturgeon was detected during the year after 
the last detection observed in 2015.
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Figure 6.3. Locations of release locations (two circles with crosses), sturgeons found on river banks (red) 
and of reported recaptures (green). Circles = 2012, triangles = 2015.
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6.4.3  Sturgeons found on river banks, recaptures from north sea and  
mortality rates

Three sturgeons were found dead along a 100 km shoreline. In this river stretch, the 
banks are not easily reached by foot, limiting the number of possible encounters. It is 
likely that not all sturgeons that died washed ashore, nor were discovered but the exact 
number remains unknown due to the non‐detections. Several studies describe the loss 
of Atlantic sturgeon (Acipenser oxyrinchus) due to collisions with ships and propellers in 
the Delaware and James rivers, USA (Balazik et al., 2012; Brown & Murphy, 2010). No 
direct evidence was collected, but the wounds described and shown in pictures resemble 
those of the finds in the Rhine. 
Mortality was not only observed in the river but also at sea. The reported recapture 
rate was quite high from 14% to 9% according to years but the mortality declared by 
fishermen was low (10%). The Dutch coast is intensively fished by demersal fisheries 
such as gill‐netting and beam trawling (e.g. Bergman & Hup, 1992) and this probably 
hampers future sturgeon rehabilitation when fishing gear is not fine‐tuned to minimize 
the bycatch. Commercial fishers were willing to report their catch. In 2012, five out 
of six sturgeons were caught within one month when shrimpers were allowed to fish 
without sieve nets. A sieve net reduces bycatch in beam trawling, most round fish will 
then be released under water (e.g. Polet et al., 2004). In 2015, only one sturgeon was 
caught by a shrimper. By that time sieve nets were obligatory and it seems from the 
reduced number of bycatch that sieve nets may work for sturgeon. The other gear types 
mentioned are impossible to facilitate with comparable escape routes for round fish. 
Thus other measures would be necessary to reduce possible mortality and it is therefore 
recommended to aid commercial fishermen and anglers by delivering good id‐cards and 
handling protocols. 

The estimation of overall mortality lies between n = 4 and 28 (4 confirmed dead, 24 
unknown fate) i.e. 5%–32% (Table 6.2). It is difficult to interpret what happened with 
the undetected sturgeons. Considering the variability of the Nedap system detection 
efficiency, some could have reached the North Sea without being detected, and some 
could have died either due to ship propellers or due to difficulties to adapt to the natural 
environment. Notably, the sturgeons were raised in a protected environment for many 
years and released into a main European River that is intensely navigated and with high 
current velocity. Although the sturgeons were acclimatized to river water, most likely 
the sturgeons encountered difficulties in adapting their behaviour immediately after the 
release, and this could have caused extra mortality in comparison to wild sturgeons of 
the same age that would be more adapted to the River environment.
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6.4.4 Towards a Rhine sturgeon action plan
Considering the first key question as mentioned in the introduction section, it seems that 
the outmigration pathways in the Lower Rhine are available and the Port of Rotterdam 
corresponds to the main entrance at sea. However, when regarding the extremely slow 
growth of an European sturgeon population and the long generation time, any source of 
mortality amongst individual sturgeons caused by mankind (i.e. ship propellers and by‐
catch) may continue to hamper current and future efforts to restore the population, as is 
outlined for a close relative, the Atlantic sturgeon Acipenser oxyrinchus (Boreman, 1997; 
Gross et al., 2002). Considering the ship propellers injuries observed in this study as 
well as the rate of by‐catch, the overall estimated mortality being between 5% and 32%, 
the key questions 3 (interference with navigation) and 5 (cooperation with fishermen) 
are prior questions to be assessed in the project of a Rhine sturgeon action plan. 

To complete the present study carried out on sturgeons >3 year old, studies on YOY 
sturgeon survival and behaviour (habitat selection, downstream migration) in freshwater 
and transitional waters would be relevant. Such a study should preferably be carried out 
during 2019–2020 (see key question no. 7) when a new management scheme of the 
discharge sluices of the Haringvlietdam will be implemented to improve fish migration 
between the natural estuary of Rhine and Meuse Rivers and the North Sea, and includes 
the recovery of a semi‐permanent salt‐fresh water transitional zone in this estuary 
(Paalvast, 2016). However, considering the actual availability of YOY in the French 
captive stock it may not happen before 2021. When the assessment of experimental 
release of YOY in the Rhine will be possible, a comparison with the behaviour described 
in the Gironde (Acolas et al., 2017), and the habitat assessment in the Elbe (Gessner 
et al., 2014), or a joined study would make sense to help find data gaps, differences in 
survival, growth parameters and spatial and temporal distribution. 
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Abstract

Seventy-four European sturgeons Acipenser sturio, aged 13-15 months, were tagged for 
acoustic telemetry and released into the freshwater estuary of the Rhine and Meuse 
rivers. Significant losses occurred within one month in the dammed, slow-flowing 
waters within seven km of the release site (n=31, 42%). Lower losses occurred in the 
free-flowing parts towards the North Sea, up to 66 km from the release site (n=36, 
49%). Only seven fish reached the North Sea. We suspect that predation caused the 
losses and recommend future releases in free-flowing river sections, at night.
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Brief  communication

This study is part of a feasibility assessment for the reintroduction of the critically 
endangered, anadromous European sturgeon Acipenser sturio into the river Rhine. In a 
previous study, carried out in 2012 and 2015, 3-5 year old juvenile sturgeon, tagged for 
radio-telemetry, were released into the Rhine (n = 43 and n = 44 respectively) (Breve et 
al., 2019). Tracking data obtained from 57 fish (66%) revealed the species’ downstream 
migration pathways through the Rhine delta, of which 39 (68% of fish detected, and 
45% of total fish released) moved into the Port of Rotterdam where they spent two 
weeks, supposedly acclimatizing to seawater, before entering the North Sea. The study 
highlighted two problems: ship propeller strikes, as three fish (3%) with visible sharp 
wounds were found dead on the shores within seven days after their release; and bycatch 
at sea, as of the 45 fish (52%) confirmed to have reached the North Sea, ten (22%) were 
caught near the coast by shrimpers and gillnetters, of which nine fish were released alive 
and one died (Brevé et al., 2018).

One possible explanation for what was considered to be a reduced survival was that 
these 87 juvenile sturgeon came straight from the hatchery, so they may have been 
naive to a natural environment, and more susceptible to predation and human pressures 
than wild fish. Furthermore, as these ‘older’ juveniles were already able to adjust their 
osmoregulation to the salinity of seawater, they swam straight into the North Sea. The 
combined studies provided insight into the migration pathways and potential associated 
problems, but limited insight into the species’ natural behaviour, survival, and habitat 
use in the estuary of the Rhine and Meuse rivers.

The present study used acoustic-telemetry to track younger juvenile European sturgeons 
(13 - 15 months of age, Table 7.1). Acoustic telemetry requires smaller tags than the 
used radio-telemetry, allowing the tracking of smaller and younger fish: in this case, 
fish >100g, using tags of 2g, following the 2% rule of thumb (Smircich & Kelly, 2014). 
Sturgeons were provided by MIGADO from the same ex situ broodstock in southern 
France, as those from the previous radio-telemetry study. It was assumed that these 
younger fish would remain in the estuary for at least one to three months, as juvenile 
European sturgeon become tolerant to salinity fluctuations after approximately 15 
months of age (Rochard et al., 2001).

We used InnovaSea’s VUE tag model V8-4x-BLU-1, IDs A69-1604-17036 / 17110. 
These tags have a mass of 2.0 g, are 8 mm in diameter, 20.5 mm long and can optionally 
be set to a power output of 144 or 147 dB (low or high). The V8-4x tags were configured 
in three steps. In step 1, the tags were turned on for one hour at low power with a 
minimum delay of 40 s to allow tag-checking during surgical implantation (all tags 
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worked). See Brevé et al. (2013) for the surgical protocol. In step 2, the tags were turned 
off for 23 days. During this period, fish were quarantined at the hatchery for two weeks, 
adapted to river currents, transported to the Netherlands during one night in an 800 L 
tank with adjustable oxygen supply and manually checked every two hours. Hereafter, 
the fish were kept for one week in a holding vessel with river Rhine water (this vessel 
has a reservoir with perforated screens) to allow the sturgeons to acclimatise to the local 
water conditions. The fish were fed twice daily with krill and bloodworms provided 
by MIGADO. In step 3, tags were set to on, with a delay ranging from 40 to 190 
seconds, and a high power output level of 147 dB, based on range tests carried out in 
the Port of Rotterdam and at the Haringvliet Dam (Fig. 7.1). Tag-life was estimated to 
be approximately 148 days.

On 2 June, and 11August 2023, a total of 74 juvenile sturgeon were released in the 
‘Biesbosch’ (Fig. 7.1 and Table 7.1). This freshwater estuary has a history of seasonal 
sturgeon aggregations (Brevé et al., 2022) and provides abundant food sources for 
juvenile sturgeon (Van de Ven, 2020). The study area included the port of Rotterdam and 
the dammed freshwater Haringvliet reservoir, which was historically an open estuary of 
the Rhine and an important fish migration route, until it was closed by the Haringvliet 
Dam in 1970. The route via the port of Rotterdam is currently the only open and free-
flowing connection between the Rhine and the North Sea. The sluices in the Haringvliet 
Dam form a coastal migration barrier and an abrupt transition between freshwater and 
seawater, and negatively affect fish migration, especially during dry summer months 
(Breukelaar et al., 2009).

The study used a telemetry network of 79 InnovaSea VR2W-69 kHz and VR2Tx receivers 
mounted on buoys. The receivers were provided by Wageningen Marine Research and 
the Royal Dutch Angling Alliance (Sportvisserij Nederland), while the buoys were 
maintained by Rijkswaterstaat, the executive agency of the Ministry for Infrastructure 
and Water Management. In the estuary, the receivers were placed in arrays, spaced no 
more than 400 metres apart. At sea, the receivers were mounted further apart on buoys 
that define the shipping lane along the coast. 

Forty-three juvenile sturgeons (61%) were identified by the telemetry network. The 
tracking data revealed that the juvenile sturgeons typically left the Biesbosch within 2-4 
days. A total of 31 fish were not detected and may not have left the area. They were also 
not found during a dedicated search in the Biesbosch, using a V100 mobile antenna 
on 26 June and 4 October in 2023 (24 and 54 days after release, respectively) at seven 
locations within an individual distance of approximately 1 km, between the release site 
and the main exit to the south (Fig. 7.1). While it is possible that the tagged fish found 
one other, very narrow, alternative route out of the Biesbosch to the north, it is more 



 Go with the flow

141

likely that these fish were lost due to predation by fish or birds that may have moved 
beyond the detection range. Furthermore, of the 43 juvenile sturgeon identified by the 
telemetry network at the main exit of the Biesbosch, only 7% were not detected further 
downstream. And the two receivers covering the main exit of the Biesbosch continuously 
detected each other every day throughout the study, indicating full coverage of this 
migration route. Therefore, the telemetry system seems to have functioned adequately, 
making it highly unlikely that tagged sturgeon leaving the Biesbosch would not be 
detected by antennas further downstream.

The 43 fish that migrated from the Biesbosch mainly followed the free-flowing route 
towards the North Sea, taking the route Dortsche Kil, Oude Maas, Nieuwe Waterweg 
(see Fig. 7.1a). Thirty-four fish (79%) were last detected within 30 days (batch 1: 9 
out of 18 and batch 2: 21 out of 25). The tagged sturgeons actively avoided the mostly 
dammed and slow flowing parts of the estuary. Only seven fish reached the North Sea, 
batch 1 (n=5) between 3-9 days and batch 2 (n=2) between 4 and 79 days (see Fig 
7.1b). These  fish swam towards the Haringvliet, but returned on their tracks to enter 
the free-flowing Dortsche Kil. Five of these seven fish stayed at the seaward side of the 
Haringvliet Dam. Notably, this migration pattern is consistent with the routes used by 
the sturgeons in 2012 and 2015, when also most fish found the North Sea via the port 
of Rotterdam (Brevé et al., 2018).

The study shows that the juvenile European sturgeons suffered significant losses in the 
dammed and slow flowing sections of the estuary (Hollandsch Diep and Haringvliet, 
see fig. 7.1) compared to relatively lower losses in the free-flowing sections. For future 
experimental releases of juvenile sturgeons, it is recommended that they be released 
in flowing river conditions, preferably in the middle of the river and at night, on the 
assumption that this will minimize predation. This method could reduce the hunting 
success of predatory birds and fish that rely on vision. In order to verify the suspected 
predation problem, we recommend to repeat the experimental release at the exit of the 
Biesbosch area, but only with a minimum number of sturgeon (n=30), using predation 
tags (e.g. model V7D-2x) and a more closely spaced receiver network at this site in 
particular in the direct vicinity of the release site.
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Table 7.1. Dates of hatch, tagging, and release of 74 juvenile European sturgeons, released in the estuary of 
Rhine and Meuse rivers, and estimated end of tag life.

Batch Number 
of fish

Hatched Tagging Release Age of fish in Days between 
tag and 
release

Estimated end 
of tag life 
(148 days)

days months

1 29 24-5-2022 9-5-2023 2-6-2023 375 13 24 28-10-2023

2 45 24-5-2022 17-7-2023 11-8-2023 445 15 25 6-1-2024

Figure 7.1. Observed migration patterns of European sturgeon Acipenser sturio in the age of 13-15 months, 
released in the estuary of rivers Rhine and Meuse. Fish were tagged for acoustic telemetry. Grey dot = 
release site in the Biesbosch area. (a) Map overview showing the locations of 79 antennas (white dots) and 
number of individual fish detected, as well as the route choices of juvenile European sturgeons, released on 
2 June and 11 August in 2023 (n=29 and n=45, respectively). The arrows show the main migration route 
taken by the fish, which is also the main river discharge, and the main route taken by the juvenile European 
sturgeons in the age of 3-5 years, in 2012 and 2015. (b) The migration route of the seven tagged juvenile 
sturgeon that reached the North Sea. Fish did not enter the dammed, slow flowing waters of Hollandsch 
Diep and Haringvliet, but showed some searching behaviour in the area, before choosing to the free-flowing 
migration route towards the North Sea. Thereafter, five fish remained at the seaward side of the Haringvliet 
Dam during the full study period.
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Abstract

The aim of this paper is to identify an optimized strategy for the reintroduction of two 
anadromous sturgeon species to Europe: the critically endangered European sturgeon 
(Acipenser sturio) and the vulnerable Atlantic sturgeon (A. oxyrinchus). Restoration efforts 
began in 1991 with artificial rearing and stocking (release) of A. sturio in rivers of the 
French Atlantic coast and North Sea, followed in 2006 by the stocking of A. oxyrinchus in 
Baltic Sea rivers. This approach is based on the most recent geographical occurrences of 
both species, but may no longer be a viable strategy. We deliver evidence that both species 
spawned in North Sea rivers into the 20th century by analysing acipenserid remains, and 
argue that additional factors need to be considered to determine which species has to 
be reintroduced where. Factors include poleward (northward) shifts in suitable habitats 
due to climate change; the scarcity of A. sturio that limits stocking possibilities, monitor 
population developments and evaluate (fisheries) management measures; and the risk 
of hybridisation and outbreeding of the genetically eroded A. sturio. This paper analyses 
the various factors and re-evaluates three alternative, theoretical strategies to determine 
their advantages and disadvantages: (1) prioritising the restoration of only the critically 
endangered A. sturio, (2) maintaining a strict north-south division of reintroductions for 
the two species, and (3) restoring a ‘mixed zone’ of sympatric occurrences in Northwest 
Europe, particularly in North Sea rivers. This re-evaluation emphasis the significance of 
scientific communities in Europe to closely collaborate in reintroducing these species.
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8.1 Introduction

Insights may change as scientific knowledge expands across multiple disciplines (Marg 
& Theiler, 2023). After decades of efforts to conserve and restore the European sturgeon 
(Acipenser sturio) (Williot & Castelnaud, 2011), studies of acipenserid remains revealed 
that not one, but two closely related anadromous sturgeon species had existed in Europe: 
A. sturio and the Atlantic sturgeon (A. oxyrinchus) (Ludwig et al., 2002). This insight 
influenced the reintroduction strategy. Between the 1970s and 2002, conservation 
measures focussed solely on A. sturio by tag-recapture studies and later artificial rearing 
and stocking offspring in the Gironde, Garonne and Dordogne (GGD) river basin in 
France, home to the last relict population of the species (Williot et al., 2009b). The river 
Elbe in Germany was selected as a backup option with the implementation of a second 
ex situ broodstock with sturgeon derived from the French broodstock in 1996 (Williot 
& Kirschbaum, 2011). While, from 2000 onwards, the river Rhine in the Netherlands, 
Germany, France and Switzerland, became the subject of a feasibility assessment for 
a potentially third reintroduction effort (Brevé et al., 2019b; France Ministère de 
l’Écologie, 2020; Visser et al., 2020; Williot & Kirschbaum, 2011).

Rivers in Acipenser sturio’s former southern range, in the Mediterranean, Adriatic, and 
Black Seas, were not considered for reintroduction due to the severe environmental 
degradation caused by damming, canalisation, intensive fisheries, and pollution (Almaca 
& Elvira, 2000; Bacalbaşa-Dobrovici & Holčík, 2000; Economidis et al., 2000; Jarić et 
al., 2010; Kolman & Zarkua, 2002; Ludwig et al., 2011; Ninua, 1976; Puijenbroek et 
al., 2019; Williot et al., 2002a), and because of climate change. According to Lassalle et 
al. (2010), climate change will render the species’ former southern range less habitable, 
while increasing the suitability of historic areas such as the North Sea, as well as additional 
northern areas, such as Icelandic or Norwegian rivers.

From 2002 onwards, a study of historical acipenserid remains in the Baltic region, led 
to the reintroduction of A. oxyrinchus from a genetically comparable Canadian source to 
Baltic Sea rivers. Experimental releases were effectuated in 2006 in the Oder and Vistula 
rivers in Poland and Germany, and participation of other Baltic countries subsequently 
increased over time (Gessner et al., 2019; Kolman et al., 2016; Purvina & Medne, 2018; 
Ruban, 2020). 

Consequently, A. sturio is reintroduced in two rivers of its former northern range, but not 
in its original southern range, while A. oxyrinchus is reintroduced in a growing number 
of Baltic rivers. However, this strategy may not necessarily provide a solid foundation 
for the sustainable conservation of both species, for five main reasons described below.
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(1) Hybridisation is common in sturgeon species (Birstein et al., 1997b) and fertile 
offspring is produced in most sturgeon crossbreeding (Shivaramu, 2019). Hybridisation 
and introgression between A. sturio and A. oxyrinchus has occurred in the past (Birstein, 
2002; Chassaing et al., 2018; Chassaing et al., 2011b; Fontana et al., 2008; Popović 
et al., 2014; Thieren et al., 2016a) and may occur in the future, which could pose a 
problem for their conservation in Europe, in particular for the genetically eroded A. 
sturio. Although both sturgeons express homing behaviour to their natal rivers (Bemis & 
Kynard, 1997) they are also highly migratory species that spend most of their lifespan in 
estuaries and coastal waters. Both species are known to partially stray, colonize adjacent 
rivers, and expand their range (Ludwig et al., 2002; Nikulina & Schmölcke, 2018). 
Currently, both species are stocked in geographically separated rivers, but catches of 
tagged subadult A. oxyrinchus stocked in Baltic Sea rivers have already been reported 
from the marine environment, off the coasts of Norway, Cornwall, and from the Loire 
River mouth; meanwhile, A. sturio stocked in the Gironde and Elbe rivers occur along 
the French Atlantic coast (including the Bay of Biscay and English Channel), and in 
the North Sea and the Western Baltic Sea (Charbonnel & Acolas, 2022; McCormick 
et al., 2023). Thus, subadults of both species already occur in sympatry in their marine 
habitat, and because of a process of straying and colonisation it may be difficult, if not 
impossible, to maintain a strict north-south separation of both species for the medium 
and long term to prevent hybridisation.

(2) There is a clear difference between the two species’ Red List status and consequently 
between the urgency and potential (availability) to take restoration measures. The 
International Union for Conservation of Nature (IUCN) lists A. sturio as critically 
endangered (CR) with less than 750 mature individuals estimated to exist (Gessner 
et al., 2022). In contrast, A. oxyrinchus is listed as vulnerable (VU), and although 
the species is extinct in Europe, populations are increasing worldwide. Currently, the 
number of mature A. oxyrinchus individuals has been assessed to be approximately 
10,000 specimens in North America (Hilton & Fox, 2022). The scarcity of A. sturio and 
its current limited genetic diversity (Ludwig et al., 2004) emphasizes the need for strong 
conservation efforts. However, obviously, the restricted reproductions and intermittent 
supply of A. sturio offspring has hindered conservation efforts, including stocking 
opportunities, monitoring population development at sea, and assessing the effectiveness 
of fisheries management measures (Charbonnel & Acolas, 2022; Charbonnel et al., 
2022). In contrast to the limited availability of A. sturio, A. oxyrinchus is widely available 
from aquaculture (Brevé et al., 2022b; Waldman et al., 2002). Using A. oxyrinchus for 
restoration in the French Atlantic coast and North Sea could lead to faster progress 
than solely focusing on A. sturio. In that case, the potential hybridisation risk would be 
accepted (see point 1).
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“Acipenser sturio is so scarce that each specimen is precious; thus, it is risky to 
experiment with them. But given the similarities between the two species, those seeking 
to restore A. sturio should be able to adapt much of the information learned from 
managers of A. oxyrinchus.” (Waldman, 2000), p. 237.

(3) The current reintroduction programmes are primarily based on the last known 
historical geographical occurrences of both species during the 19th and 20th centuries. 
However, insights have recently changed and are still developing. There is still some 
debate over whether A. sturio ‘outcompeted’ A. oxyrinchus in the French Atlantic coast 
and North Sea, or whether both species coexisted in the region during the early 20th 
century (Nikulina & Schmölcke, 2016a, 2016b; Nikulina & Schmölcke, 2018; Thieren 
et al., 2016a; Van Neer et al., 2012). Moreover, samples from the 19th and 20th century 
only provide insight into the situation immediately before the extinction (Ludwig 
et al., 2002). According to IUCN/SSC (2013), useful anchoring dates for species 
reintroductions are 1500 (pre-European expansion) and 1750 (pre-industrialization). 
For example, if reintroduction were to commit to 1750 as anchoring date, a different 
strategy should be considered. Both species coexisted in rivers along the French Atlantic 
coast and in North Sea rivers for approximately 6,000 years before 1750 (Nikulina & 
Schmölcke, 2016b; Nikulina & Schmölcke, 2018; Thieren et al., 2016a). 

(4) Most of the anthropogenic threats that caused the extinction of the two sturgeon 
species in Europe have increased in intensity thereafter. Thus, “The last place in which a 
species/ population was found may not be the best habitat for returning the species.” (IUCN/
SSC, 2013), p. 8.  Fisheries intensity has significantly increased in the past century, 
and currently incidental bycatch mortality is considered a main threat to A. sturio 
conservation in the Northeast Atlantic (OSPAR Commission, 2009, 2021; Sahrhage & 
Lundbeck, 2012). Most European rivers have been transformed into effective shipping 
lanes through canalisation, and hard river engineering, and fish migration routes 
between the sea and the rivers’ lower and middle ranges have been lost due to diking, 
hydro-damming, and the building of storm surge barriers (Eigaard et al., 2017; Mako & 
Galieriková, 2021; Puijenbroek et al., 2019; Sahrhage & Lundbeck, 2012). So, not only 
have the chances of survival at sea decreased, but also the quality of suitable spawning 
habitat in the natal rivers across the species entire former range.

And lastly (5), there is ongoing international interest in sturgeon restoration, which has 
consequences for a much-needed Pan-European strategy. These include the efforts for 
the Rhine, the development of a sturgeon action plan for the UK (Colclough, 2021; 
McCormick et al., 2023), and the experimental release of A. sturio juveniles in the river 
Ebro in Spain in 2023. The latter illustrates that even though there are strong arguments 
against A. sturio restoration in its former southern range (climate change, habitat 
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degradation and loss) there are still some ‘southern’ rivers that may offer potential for 
the species reintroduction, including the Minho in Portugal, the Ebro in Spain, the Po 
in Italy, the Danube in Hungary, and the Rioni in Georgia (Bacalbaşa-Dobrovici & 
Holčík, 2000; Kolman & Zarkua, 2002; Ninua, 1976). Restoration of A. sturio to these 
rivers would omit potential conflicts of hybridisation between the two species, since A. 
oxyrinchus was historically absent from A. sturio’s southern range.

“As habitats vary over space and time, species’ ranges are dynamic. Environmental 
conditions will continue to change after species extinction. It is invalid to assume that 
former range will invariably provide suitable habitat.” (IUCN/SSC, 2013), p. 13. 

This study re-assesses the reintroduction strategies for A. sturio and A. oxyrinchus in 
Europe, by asking whether a preferential strategy can be identified for reintroducing both 
species. This paper, therefore, distinguishes three distinct theoretical strategies to discuss 
and identify the advantages and disadvantages of the resulting measures: (1) a priority 
focus on restoring only the critically endangered A. sturio; (2) aiming to maintain a strict 
north-south division of reintroductions; and (3) inducing a ‘mixed zone’ of sympatric 
occurrences in Europe and in particular in North Sea rivers.

8.2. Methods

8.2.1 Literature study
This study is partly based on a literature search, conducted through the platforms of Scopus 
(www.elsevier.com/solutions/scopus) and Natural Science Collection ProQuest (https://
www.proquest.com/products-services/natural_science.html). The following query string 
was applied in ‘advanced search’ in Titles, Abstracts and Summaries: “Acipenser sturio” 
or “Acipenser oxyrinchus” and “Europe*” (* = wildcard). After eliminating duplicate 
information, scanning all abstracts and further snowballing (citation tracking), a total 
of 117 articles were selected that were considered of direct relevance to this study. 
These articles were used to identify all factors that could potentially affect the different 
reintroduction strategies.

8.2.2 Species check for the Rhine
The Rhine is currently considered for reintroduction of A. sturio. As this river basin 
is located in the middle of the ‘mixed zone’ of both species historical occurrences in 
North Sea rivers, we investigated whether A. oxyrinchus occurred and spawned in the 
Rhine during the 19th and 20th centuries, using two methods. First, we verified both 
species’ occurrences in the archaeological data from Thieren et al. (2016a), who state 
that A. oxyrinchus has been the dominant species for the North Sea rivers, including the 
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Rhine, for records that date to the Modern era. The authors of the latter study provided 
their unpublished data for this present study, detailed per river and era. Secondly, to 
verify the results for the Rhine, we additionally identified ten acipenserid specimens, 
dated between 1840-1905, to the species level. The specimens are present at the Dutch 
Naturalis Biodiversity Centre: six in the wet collection (bottled fish < 45 cm TL) and 
four in the dry collection (stuffed specimens and skeletons >100 cm TL). Specimens 
from the wet collection were identified through genome skimming, as described in 
Trevisan et al. (2019), and by mapping the corresponding DNA sequences to publicly 
known mitochondrial DNA. Specimens from the dry collection were identified based 
on a visual evaluation of the surface pattern of their bony plates (scutes). Although both 
sturgeon are morphologically very similar, especially in their early life stages, they can 
be identified to the species level based on the presence of alveolar or tubercular patterns 
on their bony plates. The different patterns are diagnostic for A. oxyrinchus and A. sturio 
respectively, but only for individuals of over one meter in total length (Thieren et al., 
2016b); Thieren et al. (2015).

8.2.3 Synthesis of  information
In the results and discussion section, we use the literature review to describe both past 
and present reintroduction strategies for both sturgeon species in Europe. We present 
the results of the data analyses of archaeological and museum specimens for the Rhine 
and link these to a general discussion of which of the two sturgeon species is native to 
which geographical area. The discussion continues with a description of the potential 
consequences of ongoing climate change on shifts in geographical ranges, and the 
consequences of hybridisation and competition between the two species. Finally, we 
discuss what these factors mean for three theoretical reintroduction strategies, with 
their respective advantages, disadvantages and knowledge gaps, and highlight what is 
realistically feasible, taking into account reintroduction efforts already underway.

8.3. Results and discussion

8.3.1  Sturgeon colonisation of  the Northeast Atlantic, the North Sea and 
the altic Sea

Before 2002, it was an accepted theory that the two sea sturgeons had been separated by 
the Atlantic Ocean for 60 million years (Bemis & Kynard, 1997). While the American 
coast from Labrador to Florida was inhabited by A. oxyrinchus, A. sturio was assumed 
to have a wide distribution in Europe, including the marine basins and large rivers 
of the Black Sea, Mediterranean Sea, Adriatic Sea, French Atlantic coast, North Sea, 
and Baltic Sea (Billard & Lecointre, 2000). However, the picture changed (particularly 
for the Baltic Sea) when morphological, genetic and archaeological evidence proved 
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that both species’ spatiotemporal distributions were affected by the transition from the 
Weichselian glaciation to the current interglacial period (Ludwig et al., 2002; Ludwig et 
al., 2009b; Peng et al., 2007).

In 2002, Ludwig et al. (2002) stated that A. oxyrinchus had ‘swam east’ during the Middle 
Ages and immigrated from North America into the Baltic Sea, where it replaced the 
native A. sturio there. From later studies, more detailed, additional information became 
available about the exact timing of when and where A. oxyrinchus colonised Europe, and 
how the species spread. The up until now oldest known finds of A. oxyrinchus are from 
the site of the Yangtzehaven (Rotterdam, the Netherlands, mouth of the river Rhine) 
and date between 7000 and 6500 BC (Thieren et al., 2016a). Archaeological finds of A. 
oxyrinchus are reported along the Northeast Atlantic coast of France and Great Britain, 
the North Sea, the Baltic Sea, and Lake Ladoga in Russia (Arndt et al., 2006; Chassaing 
et al., 2013; Galimova et al., 2015; Gessner et al., 2007; Nikulina & Schmölcke, 2016b; 
Popović et al., 2014; Thieren et al., 2016a; Tiedemann et al., 2007). Archaeological 
finds of A. sturio show that this species’ populations colonized the French Atlantic coast 
and the North Sea roughly from 6,000 BC onwards, originating from Mediterranean 
and Iberian waters (Chassaing et al., 2011a; Chassaing et al., 2013; Desse-Berset, 2009; 
Desse‐Berset & Williot, 2011; Nikulina & Schmölcke, 2016b; Popović et al., 2014; 
Thieren et al., 2016a). However, no self-sustaining population of A. sturio seems to have 
occurred in the Baltic Sea; only A. oxyrinchus and A. oxyrinchus x A. sturio, the latter 
probably through hybridisation in more southerly North Sea and Atlantic rivers and 
subsequent colonisation northwards (Chassaing et al., 2011a; Galimova et al., 2015).

8.3.2  Different interpretations of  last appearances for the southern  
North Sea

For the southern North Sea, the historical presence of both species is accepted, but there 
is less agreement as to when each of the two species dominated or last occurred in the 
area. Nikulina and Schmölcke (2016b) concluded that A. oxyrinchus was the dominant 
sturgeon species of the southern North Sea between 6,000-1,000 years ago, after which 
A. oxyrinchus was thought to have been gradually replaced, and possibly outcompeted, by 
A. sturio. This conclusion was drawn from an analysis of 438 archaeological acipenserid 
remains from the Rhine, Ems, Weser, Elbe and Eider rivers. In contrast, Thieren et al. 
(2016a) showed that A. oxyrinchus continued to dominate in the North Sea well into 
the 20th century. This study analysed over 7,000 acipenserid bones collected from the 
catchments of the Ems, Rhine, Meuse, Scheldt and Thames rivers. The authors of the 
latter study provided their unpublished data for this present study (Table 8.1). The 
table shows that both species have been present for millennia in the southern North Sea 
and that A. oxyrinchus has been the dominant species. For the Modern Era the number 
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is small but indicative: A. oxyrinchus and A. sturio both occurred in the rivers Thames 
(n = 4 and 1 respectively) and Scheldt (n= 1 and 2 respectively) (Table 8.1). For the 
Naturalis collection for the Rhine and Meuse rivers, three out of six acipenserid remains, 
previously labelled as A. sturio, were identified as A. oxyrinchus, including a 20 cm long 
specimen caught in the Rhine in November 1905 (Table 8.2). As A. oxyrinchus (and A. 
sturio) of this size are not yet able to adapt their osmoregulation to seawater (Acolas et 
al., 2011a; Acolas et al., 2012; Allen et al., 2014; McCord et al., 2007; Rochard et al., 
2001), this specimen is evidence of A. oxyrinchus spawning in the Rhine in the summer 
of 1904.

Due to the difficulties in identifying acipenserid remains to the species level, it is 
possible that previous identifications were inaccurate. Sturgeon skeletons are primarily 
cartilaginous, only partially ossified, and their remains are often strongly eroded 
(Panagiotopoulou et al., 2014; Thieren et al., 2015). Still, on the basis of both small 
datasets we can conclude that both species were native to the southern North Sea and 
the rivers Thames, Scheldt, Rhine and Meuse, and that A. oxyrinchus spawned in the 
Rhine into the 20th century. Based on the historical evidence, there is no objection to 
consider both species for reintroduction to southern North Sea rivers.

8.3.3 Decline in sturgeon populations
Although both sturgeon species coexisted along the French and UK Atlantic coast, from 
the Bay of Biscay to the southern North Sea, from approximately 7,000 BC onwards 
(Thieren et al., 2016a), their populations began to decline and disappear in the late 
19th century (Brevé et al., 2022d; Lenders, 2017; Thieren et al., 2016a; Van Neer et al., 
2012). The last natural reproductions for A. sturio were documented in the Gironde 
basin (France) in 1980, 1988, and 1994 (Ludwig et al., 2004). No last reproductions 
were documented for A. oxyrinchus, but last catches were reported from the Baltic Sea 
in the second half of the 20th century (Kolman et al., 2011a), and a catch was reported 
from the North Sea off the coast of Grimsby (UK), in 1986 (Thieren et al., 2016b). 

8.3.4 Acipenser sturio restoration in Northwest Europe
During the 20th century, A. oxyrinchus vanished from Europe, while for A. sturio 
only one relict population remained in southern France. This population became the 
subject of a restoration program that was planned as early as the 1970’s by the National 
Research Centre for Agricultural and Environmental Engineering (CEMAGREF, 
currently INRAE) (Castelnaud, 1988; Castelnaud et al., 1991b; Williot & Castelnaud, 
2011). The strategy was formulated as a four-point approach: (1) gain in-depth insight 
into the species’ biological and ecological characteristics, such as through tag-recapture 
studies (Castelnaud et al., 1991a; Letaconnoux, 1961); (2) sustain the relict population 
through restocking from an ex situ broodstock, using wild-caught spawners to artificially 
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reproduce offspring (Charlon & Williot, 1978; Williot & Castelnaud, 2011; Williot 
et al., 2002b); (3) acquire knowledge from the Siberian sturgeon (A. baerii) to avoid 
adverse effects of research on the relict A. sturio population (Williot et al., 2018); and 
(4) create awareness amongst stakeholders (fishers) and the public about the dwindling 
population and the extinction risk (Michelet, 2011). 

Table 8.1. Number of zooarchaeological sturgeon remains from North Sea rivers and coasts per 
archaeological/historical period. Numbers represent specimens identified with near-certainty to the species 
level on the basis of splanchnocranium or scute pattern of sturgeon with a reconstructed length > 1 meter 
(A. sturio: tubercular pattern; A. oxyrinchus: alveolar pattern). Numbers between brackets represent scutes 
of sturgeon with a reconstructed length < 1 meter or of sturgeon of unknown length. Archaeological and 
historical periods are defined as follows: Mesolithic  c. 11000–7300 BP; Neolithic 7300–4000 BP; Bronze 
Age 4100–2800 BP; Iron Age 2800–2057 BP; Roman Period 2057–1600 BP; Middle Ages 1500–500 BP; 
Modern Era 400–200 BP. Data kindly provided by Els Thieren.

Era North 
Sea 
Rivers

Coast Ems IJsselmeer 
Wadden 
Sea

Laak
Coast

Rhine- 
Meuse

Orne Scheldt Somme Thames Trent

Mesolithic A. oxy. 1 (1)

A. sturio

Neolithic A. oxy. (37) 346 (10) 1

A. sturio (8) 57 (4)

Bronze Age A. oxy. 5 (1)

A. sturio

Iron Age A. oxy. (2) (1)

A. sturio (1)

Roman A. oxy. 61 (15) (3)

A. sturio 7 (3)

Middle Ages A. oxy. (1) 1 2 (1) 2 4 (1) (5)

A. sturio 1 2 (6)

Modern Era A. oxy. 1 4

A. sturio 2 1

Total A. oxy. (39) (1) (1) 1 410 (27) (1) 4 (3) 8 (1) (5)

A. sturio (9) 1 64 (7) 2 3 (6)
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Table 8.2. Selection of acipenserid remains from the Naturalis collection verified to the species level. 
Specimens from the dry collection (all > 100 cm TL) were identified on the basis of morphological 
characteristics; specimens from the wet collection (all < 45 cm TL) were identified on the basis of DNA-
analysis. All specimens were previously identified as Acipenser sturio. Verification showed that at least three 
fish were A. oxyrinchus. NL = the Netherlands.

Collection Location Date Length 
(cm)

Live stage Verified species 
identification

Naturalis 
Registration 

Dry 
(> 1 m TL)

NL 125 adolescent Acipenser sturio RMNH.PISC.D.2715

North Sea, NL 100 adolescent Acipenser sturio RMNH.PISC.D.2730

North Sea, NL 129 adolescent Acipenser sturio RMNH.PISC.D.2734

NL Sept. 1840 107 adolescent Acipenser oxyrinchus RMNH.PISC.S.302

Wet
(< 45 cm TL)

Meuse, NL juvenile Uncertain ZMA.PISC.123532

Rhine, NL 
Nieuwe Maas, 
Rotterdam

29 Nov. 
1905

20 juvenile Acipenser oxyrinchus ZMA.PISC.123533

North Sea, NL, 
Noordwijk

juvenile Uncertain RMNH.PISC.4053

North Sea, NL 30 Apr. 
1873 

50 juvenile Acipenser oxyrinchus RMNH.PISC.4565

Rhine, NL, 
IJsselmonde, 

juvenile Uncertain RMNH.PISC.8930

North Sea, NL
Texel

    juvenile Uncertain RMNH.PISC.27159

However, due to a continued deterioration of the species’ population, the restoration 
strategy changed and included the development of a breeding plan for conservation of 
genetic variability (Ludwig et al., 2004), and an action plan for careful management of 
the population and the species’ critical habitats (France Ministère de l’Écologie, 2020; 
Kirschbaum et al., 2000; Williot et al., 2009a). Unfortunately, the French hatchery 
broodstock of A. sturio has a low genetic variability. When it was established in 1991, 
it used 38 wild-caught individuals from the 1980s, and in addition 29 from 1994, the 
last year of natural reproduction, whereafter more fish were obtained through artificial 
rearing of an incidentally caught pair of adult spawners in 1995 (Ludwig et al., 2004; 
Williot et al., 2000; Williot & Chevre, 2011; Williot et al., 2002b). All specimens from 
1994 and 1995 are full siblings and have the same genetic value for artificial reproduction 
(Ludwig et al., 2004). The breeding plan uses forced disassortative mating, i.e., mating 
of any reproducing female with a genetically distantly related male, facilitated by 
cryoconservation of sperm, in order to maintain the genetic variability and minimize 
inbreeding (Tiedemann et al., 2011). A first success was achieved in 1995 (Williot et 
al., 2000), again between 2007 and 2014 (Williot & Chevre, 2011), and most recently 
in 2022 and 2023.
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In 1996, a second broodstock was established in collaboration with the Leibniz Institute 
of Freshwater Ecology and Inland Fisheries (IGB in Berlin, Germany) to spread the 
risk of losing the species. These sturgeons were derived from the French brood stock 
whenever there was a surplus of offspring (Council of Europe, 2018; Williot & 
Kirschbaum, 2011; Williot et al., 2007), and were used to reintroduce A. sturio to the 
river Elbe (Williot & Kirschbaum, 2011). Currently, the French-German sturgeon 
cooperation is still ongoing. To date, a total of 1.7 million A. sturio larvae and juveniles 
have been released intermittently in the Gironde basin and 20,000 in the Elbe basin 
(Charbonnel & Acolas, 2022). In addition, a total of 161 tagged sturgeon juveniles 
were experimentally released in the river Rhine in 2012, 2015 (Brevé et al., 2019b), and 
2023. As a result of stocking, (sub)adult A. sturio have been reported from incidental 
bycatch captures from the French Atlantic coast, English Channel and southern North 
Sea (Charbonnel & Acolas, 2022; Charbonnel et al., 2022). Natural reproduction has 
not been observed to date.

The same holds true for reintroduced (stocked) A. oxyrinchus to Baltic Sea rivers. 
Fertilised eggs, larvae, and fry were obtained from the population of the Saint John 
River in Canada (Gessner et al., 2006; Gessner et al., 2010a; Kolman et al., 2011c). 
Broodstocks have been established in German and Polish facilities, and the first offspring 
was obtained in 2010. As of 2022, approximately 6.5 million specimens have been 
released into the Oder, Vistula, Nemunas, Venta, and Narwa rivers in Poland, Germany, 
Latvia, Estonia, and Lithuania as part of a marine basin-wide approach coordinated by 
the Helsinki Convention (Gessner et al., 2019; Kolman et al., 2016; Purvina & Medne, 
2018). Although the fish are approaching maturity as evidenced by reported incidental 
bycatch in Baltic and North Sea fisheries, no natural reproduction of A. oxyrinchus has 
yet been observed.

8.3.5 Climate change and distribution ranges
Climate change is an important factor to be taken into consideration for both species´ 
restoration and geographical reintroductions. Because of the long-term commitment 
required it is important to assess the historical spatiotemporal shifts of their ranges, 
and of potential additional shifts under current climate change, since, “an ecological 
benchmark is a moving target” Lyman (2006).

The historical occupation of the Baltic Sea by A. oxyrinchus is generally attributed to its 
slightly higher tolerance to colder climates compared to A. sturio (Chassaing et al., 2013; 
Ludwig et al., 2002; Ludwig & Gessner, 2007; Ruban, 2020). Kolman et al. (2018) 
estimated the optimal temperature for A. oxyrinchus egg incubation to be 16°C, while 
Delage et al. (2019) estimated it to be close to 20°C for A. sturio. However, populations 
of both species have been found in both temperate and subtropical zones (Bemis & 
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Kynard, 1997). It is possible that these may represent different genetically adaptations 
to local environmental circumstances, still, temperature alone cannot fully explain 
the changes in historical distribution patterns (Nikulina & Schmölcke, 2016b). We 
therefore suggest that the observed patterns are due to differences in temperature and 
the osmoregulatory capacity of juveniles between the two species, with salinity being the 
determining factor.

Acipenser sturio can adjust its osmoregulation to higher salinities at an earlier life stage 
than any other sturgeon species (Holčík et al., 1989). Juvenile A. sturio spend their 
first years in brackish estuarine waters with salinities of 5-25‰, and at approximately 
15 months of age they are able to migrate to seawater with a salinity level of 33‰ 
(Rochard et al., 2001). In contrast, juvenile A. oxyrinchus have the physiological ability 
to move between different salinity habitats, but they grow much faster at low salinities 
(0-10‰) than at marine conditions (33‰) (Allen et al., 2014; McCord et al., 2007; 
Niklitschek & Secor, 2010). The combination of temperature and salinity may therefore 
explain why A. sturio thrived in the extreme saline (38-39‰) warm Mediterranean Sea 
(Economidis et al., 2000), while A. oxyrinchus thrived in the low saline cold Baltic Sea.

Historic large-scale ice melt, which has lowered the temperature and salinity of Northeast 
Atlantic coastal waters since about 10,000 BC, could explain the timing of A. oxyrinchus 
colonisation of Northwest European waters. The flux of meltwater peaked during 
deglaciation, after which the ice sheet persisted until approximately 8,000 BC (Mauri 
et al., 2015; Siegert & Dowdeswell, 2002; Strandberg et al., 2022). Due to ice-cap 
melting and increased precipitation during a large part of the Holocene, salinities and 
temperatures decreased significantly. As a result, conditions in the Northeast Atlantic, 
North Sea and specifically in the Baltic Sea may have become more suitable for A. 
oxyrinchus, but less so for A. sturio.

Currently, there is a noticeable difference in salinity levels across the entire historical 
range of both sturgeon species. Surface salinities in the Mediterranean Sea reach 38-
39‰, while along the French Northeast Atlantic coast, it is 37‰. In the German Bight, 
it is 32‰, and in the Baltic Sea, surface salinities range between 8-17‰ (Dormann, 
2023; Sammartino et al., 2022). In Northwest Europe, salinity may decrease due to 
the melting of the polar ice caps, increased precipitation and subsequent freshwater 
discharge into the sea. Climate change predictions show a strong latitudinal gradient, 
with a temperature rise and decreased precipitation in the southern part of Europe, and 
an increased precipitation in the northern part of Europe (Milly et al., 2005; Teuling et 
al., 2019). According to the IPCC, the Mediterranean region is expected to experience 
a greater increase in sea temperature compared to the Northwest region (e.g. North Sea) 
(Masson-Delmotte et al., 2021; Philipsen, 2023).
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In conclusion, under current climate change scenarios, the Mediterranean, Adriatic and 
Black Seas may become less suitable for A. sturio, due to further temperature increases. 
However, the Northeast Atlantic, Bay of Biscay, English Channel and North Sea, and 
even the coastlines of Island and Norway may become (more) suitable for both species 
(Lassalle et al., 2010; Lassalle et al., 2009; Lassalle & Rochard, 2009).

8.3.6 Hybridisation and competition
The conservation of A. sturio currently relies on ex situ management and meticulous 
genetic characterisation to safeguard the remaining genetic diversity in the long-
term (Council of Europe, 2018; France Ministère de l’Écologie, 2020; Gessner et al., 
2011c). The species is highly endangered and unsuitable for experimental hybridisation. 
Although both species naturally exhibit extensive homing to their natal rivers (Ludwig 
et al., 2002; Waldman, 2000), it is important to note that they have hybridised in the 
past (Thieren et al., 2016b). This implies that both species can – at least partially – use 
the same spawning grounds. As both species are currently stocked rather than born in 
rivers, their imprinting and homing behaviour may not be well developed. This could 
lead to greater straying and colonisation than under natural conditions. If both species 
colonise the same rivers, A. oxyrinchus, which is stocked in much higher quantities, 
may do so before A. sturio has the opportunity, or more frequently. The presence of 
a larger number of A. oxyrinchus compared to A. sturio may increase the likelihood of 
hybridisation and potentially lead to the disappearance of A. sturio as a distinct species. 
However, any hybridisation or competition is only likely to occur in the medium to 
long term. The generation interval for each species is approximately 14 years (FishBase, 
2020a, 2020b) and it takes approximately 50-150 years for sea sturgeon to build multi-
generational populations (Acolas et al., 2011a; Waldman et al., 2019).

8.3.7 Alternative strategies for reintroductions
Based on the different determining factors or drivers that could guide the reintroductions 
of A. sturio and A. oxyrinchus to Northwest Europe, we have identified three distinct, 
alternative theoretical reintroduction strategies (see Table 8.3): 1) prioritising the 
restoration of only the critically endangered A. sturio, (2) maintaining a strict north-
south division of reintroductions for the two species, and (3) restoring a ‘mixed zone’ of 
sympatric occurrences in Northwest Europe, particularly in North Sea rivers. Notably, 
all strategies depend on ex situ broodstocks and artificial rearing. Table 8.4 has an 
overview of the aim, advantages and disadvantages of each strategy.
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Table 8.3. Historical geographical distribution of A. oxyrinchus (Ao) and A. sturio (As) across Northwest 
Europe, and three theoretical reintroduction strategies. N.B. historically, A. oxyrinchus was absent in the 
Mediterranean, Adriatic and Black Seas; A. sturio was absent in the Baltic Sea, but there were A. oxyrinchus 
x A. sturio hybrids.

Range Marine basin, 
and large rivers 
debouching 
therein

Historical 
reference 
(before 
1750)

Current 
strategy (2024)

Alternative reintroduction strategies

Strategy 1
Focus only 

on As

Strategy 2
North: Ao
South: As

Strategy 3
Ao and As plus
‘Mixed’ zone

North Baltic Sea Ao  
and Ao x As

Ao - Ao Ao

North Sea Ao, As and
Ao x As

As As - Ao and As

French Atlantic 
coast, including 
Bay of Biscay & 
English Channel

Ao, As and
Ao x As

As As As Ao and As

South Mediterranean Sea
Adriatic Sea
Black Sea

As The southern range, former stronghold of As, is currently considered 
lost for the species’ and reintroduction may become even less suitable 
due to climate change.

8.3.8  Theoretical strategy 1: Focus on solely reintroducing the critically 
endangered A. sturio

The aim of this strategy is to prevent the global extinction of A. sturio. Therefore, efforts 
are exclusively focused on the restoration of A. sturio populations. Due to climate change, 
rivers in the species’ northern range are primarily considered. The reintroduction of A. 
sturio into unsuitable rivers is not recommended (IUCN/SSC, 2013) and may even 
be illegal (Bastmeijer, 2019) as it carries a risk of losing individuals of this critically 
endangered species in a potentially unsuccessful reintroduction effort. To make 
progress, feasibility assessments of rivers that may still offer opportunities for A. sturio 
reintroduction could be conducted by other countries than France and Germany. This 
strategy has already been implemented for the Rhine in the Netherlands, the Severn in 
the UK, and for the last stretch of the Ebro in Spain. This approach could be further 
extended to other rivers and countries (Gessner et al., 2011c; McCormick et al., 2023; 
Visser et al., 2020). One advantage of this strategy is that it helps to develop a common 
approach to save the critically endangered A. sturio. However, a disadvantage - that 
comes from the species critically endangered status - is the limited broodstock and as a 
consequence the limited possibilities for raising large quantities of fish for stocking and 
addressing the genetic erosion of the species. Although A. sturio’s capacity to evolve in 
response to different environmental changes cannot be assessed, it may be extremely 
low and not representative of the past intraspecific diversity (Ludwig et al., 2004). 
This means that the artificially reared A. sturio from a single relict source population 
may be ill equipped both genetically and phenotypically to survive and adapt to rivers 
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outside than the GGD river basin or to environmental changes. To counteract the issue, 
additional ex situ broodstocks could be built using imprinting of river water from other 
basins. To improve the chances of settlement of A. sturio and eliminate any possibility of 
competition and hybridisation, it may be considered to discontinue the reintroduction 
of A. oxyrinchus to Europe. As A. oxyrinchus populations are not endangered in 
North America, there is no urgent need for action in Europe. However, if the current 
reintroduction effort of A. oxyrinchus in the Baltic Sea area proves successful with natural 
reproduction - as 6.5 million individuals are already stocked - discontinuing the effort 
would be impossible.

8.3.9  Theoretical strategy 2: Maintain a strict north-south division between 
both species’ reintroductions

This strategy aims to maintain a clear division between the reintroduction of the two species, 
with A. oxyrinchus being reintroduced to multiple Baltic Sea rivers and A. sturio to the GGD 
river basin in southern France. To avoid any potential negative impact of competition and 
hybridisation on A. sturio restoration, in this strategy all activities for North Sea rivers should 
be discontinued to increase a geographical distance between both species reintroductions. 
This includes the feasibility assessments for the Rhine and Severn, and of the reintroduction 
of the species to the river Elbe. However, discontinuation of A. sturio restoration already 
underway would meet strong opposition from Germany, the Netherlands and the UK. In 
addition, it is questionable whether a strict north-south division can be maintained in the long 
term, as the two highly migratory species already mix in the North Sea. Many individuals 
originate from fish that moved northward from the GGD river system, and possibly, due 
to climate change, A. sturio may lose its livelihood in the GGD river basin, and find more 
suitable rivers poleward.

8.3.10  Theoretical strategy 3: Reintroduce both species and allow for 
sympatry

The aim of this strategy is to reintroduce A. oxyrinchus not only to Baltic Sea rivers, but 
also to other areas where the species was native, including the French and UK Atlantic 
coast and North Sea rivers,(Chassaing et al., 2013), and in addition to the current 
reintroductions of A. sturio. This strategy ignores the potential risk of hybridisation, as 
A. oxyrinchus could establish in the middle of the range of a critically endangered species, 
potentially leading to the loss of genetically ‘pure’ A. sturio. The advantage would be to 
boost sea sturgeon presence, regardless of conservation status and achieve faster progress 
in sturgeon restoration, particularly for the North Sea area, than what has been achieved 
since the 1970s. This strategy allows for rapid progress by stocking large quantities of 
readily available A. oxyrinchus. Information on A. oxyrinchus can be obtained regarding 
incidental bycatch mortality, migration patterns, population development, and the 
monitoring of the effects of fisheries management measures. This information can be 
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used to construct models of translocation strategies and outcomes, and to gain a better 
understanding of any pressures occurring to sturgeons.

“Where knowledge is limited, the best available information should be used, and 
further subsequent information used to confirm or adjust management.” (IUCN/
SSC, 2013) Annex 5.1.

8.5 Conclusions

The knowledge gained over the last twenty years allows for a reassessment of the main 
strategy to restore A. sturio and A. oxyrinchus in Europe. This paper discusses three 
potential alternative strategies, each based on fundamentally different preferences and 
troubled by several uncertainties. The appropriate strategy depends on the criteria 
deemed important, such as the preservation of A. sturio and the recovery of both 
sturgeon species throughout their former range.

Before a strategy can be chosen, it is necessary to address at least three main knowledge 
gaps: Firstly, what are the factors that inhibit natural reproduction? Secondly, how does 
climate change (including temperature and salinity shifts) influences the geographical 
ranges of both species? Finally, to what extent will introduced specimens of A. oxyrinchus 
influence the survival and genetic composition of A. sturio in river basins primarily 
intended for A. sturio introduction?

Notably, the risk of competition and hybridisation between A. oxyrinchus and A. sturio 
varies between the strategies employed. It could be minimised in strategy 1, but only 
if the current stocking of A. oxyrinchus to Baltic Sea rivers is halted (which is highly 
unlikely). It will increase in strategy 2 with the ongoing reintroductions of A. oxyrinchus 
to Baltic Sea rivers, unless a larger north-south separation is effectuated by halting A. 
sturio reintroduction to the river Elbe (also highly unlikely). In strategy 3, where both 
species are reintroduced into the same North Sea rivers the issue could become even 
more pronounced.
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Table 8.4. Objectives, advantages and disadvantages of three strategies for sturgeon reintroduction to 
Northwest Europe.

Theoretical Strategy, Aim Advantages Disadvantages

1. Prioritising the restoration of only 
the critically endangered A. sturio. 
Considering the discontinuation of 
reintroducing A. oxyrinchus to Baltic 
Sea rivers.

Further development of a wider 
European commitment based upon 
a shared vision and a priority focus 
to save the critically endangered 
species would help to gain improved 
progress, involving more countries, 
assess the potential of more rivers for 
A. sturio reintroductions, and build 
additional ex situ broodstocks.

Mainly rivers in the species northern 
range are considered due to climate 
change. The extremely limited brood 
stock of A. sturio negatively affects 
the possibilities to obtain progress in 
stocking and experimental releases for 
feasibility assessments. The genetic 
erosion of the species may imply a 
low adaptability to reintroduction 
to rivers other than the GGD 
river basin. Discontinuation of A. 
oxyrinchus reintroduction to Europe, 
would eliminate a risk of possible 
competition and hybridisation, but 
would also meet strong opposition.

2. Maintaining a strict north-south 
division of reintroductions for the two 
species. Considering the continued 
reintroduction of A. oxyrinchus to 
Baltic Sea rivers, and of A. sturio to the 
GGD river basin in southern France. 
As well as the discontinuation of the 
reintroduction of A. sturio to North 
Sea rivers.

Discontinuing the reintroduction of 
A. sturio to North Sea rivers would 
increase the geographical distance 
between the reintroduction of both 
species, preventing competition and 
hybridisation.

Maintaining a clear north-south 
division between highly migratory 
species reintroductions, particularly 
in the North Sea where both species 
already mix, seems rather impossible. 
Reintroducing A. sturio to North Sea 
rivers would face strong opposition. 
The effects of climate change may 
threaten the livelihood of A. sturio in 
the GGD river basin.

3. Restoring a ‘mixed zone’ of 
sympatric occurrences in Northwest 
Europe, particularly in North Sea 
rivers. Considering the reintroduction 
of A. oxyrinchus to rivers in the Baltic 
Sea and North Sea.

Increasing the presence of sea 
sturgeon, regardless of the species 
and the conservation status, has 
advantages in terms of gaining 
a better understanding of all the 
pressures that affect the two sturgeon 
populations. Stocking large quantities 
of A. oxyrinchus can lead to fast 
progress in this regard. The presence 
of A. oxyrinchus can provide valuable 
insights into population development 
and the effects of fisheries 
management measures. Furthermore, 
the conservation of A. sturio could 
benefit from avoiding the risk of 
losing individuals of this critically 
endangered species.

Allowing a conspecific to establish 
within the middle of a critically 
endangered species range may 
potentially lead to the loss of pure A. 
sturio.

Given the critical status of A. sturio and the need to prevent the species extinction, the 
pursuit of current activities while addressing knowledge gaps appears to be the most 
effective approach. However, it is important to set a deadline due to the pressing time 
constraints, especially for the critically endangered A. sturio. A feasible deadline could 
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be 2030, when all sturgeon stocked since 2006 and 2007 should have matured and had 
the opportunity to reproduce naturally. The strategy can then be adjusted based on the 
results of whether or not natural reproduction has occurred.

The main outcome of this paper is that it outlines the need for a playing field for 
both species’ recovery in Europe. All stakeholders need to closely collaborate - be 
open to discuss the newest findings about the historical and current situation as well 
as underlying motivations - to develop a harmonized Pan-European strategy for both 
sturgeons´ rehabilitation and conservation. This strategy should consider the ecological 
responses of the two sturgeon species to changing environmental conditions, previous 
conservation efforts, and ethical principles, i.e., respect for the specimens that have 
already been released, an the great responsibility for the future-proof conservation of A. 
sturio in particular.
We hope that our analysis can help the development of a common strategy based on 
the knowledge and opportunities outlined. Given the nature of the two sturgeon species 
of which one is on the verge of extinction, there is a need for all stakeholders (national 
governments, NGOs and the scientific community) to collaborate across political 
boundaries to restore both native sturgeon populations. This work can be linked to the 
National Biodiversity Action Plans being developed in the wake of Montreal and/or the 
EU Biodiversity Strategy and Nature Restoration Plans.
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Photo: A young girl is interviewed by NOS Jeugdjournaal (Dutch national television 
for youth) about her opinion on the release of sturgeons into the river Rhine.
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9.1 Introduction

This study aimed to assess the feasibility of reintroducing the critically endangered 
European sturgeon (Acipenser sturio) to the river Rhine and the North Sea. The assessment 
provides a basis to define the critical boundary conditions for successful reintroduction 
and can advise  whether it is useful  to stop or continue the reintroduction effort, and if 
so what additional conservation measures are needed.

The results presented in this thesis include an assessment of the availability of sufficient 
suitable habitats for the European sturgeon to fulfil its complete life cycle across a chain 
of marine, estuarine and riverine habitats. In addition, the main anthropogenic threats 
to the species and to its critical habitats are assessed, and it is discussed to what extent 
these threats can be mediated to enable a successful reintroduction to the river Rhine 
and the North Sea.

Four research question were formulated:

• Is sufficient suitable habitat available for European sturgeon in the North Sea and 
the river Rhine?

• What are the potential threats from incidental bycatch in coastal and estuarine areas 
for successful sturgeon reintroduction and from the currently present alien (non-
native) sturgeons?

• What other local and/or regional threats could hinder the sturgeon’s return?
• What are possible strategies considering the potential reintroduction of two native 

sturgeon species?

These research questions were answered in four sections, 1) habitats, 2) threats, 3) tracking, 
and 4) alternatives, ultimately culminating in section 5) the overall reintroduction 
feasibility assessment as presented in the synthesis (Fig. 9.1, Tables 9.1 and 9.2).
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Figure 9.1. Thesis design. 
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9.2 Part 1. Key habitats – sea, estuary, river - Chapters 2 and 3

Main findings: The North Sea and the river Rhine provide sufficient habitat for the European 
sturgeon to complete its entire life cycle. The Rhine provides spawning habitat for around 
2,500 female European sturgeon. However, the results may be an overestimate given the 
impact of inland shipping and coastal infrastructure, and probably also toxicological safety 
issues for juvenile sturgeon in the Rhine delta.

An assessment of foraging and overwintering habitats for European sturgeon in the 
North Sea has already been carried out in 2015, using dynamic energy budget (DEB) 
modelling and benthic food production data for shallow marine habitats (Winter et 
al., 2015). The results are supported by the survival of subadult fish that were released 
in the Garonne and Dordogne rivers, between 2007 and 2015, which invariably swim 
northwards into the southern North Sea and are occasionally observed along the Dutch 
coast (Charbonnel & Acolas, 2022; Charbonnel et al., 2024).

This thesis study into the availability of suitable habitat for European sturgeon in the 
river Rhine and the North Sea, began by reconstructing the historical seasonal and 
geographical distribution of sturgeons within the Rhine and the adjacent basins of rivers 
Ems, Meuse, and Scheldt (Brevé et al., 2022d). More than 98% of historical sturgeon 
reports originate from the Rhine-Meuse delta in the Netherlands and the Lower Rhine 
in the German state of North Rhine-Westphalia, and mainly between May and mid-
August (Chapter 2)(Brevé et al., 2022d). Historically, sturgeons have sporadically been 
observed far upstream the river Rhine (Holčík et al., 1989), even 1,000 km from the 
North Sea in the tributary river Aare in Switzerland and also during winter months 
(Brevé et al., 2022c). Mature sturgeons clearly preferred the main stem of the Rhine 
above all other adjacent river basins and upstream tributaries such as the Main, Mosel, 
Neckar, etc. (Chapter 2, Figs. 2.1a and b). This geographical distribution pattern can 
be explained by the sturgeon’s preference to spawn in deep, wide gravel beds in strong 
currents (Chapter 3, Supporting Information, Appendix A).
 
Subsequent 1D and 2D modelling and GIS based mapping of the current river Rhine 
habitat in Chapter 3 showed that potential nursery areas for sturgeons are mainly located 
in the Dutch Rhine delta, an area with an abundance of potential prey (Van de Ven, 2020). 
Moreover, the main stem of the Rhine in the German state of North Rhine-Westphalia 
offers approximately 0.75 km2 of potential spawning areas, suitable for approximately 
2,500 mature female European sturgeon to spawn. This is sufficient, as currently no 
more than 750 sub-adult European sturgeons exist (status 2021) (OSPAR Commission, 
2021). However, the carrying potential of the current river Rhine for sturgeon and the 
species’ recruitment potential, is reduced by other pressures such as impact of inland 
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shipping and coastal infrastructure. Another potential threat is contamination of the 
water sediments with high levels of persistent, accumulating toxic compounds. This 
toxicological risk is the reason why eel fisheries and eel consumption in this area is 
banned (van den Dungen et al., 2016). The toxicological safety of the Rhine delta for 
sturgeons is a knowledge gap that requires further study (Tables 9.1 and 9.2).

9.3  Part 2. Threats: bycatch and alien sturgeons – Chapters 2, 4 
and 5

Main findings: Coastal and estuarine bycatch always had a strong impact on  the sturgeon 
population. A research complicating issue is that fishers currently refrain from reporting 
bycatch, as they suspect it will be used against them. The alien (non-native) sturgeons that are 
omnipresent in the study area, do not seem to pose an immediate threat to the reintroduction 
of the native sturgeon (considering predation or competition) as these fish do not seem to 
reproduce in the wild. Still, their presence is associated with a risk of introduction and spread 
of diseases and parasites.

9.3.1 Bycatch and fishers’ unwillingness to support sturgeon conservation
With legal commercial sturgeon fisheries banned in Europe, unintended bycatch could be 
a main factor that is impairing sturgeon population recovery (Bastmeijer, 2019; OSPAR 
Commission, 2021). Also, when fishers do not release the Endangered, Threatened and 
Protected (ETP) species immediately, it is no longer considered an incidental bycatch 
but an act of poaching.

Anadromous sturgeons are particularly vulnerable to become incidental bycatch victims 
in shallow marine areas and estuaries where they congregate during feeding and spawning 
migrations (Charbonnel & Acolas, 2022; Rochard et al., 1997a). Unfortunately, since 
the Industrial Revolution, North Sea fisheries have further intensified (Sahrhage & 
Lundbeck, 2012). This resulted in a shift in harvests of sturgeons from spring and 
summer spawning aggregations in the estuaries to additional harvests of younger/smaller 
fish in coastal marine waters throughout the year (Chapter 2)(Brevé et al., 2022d; Hoek, 
1910). Fisheries developments thus depleted the sturgeons stocks. Since then, estuarine 
and coastal fisheries have intensified further (Sahrhage & Lundbeck, 2012; Winter 
et al., 2015). Of the experimentally released fish in the Rhine, all reported sturgeon 
by-catches were made by small beam trawlers targeting shrimp (Chapter 6). By-catch 
mortality could be prevented and reduced by a number of measures, including more 
discriminating fishing gear (Chapter 6), awareness raising of sturgeon conservation, and 
having fishers involved in research on sturgeon conservation. Unfortunately, at present 
fishers refrain from reporting incidental bycatch and they are insufficiently involved 
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in sturgeon conservation. Chapter 4 provides insights in this, and it explains why it 
is paramount to achieve a good understanding and what is required to obtain fishers’ 
cooperation.

From the interviews held among fishers, researchers, and staff from environmental 
NGO’s and the authorities in France, the Netherlands, Germany and the UK (mainly 
FR and NL) (Chapter 4), it became clear that there are four reasons why fishers do 
not report sturgeon bycatch: (1) lack of (financial) interest; (2) lack of time; (3) lack 
of understanding (awareness) of how important the information on the species is for 
conservation management; and (4) the trust (or lack thereof ) that fishers have in other 
involved stakeholders, as well as concerns about how the information might be used 
to lead to more regulations, such as closed areas and/or technical measures to reduce 
bycatch. Fishers literally say that reporting rare species can and will be hold against 
them. They are not wrong: This study (Chapter 4) also shows that all key aspects of 
fisher’s cooperation in ETP species conservation (a shared vision, a clear division of 
roles, communication and trust) are seriously hampered. Solutions are difficult to find, 
as there is no general consensus on the approach. One solution is to incorporate fishers 
in sturgeon conservation research, which requires a commitment of researchers as to 
acknowledging fishers as experts to prevent and reduce bycatch (Chapter 4).

It was also made clear by the interviewees that the work on sturgeon conservation is 
limited by its dependence on ad hoc initiatives and -funding gathered by staff from 
research institutions and/or environmental NGOs in different settings for different 
countries. The responsible authorities generally refrain from species-specific conservation 
and focus on habitat restoration and ex situ instead of in situ conservation which is needed 
to save the species (Chapter 4). In case of the European sturgeon, ex situ conservation 
precedes in situ conservation. If it had been done the other way around, the species 
would have already been lost.

9.3.2 Alien sturgeon introductions and spread
The current presence and spread of introduced alien (non-native) sturgeon species is 
another potentially serious threat to the reintroduction and conservation of European 
sturgeon population (France Ministère de l’Écologie, 2020; OSPAR Commission, 
2021; Visser et al., 2020).

Chapter 5 presents  an inventory of sales points, biodiversity datasets, and fishers’ and 
anglers’ logbooks, showing that a total of 10 alien Acipenseriformes (nine sturgeon 
and one paddlefish species) and their hybrids, plus the native A. oxyrinchus, are widely 
cultivated and traded in the Netherlands, Belgium, and Germany. Over 2,500 individuals 
were reported  in more than 60 isolated water bodies in the Rhine delta, and about 
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500 alien sturgeon individuals were found in hydrologically connected water bodies 
(status 2022). The latter group mainly concerns three species: the Siberian sturgeon 
(A. baerii), the Russian sturgeon (A. gueldenstaedtii) and the Sterlet (A. ruthenus). This 
confirms previous research from neighbouring countries that those three species have 
the most likeliness to establish in north-western European countries (Arndt et al., 2000; 
Arndt et al., 2002). Following the publication of Chapter 5 as a paper (Brevé et al., 
2022b) dozens of reports of sightings and catches of alien sturgeon arrived at our office, 
including from a beach on the island of Texel and from fishers using fykes outside 
the Haringvliet sluices. These reports mainly concerned sub-adult Siberian sturgeon. 
Although omnipresent, no newborn alien sturgeons were reported for the study area, 
suggesting that their population expansion at present does not pose a serious threat. 
In contrast, however, the potential transmission of diseases and parasites is of serious 
concern (Barber et al., 2000; Bauer et al., 2002; Radosavljević et al., 2019; Spikmans 
et al., 2020) (Tables 9.1 and 9.2). E.g. in the 1980s, escapes of the imported Asian 
eel (Anguilla japonica) into European waters led to the introduction and spread of 
Anguillicoloides crassus, a parasitic nematode of the swim bladder. The nematode has 
since infested eel populations throughout Europe since, while the alien host has long 
since disappeared (Peters & Hartmann, 1986). 

It is therefore prudent to implement stricter trade regulations and practical solutions to 
prevent the release of alien sturgeons into the wild. This requires raising awareness in the 
aquaculture industry, garden centres, pet shops and the angling community (Chapter 5)
(Brevé et al., 2022b). This proves to be effective, as  communicating the results of this 
study to a total of 160 garden centres and fishing pond owners in 2023 plus publication 
of  a laymen story in the corporate magazine VISionair of Sportvisserij Nederland 
resulted in cessation by several garden centres in the Netherlands of selling sturgeon.

9.4  Part 3. Tracking sturgeons to discover additional threats – 
Chapters 6 and 7

Main findings: Tracking of experimentally released juvenile sturgeons revealed local and 
regional pressure factors related to inland shipping, coastal infrastructure, and predation, 
especially in flow inhibited (slow-flowing, impounded) parts of the Rhine delta.

9.4.1 Inland shipping
Inland shipping will increase in the coming years as it is proposed low-carbon 
transportation (Sexton et al., 2024). Unfortunately, shipping is also associated with 
significant loss of fish and macroinvertebrate taxonomic richness, diversity and trait 
richness (Sexton et al., 2024), and poses a threat to sturgeons and other (migratory) fish 
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(Spierts, 2016; Staas, 2017; Van de Ven, 2021). With an annual average of over 100,000 
ship movements in the Waal and Lower Rhine and the port of Rotterdam as its terminal, 
the Rhine is one of the busiest shipping lanes in the world (Mako & Galieriková, 2021; 
Van de Ven, 2021) and potentially leading to massive loss of ecological value such as it 
negatively affects habitat, provides noise pollution and the risk of seriously wounding 
fish. In 2012 and 2015, three juvenile sturgeons, released in the Rhine at the Dutch-
German border were found dead on the river banks with sharp cuts across their bodies 
(Chapter 6). All fish were previously acclimatized to Rhine river water and healthy and 
fit upon release and there were no hydroelectric power stations or pumping stations 
between the release sites and the sites found. It is therefore suspected that the fish were 
hit by ship propellers as has been shown for eel, especially in late summer when water 
levels are low (Brevé et al., 2019b).

A literature review also supported the hypothesis that sturgeon are damaged and killed 
by ship propellers (Balazik et al., 2012; Spierts, 2016). Sturgeons’ habitat use coincides 
with that of inland shipping, both occupying the rivers main stem. Sturgeons are 
relatively sensitive to ship movements due to the fish’s large body size, its preference for 
deep and fast-flowing river sections, and their reliance on inhaling air at the surface to 
inflate their swim bladder (refs. in Spierts (2016)).

Ships in the Rhine cause strong wave action on the gravel beds and along the river 
banks (Spierts, 2016). During dry summer months, when fish and ships are forced 
into a narrower and shallower shipping lane, the largest vessels start to adjust their 
depth position (reduce cargo) and increase sailing hours (Van de Ven, 2021). Ships 
may occasionally touch the bottom, while the full river discharge passes through these 
propellers several times (Van de Ven, 2021), which further increases the likelihood of 
fish being struck by propellers or entrained by the ship´s hull (Spierts, 2016; Staas, 
2017; Van de Ven, 2021).

Noticeably, noise pollution, related to inland shipping may also impact sturgeons. It 
is suggested that sturgeons can detect sounds between 100 Hz to perhaps 1,000 Hz 
(Meyer and Popper, unpublished). Sturgeons may use sound for different purposes, 
such as predator avoidance and prey detection, acoustic communication, and use of the 
‘soundscape’ to learn about the environment. Noise pollution may cause disturbance 
and deterrence in sturgeon distributions, mask communication (range reduction and 
information loss), predator-prey interactions (avoidance, interference and community 
effects), and decrease survival and fitness (reduced growth and reproduction) 
(Slabbekoorn et al., 2010). 
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In conclusion: It is likely that sturgeons may be harmed by inland shipping in the 
Rhine, although the evidence is not conclusive. 

9.4.2  Coastal infrastructure and the importance of  the port of  Rotterdam 
for fish migration

The Rhine delta is highly modified. Currently, there are two potential outmigration 
routes for sturgeons from the Lower Rhine into the North Sea: the Haringvliet sluices 
and the Port of Rotterdam. Of those two options, telemetry studies from Chapters 6 
and 7 showed that most of the juvenile sturgeons strongly prefer to swim downstream 
following the main branch of the Rhine, omitting the distributary branches IJssel and 
Nederrijn and further downstream lake Haringvliet the former Rhine estuary. In 2012 
and 2015, 45% of 3 to 5 years old fish, released at the Dutch-German border, migrated 
through the port of Rotterdam to the North Sea (Brevé et al., 2019b). In 2023, of 
all sturgeons in the age of 13 to 15 months old, all fish that reached the North Sea 
also did so via the port of Rotterdam (chapter 7). The results therefore underline the 
limitations of the current water management at the Haringvliet sluices for diadromous 
fish in general and sturgeon conservation specifically that need much greater water flows 
through the sluices than now is enabled.

9.4.3 Predation pressure
The outcomes of the telemetry studies raised concern about the influence of predation 
on sturgeon survival. The greatest losses of the youngest batch of juvenile sturgeons 
were mainly observed in the flow inhibited (slow-flowing, impounded) estuarine parts 
(Chapter 7). The area is known for populations of predatory fish and birds, in particular 
pike (Esox lucius), pikeperch (Sander lucioperca), perch (Perca fluviatilis), European 
catfish (Silurus glanis) and great cormorant (Phalacrocorax carbo) (Brevé et al., 2014b; 
Copp et al., 2009; Vejřík et al., 2019), while Grey seals (Halichoerus grypus) and harbour 
seals (Phoca vitulina) aggregate at the seaside of the Haringvliet sluices (Brevé et al., 
2014b; Fijn et al., 2022; Kranenbarg, 2018; van Rijn & van Eerden, 2022). 

The problem of increased predation near migration barriers and fish passages in the 
Rhine delta is well known (Brevé et al., 2014b; Brevé et al., 2013b; van Rijssel et al., 
2024). It is a dilemma that recovery of one species (e.g. cormorants) can negatively 
affect the recovery of another species (e.g. salmon). Consequently, only a few solutions 
remain to reduce impacts of predation on the rare diadromous fish. For sturgeons, one 
strategy could be to rear and release fish at an adolescent size/age, which makes them 
more resistant to predation (Kirschbaum & Williot, 2011). The other strategy would 
be to rear and release higher numbers (hundreds, possibly even thousands) of young-of-
the-year sturgeons.
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9.5 Part 4. Alternative reintroduction strategies

Main findings: The discovery of the historical presence of A. oxyrinchus in the Baltic region 
(Ludwig et al., 2002) led to its reintroduction in the Oder, Vistula, and other rivers since 
2009 (Gessner et al., 2019). Our confirmation of the historical occurrence of two sturgeon 
species in the Rhine and the North Sea even into the twentieth century, namely the European 
sturgeon (A. sturio) and the Atlantic sturgeon (A. oxyrinchus), could support the choice for 
a reintroduction of A. oxyrinchus to North Sea rivers. It would require the North Sea and 
Rhine member states to realise that A. oxyrinchus actually is a native species first.

Our data confirmed that two sturgeon species historically spawned in the Rhine and 
populated the North Sea during the Holocene (Thieren et al., 2016a) and even into the 
twentieth century, namely the European sturgeon (Acipenser sturio) and the Atlantic sturgeon 
(A. oxyrinchus) (Fig. 9.2) (Chapter 8). As both species have very similar life cycles and 
morphology, and are sensitive to similar pressures (Gessner et al., 2022; Hilton & Fox, 2022; 
Thieren et al., 2016b), the assessment has value for the conservation strategies of both species.

Figure 9.2. Historical drawings of mature anadromous sturgeons (of unknown size): (left) Acipenser sturio 
and (right) Acipenser oxyrinchus. Derived from: Bloch (1785–1797) and USFWS National Digital Library.

Chapter 8 introduced three potential strategies to discuss and identify the advantages 
and disadvantages of the resulting actions: (1) a priority focus to restoring only the 
critically endangered A. sturio, aimed at preventing the global extinction; (2) a strategy 
aimed at maintaining a strict north-south division of reintroductions between the two 
species, to avoid any potential negative effects of competition and hybridisation; and 
(3) the induction of a ‘mixed zone’ of sympatric occurrences in Europe, and particularly 
in the North Sea rivers. This means reintroducing A. oxyrinchus to all areas where the 
species was native, ignoring the potential risks of hybridisation and competition.

Given the rapid progress made with A. oxyrinchus in the Baltic region (Gessner et al., 
2019), and the fact that sub-adults of both species already occur in sympatry in the 
North Sea, it seems logical to explore the pros and cons of the not yet generally accepted 
scenario 3.
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9.6  Part 5 Sturgeon reintroduction feasibility assessment - syn-
thesis

Main findings: Although the carrying capacity of the river Rhine and the North Sea is greatly 
reduced compared to historical conditions, there still appears to be sufficient habitat in the 
study area to support all life stages of the European sturgeon. The threats assessment, however, 
indicates that sturgeon reintroduction is not yet a good idea until these are mitigated. Telemetry 
offers an excellent method to unveil critical locations and threats as well as the effectiveness 
of both habitat restoration and pressure mitigation. Also because it keeps momentum going 
in sturgeon conservation, it is recommended to continue the experimental release of tagged 
juvenile sturgeon.

9.6.1 Overall assessment of  habitat qualities and pressures
Overall, there is sufficient habitat for sturgeons across the study area. However, the 
threats assessment indicates that there are pressures that still need remediation before 
sturgeon re-introduction can be considered and effectuated. Per distinct area, the North 
Sea, the Rhine delta and the Lower Rhine, the key pressures on the European sturgeon 
are summarized in Table 9.1. The habitat and pressure assessments are presented in some 
detail in Table 9.2.

Table 9.1. Aggregated overview of confirmed pressures and known unknowns for sturgeon restoration, 
per area of concern. Further study may improve the feasibility assessment. Source of (most) icons: OSPAR 
(2021).

Area of concern Pressures (confirmed) Pressures (known unknowns)

North Sea
(unfortunately not reported anymore)

Rhine delta
          

Lower Rhine
        

Explanation of the icons:  Incidental bycatch;   Migration barriers ; Loss of brackish areas; 

Habitat loss; Habitat degradation;  Hydrological changes;  Introduction of diseases 

and parasites via alien species;   Predation;  Inland shipping;  Underwater noise; 

Environmental pollution;  Contamination of prey species;  Climate change (for the river Rhine: 

increased occurrences of extremely low and high water flows and increased water temperatures).
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Table 9.2. Assessment of habitat availability and pressure factors for sturgeon restoration in the river Rhine 
(Rhine delta and Lower Rhine) and the North Sea. The assessment is based on social, biological, and 
technical studies and expertise as described in Chapters 2 to 8. Assessment: The habitat suitability and main 
threats are summarized per life stage where the three colours indicate whether currently for that specific life 
stage the habitat suitability is considered suitable (green), unsuitable (red) or somewhat suitable (orange), 
NA = Not Applicable. Method of assessment: Numbers in the colours indicate whether the assessment 
is: (1) (mainly) based on this thesis, (2) reports by others, (3) or own expert judgement. mo = months old.

Eggs & Juveniles

Area Adults larvae <13 mo > 13 mo Argumentation Main references

North Sea 2, 3 NA NA 2, 3 High quality foraging opportunities for 
sturgeons occur in the southern North 
Sea.

Winter et al. 
(2015)
Charbonnel and 
Acolas (2022)

1, 2, 3 NA NA 1, 2, 3 Coastal and estuarine bycatch is a main 
pressure. Monitoring of impact on the 
population and trends is hampered by 
a lack of bycatch reports.

OSPAR (2021) 
Ch. 4.

Rhine 
delta

NA NA 1, 2 Sufficient nursery grounds (abiotic 
conditions) and ample foraging 
opportunities are available in the Rhine 
delta.

Ch. 3.
Van de Ven (2020)

1, 3 NA 1, 3 The port of Rotterdam is a major fish 
migration corridor in contrast to the 
Haringvliet sluices.

Ch. 6 and 7.
Winter et al. 
(2015)

3 NA 1, 2, 3 Coastal infrastructure reduces the 
quality and connectivity of the Rhine 
delta for diadromous fish. Increased 
aggregations of predatory fish, birds 
and seals in flow inhibited (slow-
flowing, impounded) areas.

Ch. 6 and 7.
van Rijssel et al. 
(2024)

3 NA 2,3 There is reason for concern about the 
toxicological safety of the sediments.

Murk (2024)

1, 2, 3 NA 1, 2, 3 Alien sturgeons pose a risk as a host of 
parasites and diseases.

Ch. 5.

Lower 
Rhine

1 1 1 NA The water quality of the river Rhine has 
greatly improved.

ICPR (2018)

1, 3 1, 3 NA NA Sturgeon spawning grounds are 
mainly found in the Lower Rhine in 
the German state of North Rhine-
Westphalia, suitable for appr. 2,500 
female European sturgeons.

Ch. 2 and 3.

2 2 1, 2 NA Habitat diversity is reduced by river 
normalisation, dredging and filling of 
scour holes (resting places for fish). 
Inland shipping is a concern as ships can 
damage or kill sturgeons and produce 
intense underwater noise.

Ch. 6.
Refs in Spierts 
(2016)
Van de Ven (2021)

Rhine 
river basin

2 2 2 According to climate change scenarios, 
the river Rhine is considered 
suitable, although there are concerns 
considering temperatures and late 
summer river levels and droughts.

Lassalle et al. 
(2010)
Ch. 8.
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The key pressures differ per distinguished area: At least four major threats could derail 
an entire reintroduction effort. For the survival in the marine environment, 1) a major 
threat is coastal and estuarine bycatch of especially bottom trawling, and mitigation is 
hampered by a lack of data for full impact assessment of this threat. For the Rhine delta, 
a serious threat is posed by, 2) coastal infrastructures that obstruct or seriously limits 
sturgeon migration routes and prevent permanent transitional, tidal zones between the 
sea and river (brackish water for sturgeon’s to acclimatise during their migration up- 
or downstream). In addition, the coastal infrastructures, 3) attract local aggregations 
of predatory species that massively prey on juvenile sturgeons. In the Lower Rhine, 
4) inland shipping poses direct (wounding) and indirect (habitat reduction and noise 
pollution) to sturgeons. It is yet unknown to what extent the historical sediment 
pollution is reason for toxicological concern.

Of course habitat suitability and impact of threats greatly depend on the life stage of the 
animals as they have different traits. Therefore, based on chapters 2 to 8 in this thesis, 
the habitat suitability and main threats are summarized per life stage in table 9.2. With 
three colours it is indicated whether currently for that specific life stage the habitat 
suitability is considered suitable (green), unsuitable (red) or somewhat suitable (orange).

9.6.2 Recommendations for sturgeon conservation and reintroduction
Based on the results presented in this thesis and subsequent overall assessment of habitat 
qualities and pressures, the following six recommendations were identified that, once 
(full)filled, would improve sturgeon conservation and reintroduction effort success. The 
recommendations are sorted per main area (Table 9.3).

Table 9.3. Overview of recommendations per main area.

Area Recommendation

North Sea 1 Include fishers in research, value their expertise.

Rhine delta 2 Water managers should be encouraged to carefully redirect river water towards the port of 
Rotterdam.

3 Prevent introduction of alien sturgeons to natural waters and use their current presence to the 
advantage of reintroducing the native species.

Lower Rhine 4 Investigate innovations and measures to reduce impacts of inland shipping to sturgeons and 
diadromous fish in general.

Rhine 
river basin

5 Include all migratory fish in the ICPR’s Master Plan Migratory fish, including sturgeons.

6 Develop a plan and protocol to establish a Dutch or German rearing station using 
Atlantic sturgeon in addition to European sturgeon to increase numbers of fish that can be 
experimentally released.
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Recommendation 1: Include fishers in research, value their  
expertise.

Fishers can be involved in conservation of rare species in at least three significant ways 
to increase monitoring results and reduce sturgeon bycatch. (1) Campaigns that raise 
awareness about the importance of species conservation and the impacts of bycatch 
have greatly helped to improve acceptance of conservation measures and receive more/
better bycatch reports (Arndt et al., 2000; Lepage & Rochard, 2011). (2) Establish 
an officially recognised database to record bycatch and its characteristics to support 
bycatch prevention and reduction.  Despite the legal obligation for such a system, 
among others stemming from Article 12 of the European Habitats Directive (EEC, 
1992), such a system is still lacking. Neither are logbooks systematically retrieved and 
analysed. Fortunately, a database was developed within the project ‘Sturwild France’ 
based on voluntary fishers reports, which proved to be an important asset for studies 
on the species marine distributions and habitats. Ideally, this database would be made 
applicable to other countries and further developed upon. Of course this requires effort 
to increase trust and participation. (3) Bycatch avoidance is the best solution to prevent 
bycatch mortality. Based on their field-experience, fishers could play an important role 
in development of approaches to omit bycatch of ETP species through sharing best 
practices, supporting research and innovation in selective fishing gear (Bahn, 2010). 
Omitting unwanted bycatch is of interest to fishers as it saves them time, effort and 
money. For a review on bycatch reducing fishing gear, see Jenkins et al. (2023).

Recommendation 2: Water managers should be encouraged to 
carefully redirect river water towards the port of  Rotterdam. 

Diadromous fish require a permanent, high-volume directional current (open migration 
route) and a permanent tidal zone between the Rhine and the North Sea. Although the 
Haringvliet sluices (part of a storm surge barrier system in the Netherlands) currently 
has the so-called ‘kier’, an opening in the sluices to allow international fish migration to 
(and from) the Rhine, this does not benefit sturgeon migration (Chapters 6 and 7). Not 
only is the water flow too limited when the sluices are open, but the Haringvliet sluices 
are also closed during dry periods to keep seawater out of the Haringvliet lake (the 
historic estuary of the Rhine). This is harmful because it facilitates excessive predation on 
sturgeons and other diadromous fish in the flow-inhibited (slow-flowing, impounded) 
areas and at the Haringvliet sluices. This means that the route through the port of 
Rotterdam is crucial for the recovery of migratory diadromous fish populations. Water 
management should include supporting safe and effective fish migration in the Rhine 
delta, also taking into account the nature compensation area in the area southwest of 
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Maasvlakte II. This also means that the fish migration facilities at the Haringvliet sluices 
should be made more permanent, including a permanent brackish tidal zone, which can 
possibly be achieved by moving the freshwater inlet (at Middelharnis that prevents this) 
further upstream.

Recommendation 3: Prevent introduction of  alien sturgeons to 
natural waters and use their current presence to the advantage 
of  reintroducing the native species. 

As alien sturgeons may host parasites and diseases that are deleterious for their novel 
environment and for reintroduced native sturgeons, it is important to limit alien 
sturgeon introductions to natural waters as much as possible. Solutions investigated 
into with the aquaculture industry should include: (1) Imply more stringent regulations 
in alien sturgeon trade, preferably on the scale of river basins. (2) Chip all sturgeons 
(PIT-tag) that are sold across the exotic pet trade in order to be able to trace and address 
the source. (3) Continue to raise awareness in the aquaculture industry, garden centres, 
pet shops and the angling community. Still, the currently present alien sturgeons can 
be used to identify important sturgeon aggregation grounds by application of mark-
recapture or acoustic telemetry techniques (Brownscombe et al., 2022). In addition, 
the alien sturgeons present can be used as a proxy to investigate the accumulation and 
effects of sediment-bound environmental pollution in the Rhine delta. Because alien 
sturgeons, like A. baerii, generally live in the same estuary and feed on the same prey 
as A. sturio (Maury-Brachet et al., 2008), estimation of exposure location and resulting 
body burdens may help to assess toxicological safety for native sturgeons and possibly 
help to specify priority locations for clean-up measures.

Recommendation 4: Investigate innovations and measures to 
reduce impacts of  inland shipping to sturgeons and diadromous 
fish in general. 

The main adverse impacts of inland shipping are direct injury, habitat degradation and 
noise pollution. Therefore, the following mitigation measures are proposed to reduce 
the impact of inland shipping on diadromous fish, which should be investigated in 
close cooperation with the shipping industry: (1) Re-route ships to avoid important 
spawning grounds. The designated shipping channel is about 150 m, which is about 
50% (annual average) of the total channel width in the Lower Rhine (Staas 2017). (2) 
Maintain a sufficient height of the water column between the river bottom and a ship’s 
hull and propellers, e.g. by reducing the ship’s load. (3) Reduce ship speed and propeller 
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speed in certain river sections to reduce the risk of collision. (4) Develop “fish friendly” 
propellers. (5) Install longitudinal training dams for ecological rehabilitation. If they are 
designed to meet the needs of sturgeon, they will be safer and there will be less noise 
pollution. Other species, such as eels, are also likely to benefit from these longitudinal 
training dams.

Recommendation 5: Include all migratory fish in the ICPR’s 
Master Plan Migratory fish, including sturgeons. 

The International Commission for Protection of the Rhine (ICPR) uses Atlantic 
salmon (Salmo salar) and European eel (Anguilla anguilla), “to represent all migrating 
fish species, including endangered species according to IUCN and species exclusively 
migrating in inland waters (potamodromous species)” (ICPR, 2018), p.5. The traits 
of these species, however, differ strongly from the sturgeons as well as from other 
endangered, threatened and protected diadromous fish species of the Rhine (Fig. 9.3). 
Moreover, several of those species show indications of recovery, e.g. the river lamprey 
(Lampetra fluviatilis), houting (Coregonus oxyrinchus), Twait shad (Alosa fallax), and Allis 
shad (Alosa alosa) (van der Hammen et al., 2021; van Rijssel et al., 2024), while salmon 
and eel populations are at an all-time low (Hundt et al., 2015; van der Hammen et al., 
2021; van Rijssel et al., 2024). The other species mentioned do not depend on such long 
distance migrations (salmon) or moving in such capillaries (eel), so “The ecological guild 
approach blurs species-specific needs” (Stoffers, 2022). A more trait-based approach, 
including distance and timing of migration, and monitoring, will help to gain a better 
in-depth insight into local/regional spatiotemporal distributions of species population 
developments and of the effects of local/regional pressures and restoration activities. An 
approach based on the diversity of traits will be an important basis for a basin-wide view 
of where restoration and remediation of specific stressors is urgently needed and where 
a good situation has been achieved.
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Figure 9.3. Migratory fish of the river Rhine and their status in 2024 according to the European Habitats 
Directive, the IUCN red list and CITES. Noticeably, the Atlantic sturgeon (A. oxyrinchus) is not depicted 
here, as this species is not officially acknowledged as a native species of the Rhine.

Recommendation 6: Develop a plan and protocol to establish a 
Dutch or German rearing station using A. oxyrinchus in  
addition to A. sturio to increase numbers of  fish that can be 
experimentally released.

Experimental releases of telemetry tagged juvenile sturgeons have proved to be an 
excellent method of assessing habitat- and pressure management (Chapters 6 and 7), 
and it is strongly recommended that this be continued.

This recommendation aims to improve the re-introduction efforts and is based on the 
following six arguments: (1) Although not (yet) officially recognized, there is strong 
supportive evidence that both species are native to the Rhine into the twentieth century 
(Chapter 8). (2) The point of no return for potential hybridisation is already past, 
considering the presence of both species in the North Sea, and their capacity to stray and 
colonize adjacent river basins (Thieren et al., 2016a). (3) In other river basins multiple 
sturgeon species lived in sympatry, with A. sturio, like in the Danube (Friedrich, 2018). 
(4) If A. oxyrinchus were to be used for a reintroduction into the Rhine, there are several 
additional genetically different donor populations available - other than A. oxyrinchus 
sourced from a Canadian river currently used for the Baltic area (Gessner et al., 2011a) – 
including from the US with a strong environmental match, more closely resembling the 
reintroduction site in the river Rhine (Crandall et al., 2000). (5) The genetic diversity of 
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A. sturio is low despite intensive breeding plans and it is questionable whether A. sturio 
derived from a French source will survive and display homing behaviour in the Rhine. 
(6) Given their comparable traits, A. oxyrinchus can be used as sentinel species for A. 
sturio in telemetry studies. However, due to lacking artificial rearing in the ex situ brood 
stock in France (which is simply due to the extreme scarcity of the species) of A. sturio 
between 2015 and 2022, sturgeon conservation activities for the Rhine lost momentum. 
When fish became available, telemetry studies provided crucial insights about local/
regional threats  that would not be obtained from desktop studies (Chapters 6 and 7). 
Furthermore, national media coverage of the releases of live fish gained momentum 
for the sturgeon conservation. It helped to obtain additional funding, hire biologists, 
develop the First Action Plan for Sturgeon in the Lower Rhine (Visser et al., 2020), and 
brought sturgeon conservation to the table of the Dutch Ministry of Agriculture, Nature 
and Food Quality and the ICPR expert group FISH.

9.7 Concluding remarks

The re-introduction of lost species can only be successful if the key factors that 
contributed to their decline are no longer present, and if other anthropogenic or natural 
developments in the areas since their disappearance do not create critical problems for 
the re-introduction.

This thesis reveals that for the river Rhine and the North Sea there are still too many 
threats/problem areas that need to be mitigated and critical knowledge gaps that need to 
be investigated further. Although promising, the river Rhine and the North Sea are not 
yet suitable for sturgeon re-introduction. Most of the pressures on the species and its key 
habitats occur in the river Rhine. By-catch is the main pressure in the North Sea, and 
the active participation of fishers in reporting would be a great help in the assessment of 
the development of the sturgeon population at sea.

While the river Rhine, which provides key habitats for sturgeon recruitment, will 
continue to be restored to a good ecological status in line with current European 
environmental policy, stocking (releases of ) European sturgeon offspring in the French 
and German river basins will help to rebuild several generations of sturgeon at sea. 
Experimental releases in the river Rhine, using telemetry techniques, will provide us 
with information on habitat and pressure status and will also keep the momentum 
for conservation efforts going. For a future sturgeon population in the river Rhine, 
the governments of the Netherlands and the German state of North Rhine-Westphalia 
should take the lead, ideally coordinating the efforts of all stakeholders.
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