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Abstract

In the Western Balkans, fishery management and legislation do not recognize the high
molecular diversity of native brown trout. For this reason, stocking of streams relies
on brown trout of non-native origin. In recent years, there have been new findings
about the life-history features, dispersal and molecular characterisation of nominal
taxa of brown trout in the Western Balkans. This has prompted to a re-evaluation of
their risk of invasiveness in the region. In this study, based on a screening of six
non-native lineages of brown trout, four lineages were ranked as high risk and two
as medium risk of invasiveness under current climate conditions, whereas one lincage
was ranked as high risk and the other five as medium risk under predicted global
warming scenarios. Variation in scores and risk outcomes were related to life-history
traits differing among lineages, with most pronounced differences in dispersal
mechanisms. The results of this study point to the need for improvement of relevant
legislation in several sectors of fishery management. Management strategies should
aim to mitigate the conflicts arising among stakeholders, which contribute to the
deterioration of the native traits of brown trout stocks throughout the Western Balkans.

Key words: indigenous diversity, Sal/mo trutta, invasiveness risk, Aquatic Species
Invasiveness Screening Kit (AS-ISK), administrative and fishery management

Introduction

Brown trout Salmo trutta L., 1758 is a highly valued resource for sport
fishing. The first reliable record about the appreciation for brown trout
fishing dates back to 1496 (Berners 1880), followed by the reports of
Walton in 1653 (Walton 2019) and many others until the recent comprehensive
review about trout fishing, particularly fly fishing, by Herd (2003). Almost
two millennia have now elapsed since the first report on fly fishing for
brown trout in Aegean Macedonia by Zlian - an ancient Roman traveller.
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Nowadays, in totally unrelated parts of the world, almost the same techniques
for fly fishing (e.g. the Japanese “tenkara” and the Balkans’ hazelnut-pole-
and-horsehair-line) have developed independently over time. As a result of
its popularity, brown trout has spread out of its native range of Europe,
Northwestern Africa and Asia Minor to 42 countries worldwide (Welcomme
1992), including streams in Kilimanjaro, Kashmir, Australia, New Zealand
and Sri Lanka (Pawson 1987). This makes brown trout the 13™ most widely
introduced species in the world (Fausch 2007). Domestication occurred very
early in 1748 in Westphalia, Germany (Leitritz and Lewis 1980), and then
developed throughout the XIX century at Alsace and Baden-Wirttemberg
(Muller 1956). Main exports out of the species’ native dispersal range were
accomplished as fertilized roe loads from hatchery stocks of the United
Kingdom and Germany (Pawson 1987; Tiano et al. 2007; Baisch 2012).
However, the introduction of brown trout into distant streams on other
continents has strongly affected the local native fish fauna including cutthroat
trout Oncorhynchus clarkii (Richardson, 1836) in North America (Behnke
2007) and common river galaxias Galaxias vulgaris Stokell, 1949 in New
Zealand (Mclntosh et al. 1994; McIntosh and Townsend 1995). This makes
brown trout one of the world’s most invasive fish species (Lowe et al. 2004).
Although decision support tools that evaluate the risk of invasiveness of
non-native organisms rely on nominal, valid taxonomic entities, brown
trout is in a different position owing to discrepancies and incongruences in
its taxonomy (Kottelat 1997). Polymorphism at the genetic level has provided
an opportunity for in-depth research about brown trout phylogeography
and phylogenetics and for introducing a new level of taxonomy relevant to
risk assessments. Simonovi¢ et al. (2015) accomplished the first risk evaluation
for the Balkans Region using the Fish Invasiveness Screening Kit (FISK:
Copp et al. 2005). That study reported that rainbow trout Oncorhynchus
mykiss (Walbaum, 1792) and brown trout S. trutta (sensu stricto) of the
Atlantic haplogroup posed the greatest risk of invasiveness, which was
ranked as high. These species were followed by Macedonian brown trout
Salmo macedonicus (Karaman, 1924) and Lake Ohrid brown trout Salmo
letnica (Karaman, 1924) of the AD haplogroup, by Danubian brown trout
Salmo labrax Pallas, 1814 of the Dal (and Da2) haplotypes and by brook
trout Salvelinus fontinalis (Mitchill, 1814), which were ranked as medium
risk. Most brown trout haplotypes, albeit considered native, were
domesticated and translocated. The only non-native brown trout of the Da2
haplotype was domesticated and historically introduced for aquaculture
to be later translocated throughout the risk assessment area, despite
different views recently presented in this regard (Velickovi¢ et al. 2023).
The Balkans Region is a remarkable biodiversity hotspot (Blondel and
Aronson 1999; Medail and Quezel 1999; Hewitt 2011) as reflected by the
original diversity of native trout Salmo spp. In addition to the soft-muzzled
trout Salmo obtusirostris (Heckel, 1851), Lake Ohrid’s belvica trout Salmo
ohridanus Steindachner, 1892 and marble trout Salmo marmoratus Cuvier,
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1829, several nominal, valid or tentative taxa of brown trout have been
described from the Western Balkans. Molecular markers, especially the non-
coding sequence of the D-loop in the mitochondrial DNA control region
(Bernatchez et al. 1992; Suarez et al. 2001; Cortey et al. 2004; Bardakgj et
al. 2006), have been introduced and extensively researched in an attempt to
resolve the brown trout polymorphism, though this has not helped resolve
incongruencies in nomenclature. The use of molecular markers has
enabled the discovery of three and four new haplotypes of the Danubian
(DA) and Adriatic (AD) haplogroups in Serbia, respectively. (Mari¢ et al.
2006). Recently, two more DA haplotypes were discovered (Tosi¢ et al.
2014; Kanjuh et al. 2021) and another two reported from streams in
northern Croatia (Kanjuh et al. 2020).

Apart from the native haplotypes, several non-native haplotypes have been
reported, suggesting a long history of stocking streams with domesticated,
hatchery-reared brown trout. Mari¢ et al. (2006) reported for the first time
the occurrence of S. trutta of the Atlantic (AT) haplogroup and S. labrax of
the non-native haplotype Da2 from the River Crni Timok drainage in sympatry
with the new, region-specific native haplotype described subsequently as
Da23c (Tosi¢ et al. 2014). The Da2 haplotype was reported later from some
streams of the Western Balkans (Jadan et al. 2007; Mrdak et al. 2012;
Skraba et al. 2017; Kanjuh et al. 2020), occurring always in sympatry with other
haplotypes, both native (e.g. Dal) and non-native (e.g. Atcsl). An exception
is the single occurrence in the River Vrijeka at the Dabar Karst Field in
Eastern Herzegovina — a stream that was naturally void of brown trout
(Simonovi¢ et al. 2017a). Meanwhile, three haplotypes of the AD haplogroup
of Salmo farioides Karaman, 1938 native to the Adriatic Sea slopes in
Montenegro (Skraba Jurlina et al. 2020) have revealed a migratory life
history occurring together with the resident life history of fish in the same
(sub)population. The recent occurrence of the Da2a haplotype of the tentative
S. labrax has been reported in both brood stocks and streams of Serbia and
North Macedonia (Mari¢ et al. 2017; Veli¢kovi¢ et al. 2023). This is similar
to the haplotypes Adcsll and Ad-Prz of native S. farioides of the AD
lineage from the River Radika in the western part of North Macedonia,
which were allegedly domesticated. The molecular identity of the North
Macedonia’s tentative S. farioides is different from that in Montenegro and
Herzegovina (Skraba Jurlina et al. 2020). Currently, they are still horizon
species for the majority of the catchments in the Western Balkans, except for
streams in the River Vardar (Axios) drainage area belonging to the Aegean
Sea basin in North Macedonia (Mari¢ et al. 2017), where they have already
been translocated owing to common practice of fishery managers and fish
breeders to produce stocking material (Simonovic et al. 2017b).

Maric et al. (2022) recently evaluated with the Aquatic Species Invasiveness
Screening Kit (AS-ISK: Copp et al. 2016b, 2021) the risk of invasiveness in
the Balkans Region of 13 extant and translocated non-native trout and four
horizon species that are present in nearby regions but not yet found in the
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risk assessment area. In that study, six of the screened species were found
to pose a very high risk of invasiveness under current climate conditions,
but only three under global warming scenarios. Among the species posing
the highest risk of invasiveness was brown trout of the AT haplogroup.
However, the study of Mari¢ et al. (2022) did not focus on non-native brown
trout lineages found in the broodstocks of local hatcheries, whose stocking
may pose a threat of hybridization with native genetic material and
detrimentally affect the local salmonid fish stock.

The aim of this study was to (1) re-evaluate the risk of invasiveness of
domesticated brown trout lineages following the study by Simonovi¢ et al.
(2015), and (2) perform a new screening of two recently identified non-
native lineages of brown trout from local hatcheries in the Western Balkans.
The present results are expected to contribute to the improvement of fishery
management, particularly in terms of decisions regarding the selection of
genetic material for stocking activities and the preservation of native salmonid
fish stocks, not only in the risk assessment area but also on a broader scale.

Materials and methods

Risk screening was undertaken with AS-ISK v2.3.3 (available at www.cefas.
co.uk/nns/tools/), which is a second-generation decision support tool for
screening non-native aquatic organisms (Vilizzi et al. 2022b). This toolkit
consists of 55 questions, with the first 49 focusing on the Basic Risk
Assessment (BRA) and dealing with the biogeography, invasion history and
biology/ecology of the screened species. The last six questions pertain to
the Climate Change Assessment (CCA) and ask the assessor about the potential
effects of future climate conditions on the risks associated with the species’
introduction, establishment, dispersal and impact (as evaluated in the BRA).
To achieve a valid screening, the standard protocol described in Vilizzi et al.
(2022a, 2022b) and Vilizzi and Piria (2022) was followed. Screenings were
conducted using a consensus approach that involved a minimum of two
assessors who are familiar with each of the assigned species (Supplementary
material, Appendix 1). To distinguish between medium- and high-risk species,
the threshold value of 19.25 (after Marié et al. 2022) was used.

For the re-screening, four brown trout molecular variants for which new
knowledge has been acquired (Simonovi¢ et al. 2015) were selected due to
their invasiveness risk potential previously identified with FISK (Copp et al.
2016a) (Table 1): S. farioides (haplotypes Adcsll and Ad-Prz), S. labrax
(haplotype Da2) and S. macedonicus (haplotype Adcsl). A new screening
was performed on two lineages recently identified in the broodstock of the
Western Balkans of S. letnica (haplotypes Haplo12 and Haplo14), which is
native to Lake Ohrid and the River Crni Drim drainage area including the
River Radika (Table 1). The risk assessment area encompassed the countries
of the Western Balkans, namely Albania, Bosnia and Herzegovina, Croatia,
Kosovo, Montenegro, North Macedonia and Serbia (Figure 1, Appendix 2).
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Table 1. Non-native salmonids evaluated for their potential risk of invasiveness in the Western Balkans with details about native
distribution and known introductions.

. Common brown Distribution area
Species name

Haplotype
trout name plotyp Native Introduced

Adriatic Sea Basin in Montengro

Salmo farioides ~ Western Balkans Adcsl1 and Northern Macedonia Danube River Basin Simonovi¢ et al. 2015
Salmo farioides  Western Balkans Ad-Prz ATy S Eainin Mont.engr 0 Danube River Basin Simonovic et al. 2015
and Northern Macedonia
Salmo lab Danubian Da2 Northern slopes of Alps in Rivers Gacka, Gradac, Cmi Timok,  Simonovi¢ et al. 2015;
atmo tabrax Austria Vratna and many other streams in Serbia  Velickovi¢ et al. 2023
. . Lake Ohrid in Northern . . . .
Salmo letnica Lake Ohrid Haplo12 . Vlasina Reservoir Simonovic et al. 2015
Macedonia
Salmo letnica Lake Ohrid Haplo14 Lake Ohrid in Northern Vlasina Reservoir Simonovi¢ et al. 2015
Macedonia
Yeltizo , Macedonian Adcsl Aigzenn e Lnsdin f T8 S;rbla River Jerma Simonovic et al. 2015
macedonicus and Northern Macedonia
13.000 14.000 15.000 16.000 17.000 18.000 19.000 20.000 21.000 22.000 23.000 24.000
O — — — I I
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<., Hungary 46.000
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Y Romania
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42.000
49X 41.000
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— — — — —
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Figure 1. Localities where brown trout were sampled in the risk assessment area (numbers for each of sampling locations, rivers'
and sampling locations' names, latitude and longitude coordinates, year of record and references for the source data are given in
Appendix 2.

Results

Based on the BRA scores, four species were ranked as high risk and two as
medium risk. Based on the BRA+CCA scores, one species was ranked as
high risk and the other five as medium risk (Table 2). Only S. letnica Haplo14
was ranked as high risk for both the BRA and BRA+CCA. Climate change
predictions led to a decrease in the BRA score for all six species. The lowest
score for the Biogeography/Historical section was assigned to S. farioides
haplotype Adcsl1, as the score in the Invasive elsewhere section was reduced
by two points (Table 3). Salmo letnica haplo12 received five points in this part
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Table 2. Risk ranks for the non-native salmonids screened with the Aquatic Species Invasiveness Screening Kit (AS-ISK) for the
Western Balkans. For each species, the following information is provided: Basic Risk Assessment (BRA) and BRA + Climate
Change Assessment (BRA+CCA) scores with corresponding risk ranks (M = Medium; H = High) based on a threshold value of 19.25
(after Mari¢ et al. 2022); CCA value; Confidence factor (CF) for all 55 questions (BRA and CCA) and separaely for the 49 BRA

questions and 6 CCA questions.

. BRA BRA+CCA CF

Species name Haplotype CCA

Score Rank Score Rank Total BRA CCA
Samo farioides Adcsl1 13.0 M 5.0 M -8 0.85 0.86 0.75
Salmo farioides Ad-Prz 28.0 H 16.0 M -12 0.87 0.88 0.83
Salmo labrax Da2 24.0 H 20.0 M —4 0.83 0.83 0.83
Salmo letnica Haplo12 15.0 M 3.0 M -12 0.82 0.82 0.79
Salmo letnica Haplo14 26.0 H 22.0 H —4 0.83 0.83 0.83
Salmo macedonicus Adcsl 25.0 H 13.0 M -12 0.91 0.90 1.00

Table 3. Breakdown of the AS-ISK BRA scores for the non-native salmonids screened with the AS-ISK for the Western Balkans.

Salmo Salmo Salmo Salmo Salmo Salmo
farioides farioides labrax letnica letnica macedonicus
(Adcsll1) (Ad-Prz) (Da2) (Haplo12) (Haplo14) (Adcsl)
Biogeography/Historical 2.0 16.0 16.0 5.0 16.0 16.0
Domestication/Cultivation 0.0 2.0 2.0 0.0 2.0 2.0
Climate, distribution, and introduction risk 4.0 4.0 4.0 3.0 4.0 4.0
Invasive elsewhere -2.0 10.0 10.0 2.0 10.0 10.0
Biology/Ecology 11.0 12.0 8.0 10.0 10.0 9.0
Undesirable (or persistence) traits 4.0 5.0 3.0 5.0 5.0 5.0
Resource exploitation 7.0 7.0 7.0 7.0 7.0 7.0
Reproduction 4.0 4.0 4.0 4.0 4.0 4.0
Dispersal mechanisms 0.0 2.0 0.0 0.0 0.0 -1.0
Tolerance attributes —4.0 -6.0 -6.0 -6.0 -6.0 -6.0

of the questionnaire, while the other four species received a score of 16. In the
Biology/Ecology section, the highest score belonged to S. farioides haplotype
Ad-Prz and the lowest to S. labrax Da2. In this section, the questions on
Dispersal mechanisms resulted in the largest score differences.

Discussion

Despite previous screenings on brown trout and other trout species
(Simonovi¢ et al. 2013, 2015; Mari¢ et al. 2022), monitoring of the impacts
and risks posed by non-native, translocated and horizon trout species should
be updated with new information (Simonovi¢ 2016). In the context of the
Western Balkans, there are concerns regarding the capacity of decision-
makers to utilize decision support tools such as the AS-ISK in an effective
way and to act according to the outcomes of the screenings. Furthermore,
risk screening studies are closely intertwined with fishery and conservation
issues both of which require management attention. The monitoring of non-
native, translocated and horizon species (or of taxonomic units of high
conservation value below the species level) falls within the remit of the
administrative sector involved, with each sector playing a distinct role in
preserving the original biological diversity of fish populations.

Based on the results of this study, there is a considerable threat posed by
different haplotypes of non-native trout lineages to the native ones, ranging
from medium to high risk. In the current state of brown trout conservation
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practice in the risk assessment area, S. farioides of the Adcs11 haplotype native
from streams of the Adriatic Sea’s slopes in Montenegro features a lake-
dwelling subpopulation consisting predominantly of females that migrate
to spawn with the predominantly resident males (Skraba Jurlina et al. 2020).
This life-history feature superimposes them to the predominantly resident,
stream-dwelling male counter-mates. However, this migratory life history
also favours introduced (i.e. non-native) lake- or reservoir-dwelling brown
trout stocks over the native resident, stream-dwelling stocks in the recipient
headwater streams. As for S. farioides of the AD haplotype Adcsll in
Montenegro and eastern Herzegovina, its domestication has been attempted
several times in the last ten years without success. The legal obligation by
fisheries managers for stocking only native species without quoting precisely
the exact native haplotype raises attention towards the non-native haplotypes
of this and other tentative brown trout species (e.g. S. letnica) that are already
domesticated in North Macedonia. This justifies the need for a re-assessment
of the risk of their introduction out of the native area.

Regardless of haplotype or species, all salmonids are cold-water fish of
similar environmental demands (Simonovi¢ et al. 2020) and as such global
warming could have a major impact on their habitat and populations. The
tentative brown trout species analyzed in this study all showed a decline in
score after accounting for climate change, hence confirming previous
screenings (Mari¢ et al. 2022). However, some screened species haplotypes
(e.g. S. letnica haplo12) showed different CCA values resulting from
adaptation to climate change. The detailed effects of temperature and
precipitation on the distribution of particular species haplotypes is difficult
to predict, though the BRA distinguished four haplotypes as more resilient
(ie. S. farioides Ad-Prz, S. labrax Da2, S. letnica Haplo14 and S. macedonicus
Adcsl), with S. farioides Ad-Prz having the highest BRA score. Based on
the BRA scores, S. farioides Adcs11 and S. letnica Haplo12 were ranked as
medium risk, possibly due to their low dispersal mechanisms and developmental
plasticity, which could prevent them from adapting to changing environmental
conditions (Mari¢ et al. 2022). The BRA+CCA scores for S. farioides Adcsl1
and S. letnica Haplo12 were quite low, contrary to their Biology/Ecology
scores, likely due to their higher tolerance and persistence compared to the
other haplotypes screened.

The only available stocking material in the Balkans Region is that of
domesticated brown trout of the AT lineage. The brood stocks of the native
DA lineage originating from the majority of the streams in the Balkans are
not present in local fish farms (Mari¢ et al. 2022). However, stocking streams
with non-native brown trout of the AT lineage complies with legal acts covering
fishery management that do not recognize the high native diversity (as
indicated by molecular variants or tentative taxa, as described here) of brown
trout in the region. An occurrence of the allegedly native S. labrax of the Da2a
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haplotype in brood stocks of several brown trout hatcheries (Velickovi¢ et al.
2023) was accompanied by its finding as the only one of the Da2 haplotypes
occurring in several streams of Serbia. Regarding the character of the Da2a
haplotype, both variants (corresponding to the DA and AT haplogroups)
of brown trout stocking material from the River Soc¢a drainage area
(western Slovenia) at the beginning of the 20" century were obtained from
the hatchery situated at the spring of the River Bosna at IlidZa near Sarajevo
(Gridelli 1936 in Razpet et al. 2007). Records about stocking streams in
Montenegro and Serbia with hatchery-reared brown trout are lacking, but
it is certain that this took place in the second half of the 20" century when
there was no native brown trout production at all. It is most likely that the
source of the material for stocking was from hatcheries in Bosnia and
Herzegovina, where salmonid aquaculture was a legacy of Austrian fish
breeders (Aganovi¢ 1979).

Because of the risks that stocking poses to indigenous brown trout
diversity (Simonovi¢ et al. 2017 b), it is likely that stocking has been the
main vector of dispersal of S. labrax of the Da2 haplotype. The common
driving force behind stocking is the fishermen’s desire to catch trophy-size
brown trout as fishery managers do not hesitate to pay for stocking
material if it maintains or increases license sales. Fish farms produce
readily available stocking material for this purpose. Thus, the income that
serves as impetus for promoting stocking of brown trout fisheries, including
the occurrence of Da2a in particular streams of Central Serbia and brown
trout hatcheries currently holding brood fish of the Da2a haplotype
(Velickovi¢ et al. 2023), are entirely in line with this practice. The occurrence
of exclusive Da2a haplotype alone in streams of Serbia, as well as in
streams throughout the Western Balkans, is incongruent with the native
dispersal area of S. labrax of the Da2 haplotype group (i.e. streams in
Western Austria), where three native sub-haplotypes (Da2a, b and ¢) occur
in similar frequency (Baric et al. 2010). This monomorphism strongly
indicates their introduction from aquaculture, hence their non-native origin.

The unresolved taxonomy of brown trout in the region strongly
impinges on conservational issues as well as fishery management. Mitigating
the current discrepancy between conservation and management, which
involves contrasting interests, and implementing relevant legislative measures
is not a straightforward task due to nomenclatural complexity (i.e. nominal
species and molecular variants). Declaring the nominal S. labrax and
S. fariodes species native to headwaters of the River Danube and Adriatic
Sea slopes catchments, respectively would not adequately identify the
nativeness of the stocking material. This is because some DA and AD
haplotypes, which are already domesticated, may not be native to the
recipient streams in the risk assessment area (e.g. the Da2a and the Ad-Prz
in the River Danube and the River Neretva catchments, respectively). The
actions to be taken depend on the strategy adopted for management. If the
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aim for the improvement and maintenance of fisheries is stocking, then it
will be necessary to upgrade relevant legislation by introducing the concept
of either evolutionary or conservation significant units instead of nominal
species and set the aim of domesticating and local rearing of such pure,
indigenous brood stock lineages of brown trout. However, this is
currently neither cost-effective nor feasible from the standpoint of
administrative management and its capacity to survey it. A far more
effective strategy would be to implement consistent control of fishing that
ensures fishery sustainability, which is both the least costly and most
effective way to avoid stocking, hence to reduce the risk from introduction
of non-native brown trout haplotypes. This could be achieved as either
conditional level of catch determined by minimal landing size and daily bag
limit proportional both to natural stocks’ yield and length at which yield is
maximal (see Beverton 1992, as used in Simonovi¢ et al. 2018) or by
unconditional catch-and-release, depending on fishing pressure. Furthermore,
monitoring activities that would occasionally check the molecular markers’
status of brown trout populations should be implemented, especially of
those of greater conservation value holding local and isolated haplotypes.
This is in accordance with recommendations for the conservation of native
brown trout (Laikre et al. 1999).
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