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• 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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A B S T R A C T

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.
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1. Introduction

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 and 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 and Freyhof, 2007; Page and 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 and Doukakis,
2000), used these rivers to spawn: the now critically endangered
European sturgeon and the near threatened Atlantic sturgeon
(A. oxyrinchus) (Gessner et al., 2010; St. Pierre and Parauka, 2006;
Thieren et al., 2016; 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., 2022c; Verhey, 1963). In 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 and
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., 2014). 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; DREAL-Aquitaine, 2011; France Ministère de l'Écologie,
2020; Gessner et al., 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.

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 and 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 and 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 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 and Bemis, 1997; Birstein et al., 1997b; Ludwig et al.,
2009). 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; Radosavljević et al.,
2019; Spikmans et al., 2020). 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,
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2. Materials and methods

(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 inﬁeld 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 nonrespondents. 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.

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., 2022b; Brevé et al., 2022c) (Fig. 1). The area 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.
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.

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

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;

Fig. 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 RhineMeuse 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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Marine Research (WMR), sturgeons captured in fyke ﬁsheries (n = 289,
mostly unidentiﬁed sturgeon species); and (f) RAVON, sturgeons captured
with landing nets (n = 50).
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.

2.5. 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 internetbased 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 and 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. 2).
The risk analysis was thus interpreted for the potential (risk of) survival
under current 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

2.4.1. 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).
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Fig. 2. Conceptual scheme: general structure of the Harmonia+ assessment tool.
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(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. 4d).

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).

3.2. Free-living alien sturgeons
Between 1990 and 2021, 519 sturgeons were recorded from hydrologically connected waters (Fig. 5). We found no proof of alien sturgeon establishment in our data, that is no sightings of eggs, nor sightings of young-ofthe-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 (Figs. 4 and
5). The ﬁrst capture of a free-living alien sturgeon concerned one Sterlet
in 1944 (Fig. 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. 6).

3. Results
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. 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. 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. 3).
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 (Figs. 4 and 5). These other species were found
across the study area in three main settings: (a) Mississippi paddleﬁsh

3.3. Assessments of introduction, establishment, spread and risks
Using the Harmonia+ protocol (Fig. 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 1). These three
species also scored a high overall risk of invasion but a low overall risk for
impacts (Table 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). 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

Fig. 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.
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Fig. 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.

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

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).
4. Discussion
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
6
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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 and 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.

Fig. 5. Reported number of alien sturgeons (n) distributed over commercial angling
ponds, other hydrologically isolated waters (pond or lake), and connected waters
(river or canal).

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., 2011) 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 nonidentiﬁcations 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.
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, 2018; Friedrich et al.,
2019). Therefore, this species will not likely disperse to the river Rhine

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
species was able to reproduce successfully in the Rhine-Meuse delta and
to establish viable populations. Yet, their spawning periods and spawning

Fig. 6. Timeline of reported number of captures (n) of native sturgeons (Acipenser sturio and A. oxyrinchus) (red bars) and alien sturgeons (blue bars), and the ﬁrst reports of
alien sturgeon species (various symbols) free-living in hydrologically connected waters (river or canal) in the Rhine-Meuse delta in the years 1900–2021. The ﬁrst capture of
one free-living A. ruthenus was reported in 1944 (blue dot*).
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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; 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 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.
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0
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0
1
1
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0

Risk

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., 2011; Brevé et al., 2022a; Gessner and
Bartel, 2006; US Fish and Wildlife Service, 2018a; US Fish and Wildlife
Service, 2018b; US Fish and Wildlife Service, 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).
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Introduction
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Impacts: other targets
Introduction
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Spread
Impacts: environmental
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Impacts: animal targets
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Confidence

Huso huso
Acipenser
transmontanus
Acipenser stellatus
Acipenser ruthenus
Acipenser nudiventris
Acipenser naccarii
Acipenser
gueldenstaedtii
Acipenser brevirostrum
Acipenser baerii
Polyodon spathula
Species
Acipenseridae

Table 1
Aggregated risk assessment of recorded alien Acipenseriformes for the Rhine-Meuse delta, using the Harmonia+ protocol.

Confidence
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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
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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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