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Alternative Life-History in Native Trout (Salmo spp.) Suppresses the Invasive Effect of Alien Trout Strains Introduced Into Streams in the Western Part of the Balkans
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The diversity of native trout fish Salmo spp. comprises a variety of nominal taxa in Serbia, Montenegro, and Bosnia and Herzegovina. Recent mapping of the resident trout populations detected the presence of brown trout Salmo trutta (sensu stricto) of the Atlantic (AT) mtDNA lineage introduced into populations of both tentative Danubian trout Salmo labrax and of tentative Adriatic trout Salmo farioides belonging to the Danubian (DA) and Adriatic (AD) mtDNA lineages, respectively. Introduction of the tentative Macedonian trout Salmo macedonicus of the AD lineage was also detected in a native population of the tentative S. labrax. In almost all recipient nonmigratory trout populations, a cross-breeding between native and introduced trout was detected by heterozygosity in either only the LDH-C nuclear locus or the LDH-C and specific microsatellite loci. The only exception was a population where both resident and migratory, lake-dwelling individuals of the tentative Adriatic trout spawned in a downstream section of a stream in Montenegro, as no microsatellite alleles of Atlantic brown trout that had been introduced upstream were detected. The occurrence of cross-breeding between Adriatic and brown trout was evident in the isolated, upstream section. It appears that migrating, lake-dwelling Adriatic trout in combination with their resident, stream-dwelling conspecifics suppress the introgression of genes from those situated upstream. In this regard, consideration should be given to the occurrence of the migratory brown trout in the Danube River at the broader Iron Gate Gorge area. They migrate in late summer and early fall from the Iron Gate One reservoir to the lower sections of tributaries devoid of any trout fish. However, some of these streams house very special native trout of the DA lineage in their short-extending upper sections. These native trout populations are, so far, still out of contact with the reservoir-dwelling trout. However, given the resilience of trout and their migratory life history, the outcome of this introduction could be deleterious for those native fish that are very precious in the conservation sense.
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INTRODUCTION

Some 25 nominal trout Salmo spp. taxa have been described throughout the dispersal area of this complex species (Kottelat, 1997). This illustrates the great variety in their traits, but also introduces confusion in their taxonomy from the conceptual point of view. There are taxonomic studies and reviews (Bernatchez, 2001; Simonović et al., 2007; LoBrutto et al., 2010; Vera et al., 2011; Meraner et al., 2013) that consider Salmo trutta L., 1758, to be a species complex comprising phylogenetically closely related species, while others (Abolhasan et al., 2017; Kalayci et al., 2018; Sanz, 2018; Rezaei et al., 2019; Whiteley et al., 2019) consider this to be a single highly polymorphic species. Whiteley et al. (2019) stated that the current taxonomic richness within the S. trutta was promoted by Kottelat (1997), who followed the evolutionary species concept of Simpson (1961) to assign local brown trout subspecies originally described on the basis of slight differences in a limited number of traits between local populations as nominal species (Kottelat and Freyhof, 2007).

The Western Balkans is a region known for its prominent trout diversity, as seen in the many trout taxa described in all three main drainage areas found here. Marble trout Salmo marmoratus (Cuvier, 1829), soft-muzzled trout Salmo obtusirostris (Heckel, 1851), Adriatic trout Salmo farioides (Karaman, 1938), and Salmo montenegrinus (Karaman, 1933) are species endemic to the eastern Adriatic Basin in Montenegro, Dalmatia, and Herzegovina, whereas the Lake Ohrid trout Salmo letnica (Karaman, 1924) (together with the tentative Salmo lumi (Poljakov et al., 1958), and Salmo aphelios (Kottelat, 1997), belvica trout Salmo ohridanus (Steindachner, 1892), and the Lake Prespa trout Salmo peristericus (Karaman, 1938), are endemic to the Adriatic Basin in Northern Macedonia. Taler's trout Salmo taleri (Karaman, 1933) and Danubian salmon Salmo labrax (Pallas, 1814), tentatively occur in the Black Sea Basin, while the Macedonian trout Salmo macedonicus (Karaman, 1924) and Pelagonian trout Salmo pelagonicus (Karaman, 1938), are found in the Vardar River (Axios) and Struma River (Strymon) in the Aegean Sea Basin.

The nominal taxonomy of Salmo spp. presented here was recently supplemented with a prominent insight into their diversity, assessed using molecular markers, both mitochondrial, [e.g., cytochrome b and control region (CR), i.e., the D-loop (Bernatchez et al., 1992; Bernatchez, 2001), and nuclear, e.g., LDH-C* and several microsatellite loci (Hamilton et al., 1989; Richard and Thorpe, 2001)]. The basic mapping of indigenous populations of nominal trout taxa accomplished using CR as a marker in the Adriatic Sea Basin assigned them to the Adriatic (AD), marmoratus (MA), and Danubian (DA) mtDNA lineages (Marić et al., 2006; Mrdak, 2011; Mrdak et al., 2012; Simonović et al., 2017b; Škraba Jurlina et al., 2018); those native to the Black Sea Basin belonged to the DA lineage (Marić et al., 2006; Mrdak, 2011; Tošić et al., 2014, 2016; Simonović et al., 2017b; Škraba et al., 2017), whereas in the Aegean Sea Basin, they belonged to the AD lineage (Marić et al., 2006, 2017; LoBrutto et al., 2010).

Every introduction poses a risk to the loss of original genetic structure in the recipient local brown trout population (Templeton, 1986; Laikre and Ryman, 1996; Laikre et al., 2010; Hansen, 2002; Ferguson, 2006a). The effect of introductions of domesticated, hatchery-reared brown trout of the DA haplogroup is difficult to detect using diploid genetic markers. This is an especially sensitive matter, given the fact that very few stocks at brown trout hatcheries in the Western Balkans have been genotyped. Though some countries have prescribed mandatory marking and registration of brood fish, this is poorly enforced. It is more feasible to detect the effects of introduction of brown trout of the AT haplogroup into the dispersal range of trout of either DA or AD haplogroups by seeking out the LDH-C*90 allele they transfer to their offspring by admixture with trout of DA and AD haplogroups. Subsequent analysis of microsatellite alleles can provide insight into the changes in the genetic structure of the recipient brown trout population by detecting private alleles specific to the introduced brown trout strain.

Since the introduction of brown trout worldwide (MacCrimmon and Marshall, 1968), it has become one of the most widely introduced fish species (Welcome, 1992; Fausch, 2007). Its invasiveness has been noticed everywhere, resulting in its proclamation as one of the World's 100 worst invasive alien species (Lowe et al., 2000). The most invasive impact of brown trout on the recipient fish fauna was recorded in New Zealand (Townsend, 1996; McIntosh et al., 2010; Jones and Closs, 2018), where the local native galaxiids approached extirpation after the introduction of the brown trout into their native streams. Behnke (2007) reported a similar effect in the Yellowstone National Park ecosystem, where introduction of the brown trout strongly suppressed the native West slope cutthroat trout Oncorhynchus clarkii (Richardson, 1836).

The economic impact of their invasive character is closely tied to conservational issues and trout fisheries, where fishery management is the main driver of the increased risk of introduction of non-native trout strains. Recently, activities to build small hydropower plants as renewable energy sources have been focused primarily on trout streams, which threatens very fragile mountain stream ecosystems and their native trout (Simonović, 2019). The adverse effects of small hydropower plants onto native trout populations in the sections of streams along the derivations are compensated through planned stocking, which perpetuates and augments the risk of introducing alien brown trout. This widely adopted stocking practice in trout stream management accompanied by the flow of money among fishery managers, trout fish farmers, and trout fishermen is the primary obstacle to effective conservation of indigenous and often unique native brown trout stocks (Simonović et al., 2017b), both in common fisheries (Simonović, 2019) and even in those situated in protected areas (Simonović et al., 2014).

The life history plasticity of brown trout makes the species highly resilient and able to adapt to abrupt alterations in habitat and to long-term harsh conditions when resources are scarce, which sustains adverse effects and maintains the genetic variability inherent to local populations (Ferguson et al., 2019). Three life forms of trout known as morphae (i.e., sea trout, m. marinus; lake trout, m. lacustris; and river trout, m. fario) generally depict that plasticity, which extends also to the life history in sea and lake morphs featuring migratory behavior-anadromy and lymnodromy, respectively. In the Balkans, migratory behavior in native trout is found in only a few populations. In the Eastern Balkans, [e.g., sea trout S. labrax migrate to spawn in the small tributaries on the Bulgarian coast of the Black Sea (Kohout et al., 2013)]. Migratory trout in the Western Balkans include lake-dwelling forms belonging to the Adriatic trout Salmo farioides (Karaman, 1938) in Montenegro, [e.g., the Lake Skadar “strun” (Mrdak et al., 2006) and to the marble trout S. marmoratus in Herzegovina, e.g., the tentative “zubatak” nominally described as Salmo dentex Heckel and Kner (1958)]. Snoj et al. (2002) reported that sea trout recorded in the Northern Adriatic Sea are brown trout of the AT lineage, as escapees from trout farms in streams draining to the sea. They considered them distinct from the sea trout, reported by Chiereghini (1818), which Kolombatović (1890) described as the tentative Trutta adriatica. Contrary to the mapping of brown trout of the AT lineage introduced into streams of the Danube River catchment (Simonović et al., 2017a), there are no reliable records on the introduction of the hatchery-reared brown trout of the Atlantic origin into streams at the Adriatic Sea watershed in Montenegro in the last 50 years at least. In the inland waters of the Danube River catchment, reservoir-dwelling migrating trout were recorded soon after the construction of dams, though it is not yet known whether those individuals belong to native trout of the DA lineage or to introduced trout of the AT lineage or whether they are an admixture of both of them. The discovery of brown trout individuals in the Djerdap (Iron Gate) One reservoir and in the lowermost sections of streams draining into the Danube River there (Figure 1, localities 1–7) confirmed they belong to the AT lineage or are admixed with it (Marić et al., 2012; Simonović et al., 2015, 2017a; Tošić et al., 2016). There are no records of these trout in the upstream, headwater sections, where pure brown trout of the very specific Da23c haplotype still occur (Tošić et al., 2016).
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FIGURE 1. Map of the study area in the Western Balkans where brown trout populations were sampled (1. Zamna River; 2. Rečka River; 3. Vratna River; 4. KoŽica River; 5. Mala Boljetinska River; 6. Zlatica River; 7. Brnjica River; 8. Krka River; 9. Upper Una River at Martinbrod; 10. Upper Una River at Loskun; 11. Svetinja River; 12. Krušnica River; 13. lower Mrtvica River; 14. upper Mrtvica River).


The aims of this study were: (1) to consider how alternative life histories and occurrence of migratory behavior in native brown trout of the AD lineage responded to the introduction of an alien strain of brown trout of the AT lineage into their home streams; (2) how introduced alien brown trout of the AT lineage affected the genetic structure of the stream-dwelling native individuals by introgressing into their gene pools; and (3) how migratory behavior in alien brown trout of the AT lineage acted in their favor when invading the recipient streams with resident, native, stream-dwelling brown trout of the DA lineage in the Western Balkans, regarding either the loss of original genetic diversity, or increased migratory behavior in the native populations. The results should allow scientists to anticipate the risks faced by the native brown trout population and the expected effects in real circumstances occurring in the area.



MATERIALS AND METHODS


Sampling

Trout sampling was conducted by fly fishing and by electrofishing using either an engine-powered electrofishing gear Suzuki-Bosch™ (220 V DC, Imax = 6 A) or battery-powered portable electrofishing gear AquaTech™ IG200/1® (380/600 V DC, Imax = 15A).

Sampling was conducted in the Svetinja and Krušnica Rivers, two tributaries of the middle reach of the Una River in the Black Sea Basin (Figure 1, localities 11 and 12), in autumn of 2012 and 2013. All individuals were small [of the standard length (SL) <25 cm] resident, stream-dwelling, with coloration common for brown trout in the Black Sea Basin: dark brown back and golden-yellow flanks, with the moderately large black spots scattered along the back and upper, dark flanks, and with uniformly sized red spots aligned in two almost regular rows along the golden mid-flanks of the body. Sampling in the lower Mrtvica River in Montenegro in the Adriatic Sea Basin (Figure 1, locality 13) was conducted by angling, from 2004 to 2007, in the peak of the spawning season in late autumn, when both life history forms co-occur in the spawning grounds. The sample consisted of both small, stream-dwelling fish of both sexes, but predominantly males, up to 20 cm in SL, with dark blue back and light bluish flanks scattered with tiny black and reddish spots, and large (some individuals exceeded 40 cm SL), smoltified (i.e., silvery in color, with only tiny, black spots on the back and flanks), lake-dwelling, exclusively female individuals, as seen by freely leaking roe. Samples from the upper Mrtvica River (Figure 1, locality 14) were collected in the spring of 2014 by electrofishing and consisted of only small, stream-dwelling fish, not exceeding 15 cm in SL. Samplings in the streams draining into the Danube River at the Djerdap Gorge (Iron Gate) area (Figure 1, localities 1–7) were conducted during the late summer–early autumn period from 2011 to 2015, and most samples in all streams consisted of typical stream-dwelling, small (of SL ≤ 15 cm) brown trout that resembled those from Svetinja and Krušnica Rivers. Only a couple of brown trout from the Brnjica River were slightly larger (of SL >25 cm SL) and silvery in color, with numerous, tiny black spots on the back and flanks, resembling the smoltified brown trout. After sampling, all fish were released into their home streams. Therefore, the determination of sex (except for individuals from the lower Mrtvica River) was not possible.

From each fish, an anal fin clip was taken and stored in microtubes filled with 96% ethanol. Fin clips were collected from 10 individuals from the Svetinja River, from 11 caught in the Krušnica River, from 11 individuals caught in the lower reach, and 12 from the upper reach of the Mrtvica River, where the size of samples was limited most likely by extensive poaching occurring there (Škraba Jurlina et al., 2018). As for the Danube River tributaries in the Iron Gate Gorge area, fin clips were collected from each of a very small number of individuals due to their small size and the scarcity of water and brown trout in those streams (Tošić et al., 2016), [e.g., two samples from the Brnjica River, 18 from the KoŽica River, six from the Mala Boljetinska River, 12 from the Zlatica River, 11 from the north fork of the Rečka River, 10 from the Vratna River, and seven from the Zamna River (Figure 1, localities 7, 4, 5, 6, 3, 2, and 1, respectively) (Supplementary Table)].



DNA Extraction and Analysis

DNA was extracted using either the High-Salt Extraction technique of Miller et al. (1988) or Quick-gDNA™ MiniPrep extraction kit following the manufacturer's instructions (Zymo Research Corporation, Irvine, CA).


Amplification and Analysis of the mtDNA

To identify introductions of non-native brown trout stocks, we amplified and analyzed the CR or D-loop that has been proven to be a good phylogeographic and taxonomic marker (Bernatchez et al., 1992; Cortey and García-Marín, 2002; Tougard et al., 2018). It is used for a range of purposes in combination with other molecular markers, including determining implication for conservation and management (Vera et al., 2011), migrating strains (Habibi et al., 2013), and analyzing the consequences of stocking (Škraba et al., 2017).

Amplification of the CR of mtDNA was carried out using the forward primers 28Riba (Snoj et al., 2000) and Trutta_mt_F (5′-TGAATGAACCTGCCCTAGTAGC-3′, designed by M. Brkušanin), and the reverse primer HN20 (Bernatchez and Danzmann, 1993), following the protocol from Tošić et al. (2014). PCR products were purified and sequenced at Macrogen Europe. Sequencing reactions were performed in a DNA Engine Tetrad 2 Peltier Thermal Cycler (BIO-RAD) using the ABI BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems), following the protocols supplied by the manufacturer by single-pass sequencing on each template using the forward (Trutta_mt_F) primer. Sequences were aligned with those from the GenBank using program Mega 7.0.21 (Larkin et al., 2007).



LDH Gene Amplification and Analysis

In addition to mtDNA showing maternal inheritance, other nuclear markers that complement with paternal inheritance in brown trout were used to infer the relationships between their populations. The lactate dehydrogenase (LDH) gene (Hamilton et al., 1989), specifically its eye-specific locus (LDH-C1*), was mostly used for this purpose. It is found only within the genus Salmo with two codominant alleles: LDH-C*100 and LDH-C*90. The first has an ancestral character and features a DA haplogroup, while the second features exclusively in northwestern European populations of the AT mtDNA haplogroup (McMeel et al., 2001). This was used to analyze introgression of alien individuals in the native populations.

Part of the LDH gene was amplified using Ldhxon3F and Ldhxon4R primers (McMeel et al., 2001). The final concentrations of PCR components were: 1 × PCR buffer (Invitrogen™, SAD), 1.5 mM MgCl2, 0.2 mM of each dNTPs, 0.5 μM for both primers (Metabion, DE), 1.5 U of Taq polymerase (Invitrogen™, USA), and ~100 ng of DNA. PCR amplification started with initial denaturation (95°C, 5 min), continued with 30 cycles of denaturation (94°C, 1 min), followed by primer annealing (62°C, 1 min) and DNA extension (72°C, 1 min), and final elongation (72°C, 10 min) in the ProFlex™ PCR System (Applied Biosystems®, USA). A 2.5% gel was used for DNA electrophoresis. Restriction fragment length polymorphism (RFLP) was analyzed using BselI endonuclease that cuts DNA at the CCCNNNNN/NNGGG position. PCR products were incubated for 16 h with BselI endonuclease (Thermo Fisher Scientific, USA) at 55°C according to instructions. The mixture contained ~100 ng of DNA, 10 U of enzyme, 10 × Tango Buffer and molecular water. A 2.5% gel was used for DNA electrophoresis with ® SYBR Green™ for visualization.



Microsatellites Amplification and Analysis

Microsatellite markers are often used for conservational and population genetic purposes, specifically to estimate population genetic diversity, influences of stocking on native populations (Hansen et al., 2000, 2001), effective population size (Serbezov et al., 2012), and broodstock formation (Hansen et al., 2000).

Analysis of the samples from both the Svetinja and Krušnica Rivers and from streams in the broader Iron Gate Gorge area was based on eight microsatellite loci—SsaD190, SsaD71 (King et al., 2005), Str73INRA (Estoup et al., 1998), Ssa410Uos (Cairney et al., 2000), Ssa85 (O'Reilly et al., 1996), SSsp2216 (Paterson et al., 2004), OMM1064 (Rexroad et al., 2002), and SsoSL438 (Slettan et al., 1995). All were amplified in four duplex reactions. The last microsatellite locus, SsoSL438, was excluded from the analysis of specimens from the Mrtvica River, while the remaining seven loci were combined in one single and three duplex reactions, with the forward primer labeled with a fluorescent dye (FAM or NED) (Škraba Jurlina et al., 2018). Fragment analysis was performed using GeneScan 500 LIZ Size Standard (Applied Biosystems, USA) on an ABI-3130 Genetic Analyzer (Applied Biosystems, USA). Analysis was performed using GeneMapper ID v3.2.1 (Applied Biosystems, USA).

Statistical analysis was performed on the microsatellite data to determine the differences in genetic structure between populations whose members revealed an alternative life history by partial migration and populations consisting exclusively of resident, stream-dwelling brown trout. Genetic structure from microsatellite data was determined as reported in Škraba Jurlina et al. (2018). Factorial correspondence analysis (FCA) was carried out using the program GENETIX 4.05 (Belkhir et al., 2004). Program FSTAT 2.9.3.2 (Goudet, 2002) was used to calculate allelic richness and values for Fisher's F statistics per locus (FIS, FIT, FST) and to test Hardy–Weinberg equilibrium within populations. Population structure was analyzed using the STRUCTURE 2.3.4 (Pritchard et al., 2000), with the proposed number of clusters K = 10. The length of burn in periods was set to 20,000, with the number of Markov Chain Monte Carlo (MCMC) repeats of 10 for each K depending on convergence after burning was set to 500,000. Structure Harvester software (Earl and VonHoldt, 2012) was used to estimate the most probable K according to Evanno et al. (2005).





RESULTS


Mitochondrial Control Region

Sequencing of the mtDNA CR revealed the introduction of brown trout belonging to the AT haplogroup in all three areas. In the streams feeding the middle course of the Una River, where the native brown trout belongs to the Da22 haplotype (GenBank accession number AF321993; Duftner et al., 2003), three out of 10 brown trout from the Krušnica River (33%) and three out of 10 from the Svetinja River (33%) belonged to the Atcs1 haplotype (#AF321990; Weiss et al., 2001; Škraba et al., 2017).

In the upper course of the Mrtvica River, where Adriatic trout is the native brown trout taxon bearing the Adcs11 haplotype (#AY836340; Cortey et al., 2004), three of 12 (25%) fish were of the A17 haplotype (#HQ848368; Kohout et al., 2012), and all of 11 fish from the lower course were native Adriatic trout (Škraba Jurlina et al., 2018).

In all streams in the Iron Gate Gorge area, brown trout of the AT haplogroup were recorded in the Brnjica River, Dobra River, and Porečka River and in the Danube River near the confluence with the Dobra River, while in the Vratna River, they were found in sympatry with the brown trout of the Da23c haplotype (#KC630984; Tošić et al., 2014), [i.e., three of 10 (33%) brown trout in total were of this haplotype (Tošić et al., 2016)].



Partial LDH-C* Locus

RFLP analysis of the partial LDH-C gene in brown trout samples from the middle course of the Una River showed that two fishes of the AT haplogroup were homozygotes for the slower allele (LDH-C*90/90), and the remaining brown trout of the AT haplogroup were heterozygotes LDH-C*100/90. The slower allele was also dominant in the DA haplogroup, where only four brown trout from the Krušnica River were homozygotes for the faster allele (LDH-C*100/100). That high proportion of slow allele occurrence in 75% of brown trout implied strong introgression of brown trout of the AT haplogroup into the gene pool of the native DA haplogroup.

In the upper course of the Mrtvica River, two of three fishes (66%) with the A17 haplotype were heterozygous (LDH-C*90/100), as were two of the remaining of nine fishes (22%) with the Adcs11 haplotype, indicating their paternal origin from the AT lineage. Other fishes in the upper course and all fishes in the lower course were homozygous for the LDH-C*100 allele. The remaining individuals belonging either to the ADcs11 or to the A17 haplotypes were homozygotic for the faster allele (LDH-C*100/100).

Of the three brown trout of the AT haplogroup from the Vratna River, only one (33%) was heterozygous (LDH-C*90/100), while two were homozygous for the faster allele (LDH-C*100/100) characteristic to brown trout of the DA haplogroup. This implies a paternal DA origin for those fishes and a long-lasting introgression with the recurrent cross-breeding between brown trout of the DA and AT lineages.



Microsatellites

In the (sub)populations from the Svetinja and Krušnica Rivers in the middle course of the Una River catchment, genetic diversity in brown trout individuals was greater, but with the lower genetic differentitation, as revealed by their fixation indices FIS = 0.1250 (p < 0.02) and 0.1926 (p < 0.001), respectively (Table 1), in comparison with FIS values ranging between−0.01695 and 0.04296 (p > 0.1) in brown trout from the (sub)populations in the upper Una River, consisting exclusively of native fishes. AMOVA results showed the greatest proportion of genetic variation to be in individuals (71.0%, FST = 0.705, p < 0.01), followed by the component of variability inherent to populations (22.5%, FIT = 0.290). Several private alleles were found in fish belonging to the AT haplogroup. Private alleles found in samples from the Svetinja River were mostly heterozygous for two loci, Ssa410UoS and OMM1064, and one sample was in a homozygous state for the locus Ssa85 (Table 2). All private alleles from the Krušnica River were heterozygous. Pairwise distance FST values between the populations gave clear depiction of their position in the Una River catchment; the only deviation was for the sample from the Una River at Martinbrod (Table 3A). In the FCA, the first four correspondent factors explained 18.35% of the total genetic variability. Correspondent factors 1 and 2 explained 6.22 and 4.36% of the variability, respectively, and clustered the brown trout from the Svetinja and Krušnica Rivers separately from all others (Figure 2, top). STRUCTURE analysis revealed two (with greatest value of Delta K = 31.759468) distinct subpopulations (Figure 3, top): the first one consisting of brown trout from the Svetinja and Krušnica Rivers, and the second one of brown trout from the Krka River and upper Una River (localities Martinbrod and Loskun).


Table 1. Population genetics of brown trout populations from streams situated in the Una River catchment (Svetinja, Krušnica, and Krka Rivers, upper Una River at the sites Martinbrod and Loskun sites), Mrtvica River (upper and lower), and in the Iron Gate Gorge area (Mala Boljetinska, Zlatica, KoŽica, Vratna, and Zamna Rivers), as assessed from microsatellite loci (He., expected heterozygozity; Ho., observed heterozygosity; FIS, intrapopulation fixation index; [image: image]n, mean allelic diversity per population; Ar, allelic richness; H-W, deviation from the Hardy–Weinberg equilibrium).
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Table 2. Microsatellite loci revealing private alleles (in bold letters) for the AT haplogroup in brown trout from four populations: in the middle course of the Una River (Svetinja and Krušnica Rivers), Mrtvica River (upper Mrtvica River), and middle Danube River at the Iron Gate Gorge area (Vratna River).

[image: Table 2]


Table 3. Pairwise FST distance values (above and right of the diagonal) and their significance (p-values) levels between samples from (A) Una River catchment and (B) Iron Gate Gorge area (the pairwise FST distance value between the upper and lower Mrtvica River populations is 0.22060, p < 0.05).

[image: Table 3]
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FIGURE 2. Correspondence analysis of brown trout populations from the Una River catchment (top), Mrtvica River (in the middle), and streams in the Iron Gate Gorge area (bottom) (Sv, Svetinja River; Kš, Krušnica River; Kr, Krka River; UM, Una River at Martinbrod; UL, Una River at Loskun; uM, upper Mrtvica River; lM, lower Mrtvica River; MB, Mala Boljetinska River; Zl, Zlatica River; KŽ, KoŽica River; Vr, Vratna River; Zm, Zamna River; Rč, Rečka River).
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FIGURE 3. STRUCTURE analysis of brown trout populations from the Una River catchment (top), Mrtvica River (in the middle), and streams in the Iron Gate Gorge area (bottom) (Sv, Svetinja River; Kš, Krušnica River; Kr, Krka River; UM, Una River at Martinbrod; UL, Una River at Loskun; uM, upper Mrtvica River; lM, lower Mrtvica River; MB, Mala Boljetinska River; Zl, Zlatica River; KŽ, KoŽica River; Vr, Vratna River; Zm, Zamna River; Rč, Rečka River).


In the upper Mrtvica River where brown trout of the AT haplogroup were admixed with the native AD trout, the observed heterozygosity Ho = 0.16667 was significantly lower than the expected He = 0.72826 for the locus SsaD71, demonstrating a significant (p < 0.001) deviation from the Hardy–Weinberg equilibrium, with the greater genetic diversity, [i.e., a weak differentiation within that population (FIS = 0.779), compared with the lower Mrtvica River population (FIS = 0.135) (Table 1)]. Pairwise distance between the upper and lower Mrtvica populations (FST = 0.221, p < 0.05) showed their significant differentiation. AMOVA showed that the majority of genetic variability to be that of individuals in the two populations (77.9 %, FST = 0.221, p < 0.01), whereas the within-population component was lower (22.1%, FIT = 0.247, p < 0.01). Private alleles specific for the AT haplogroup were found in brown trout of the AT haplogroup at two microsatellite loci and were heterozygous for the loci SsaD190 (151) and Ssa410Uos (200), whereas a heterozygous private allele for the locus OMM1064 (215) was recorded in one fish of the AD haplogroup, also in the heterozygous state. None of these private alleles for the AT haplogroup were recorded in any of the fish of the AD haplogroup in the lower Mrtvica River population (Table 2). In the FCA, the first four correspondent factors explained 36.02% of the total genetic variability. The first and second correspondent factors explained 14.40 and 8.10% of the variability, respectively, and clearly separated the two populations (Figure 2, middle). STRUCTURE analysis demonstrated that brown trout in the upper and lower Mrtvica River are two distinct subpopulations (with greatest value of Delta K = 39.321459) (Figure 3, middle).

In the brown trout population from the Vratna River in the Iron Gate Gorge area, the expected average heterozygosity for all microsatellites' loci was Hexp = 0.51, the highest among all populations in the area (Table 1). Several private alleles were found in individuals belonging both to the AT and DA haplogroups. AMOVA revealed that the majority of genetic variability in samples from the Iron Gate Gorge area was inherent to individuals (62.1%, FIT = 0.621, p < 0.01), and then to samples, [i.e., the populations (37.9%, FST = 0.379, p < 0.05)]. The allelic, [i.e., genetic diversity was highest in the brown trout population from the Vratna River, e.g., that obtained for the loci Ssa410Uos (AR = 5.348, FIS = 0.875), SsaD190 (AR = 2.860, FIS = −0.213), SSsp2216 (AR = 4.528, FIS = 0.034), and SsoSL438 (AR = 2.698, FIS = 0.191)]. One brown trout from the Vratna River was of the AT haplogroup and was homozygous for the LDH-C* allele characteristic for the DA haplogroup (100/100) and had private microsatellite alleles of the AT haplogroup at the loci SsaD190 (115) and SsoSL438 (109), which were likely of maternal origin (Table 2). In two brown trout of the DA haplogroup, several other private alleles were found to occur exclusively in these fish and no others of that haplogroup from any population in the area. These alleles were recorded at three loci (Table 2) and were probably of paternal origin. Private alleles found at all microsatellite loci were in heterozygous state. In the FCA, the first four correspondent factors explained 34.51% of the total genetic variability of brown trout in the Iron Gate Gorge area. Correspondent factor 1 explained 12.55% of the total variability and clearly separated the Rečka River population from all others, while correspondent factor 2 explained 8.14% of the variability and separated populations from the Mala Boljetinska, Zlatica, and KoŽica Rivers from populations in the Vratna and Zamna Rivers (Figure 2, bottom), which was supported by pairwise FST distances between populations (Table 3B). STRUCTURE analysis revealed four (with greatest value of Delta K = 85.869231) distinct brown trout subpopulations (Figure 3, bottom): one in the Mala Boljetinska and Zlatica Rivers, the second in the KoŽica River, the third in the Zamna and Vratna Rivers, and the fourth in the Rečka River.




DISCUSSION

The relatively small sample sizes from certain localities due either to extensive poaching (e.g., in the Mrtvica River) or very small size of streams and extreme scarcity of water during sampling (e.g., the Svetinja River and all streams in the Iron Gate Gorge area) can in general weaken the conclusions of their population-genetic features. Interpretation of results for population genetics features (Table 1) should include caution, as a stronger effect of admixing with brown trout of the AT haplogroup is expected on the Ho. The high inbreeding coefficient FIS (Table 1) in line with the reduction of heterozygosity that depicts their fixation for particular alleles, e.g., in the populations from the Svetinja, Krušnica. and Zamna Rivers could be a consequence of the small sample size. However, the use of three molecular markers and occurrence of heterozygous alleles specific for brown trout of the AT haplogroup (Table 2) unequivocally demonstrated admixing with the resident, native brown trout. This showed the invasive risk that non-native, migrating brown trout of the AT haplogroup pose on the resident brown trout populations in their native dispersal areas and demonstrated the resilience in native Adriatic trout population which have partial migratory behavior.

In contrast to the positive effects that sustainable management in trout fisheries have [e.g., the conditional and unconditional catch-and-release (Simonović et al., 2018)], both fishery managers and trout farmers fostered stocking of farmed brown trout fry and even spent brood fish (Simonović et al., 2014) to quickly enhance brown trout fisheries and accelerate return of investments (Simonović et al., 2017b). Based on recent knowledge of the native diversity of brown trout in the Western Balkans (Marić et al., 2006; Simonović et al., 2017a) and the risks posed to them by the introduction of non-native strains of brown trout and related species might pose to them (Simonović et al., 2013, 2015), recent surveys have revealed the occurrence of permanent, long-lasting introduction caused by stocking streams attractive for trout fisheries (Simonović et al., 2014; Škraba Jurlina et al., 2018), streams originally devoid of trout prior to stocking (Jadan et al., 2007; Simonović et al., 2018), and even streams that are not at all suitable for brown trout fisheries (Tošić et al., 2016; Škraba et al., 2017). Introduction of trout fish of the non-native haplogroups and of the non-native haplotypes in the dispersal area of brown trout of the DA haplogroup in the Western Balkans has been a long-standing practice since the mid-nineteenth century at least, when Slovenia, Croatia, and Bosnia and Herzegovina were parts of the Austro–Hungarian Empire (Razpet et al., 2007; Simonović et al., 2017b). The nominal genetic diversity assessed from microsatellite loci and the FIS and AR values in the populations of stream-dwelling, resident trout where brown trout of the AT lineage introgressed suggests that alien brown trout of the AT lineage have impacted brown trout populations, which could lead to a loss of native haplotypes and co-adapted gene complexes created through the long-term adaptation of aboriginal brown trout populations in their native habitats (Templeton, 1986). In that way, non-native brown trout of the AT haplogroup unequivocally reveal the invasive effect as defined by Kolar and Lodge (2002) and Copp et al. (2005), justifying their assessment as having high sensu stricto invasive potential (Simonović et al., 2015).

Salmonids commonly possess a migratory instinct. In many species, populations partition between resident, stream-dwelling, predominantly male individuals, and migrating, lake- or sea-dwelling, predominantly female individuals (Fleming and Gross, 1990; Ferguson, 2006a) that admix (Hansen, 2002). This is known for many brown trout populations in the Atlantic Ocean basin. Unlike the differences in morphological, demographical, and ecological characteristics (Klemetsen et al., 2003) between resident and migratory fish, no genetic differences have been found between them (Hindar et al., 1991; Hansen, 2002; Charles et al., 2005), demonstrating their common population status. The common genetic structure and gender proportion in the stream- and lake-dwelling Adriatic trout in the lower Mrtvica River are in agreement with population features reported for other migratory salmonid stocks. The low value of gene flow between two (sub-)populations supports the view that brown trout of the AT haplogroup from the upper Mrtvica River failed to admix with native Adriatic trout (Škraba Jurlina et al., 2018), despite a lack of any physical or reproductive obstacles. The stocked fish of the AT haplogroup have certainly not bred and have hence vanished from the lower Mrtvica River, accessible to the spawning migratory, lake-dwelling Adriatic trout (“strun”). In contrast, brown trout of the AT haplogroup still remain in the upper Mrtvica River and spawn with the native, stream-dwelling, resident Adriatic trout, producing hybrids of reduced heterozygosity (Table 1), a feature also reported by Ryman et al. (1995), Laikre and Ryman (1996), and Ferguson (2006b). Snoj et al. (2010) reported an occurrence of brown trout of the Atlantic haplogroup (At-s1, #M97969, Bernatchez et al., 1992) in the lower Neretva River, where the lake-dwelling form of marble trout S. marmoratus (locally known as “dentex”) occurs together with the resident marble trout and Adriatic trout. Regardless of the similarity of Adriatic trout and the tentative “dentex” for the commonly shared AdN haplotype (#DQ297172), the genetic structure of “dentex” was more similar to marble than to Adriatic trout, suggesting that “dentex” is the lake-dwelling, migratory form of marble trout, and not a form of Adriatic trout. As the AT haplogroup was not detected in the phenotypic, resident marble trout (Snoj et al., 2010), it seems that their life history plasticity helped to preserve their genetic structure, whereas the lack of a lake-dwelling form of Adriatic trout in the lower Neretva River made them susceptible to hybridization with the stocked brown trout of the AT haplogroup.

In the native, stream-dwelling brown trout of the two haplotypes belonging to the DA haplogroup (Da23c in the Vratna River in Eastern Serbia, as well as Da22 in the Svetinja and Krušnica Rivers in Bosnia and Herzegovina), all diploid genetic markers revealed an undisturbed admixture with stocked brown trout of the AT haplogroup and their persistence, as in the upper Mrtvica River. Moreover, it seems that brown trout of the narrowly dispersed and very specific modern haplotype Da23c found in several streams in the Iron Gate Gorge area are strongly threatened by the occurrence of the lake- (actually, a reservoir-) dwelling brown trout of the AT haplogroup (Marić et al., 2012) that were detected in the lowermost section of those streams in the late summer and early autumn periods (Tošić et al., 2016). Their silver body coloration and numerous black dots on the back and flanks suggest they smoltified prior to descending downstream to the reservoir. If they have already started returning to the closest available spawning grounds upon achieving maturity, there is a high risk of admixing with the native brown trout of the DA haplogroup and introgression into their gene pools in those Iron Gate streams where there are no physical obstacles for upstream migration, e.g., in the Brnjica, KoŽica, Mala Boljetinska, and Zlatica Rivers. In time, they might produce hybrid offspring which could begin to alter their life history and produce both stream- and reservoir-dwelling individuals and to strongly impact the original brown trout of the native DA haplogroup. Makhov et al. (2018) reported the strong capability of the recently resident, stream-dwelling Black Sea trout in the Mzymta River population, which they assigned S. labrax, to retain migratory behavior, despite being cut off from the sea by damming. The lack of reproductive isolation increases the invasive risk from brown trout strains that have retained a capacity to alter their life history. In addition to the restoration measures outlined in Simonović et al. (2015) that are applicable for already affected native trout stocks, constructing physical barriers (insurmountable cascades) may be a reasonable precautionary measure to preserve the highly valuable stocks in the conservation sense from the upstream migrating, reservoir-dwelling brown trout of the AT haplogroup.

In conclusion, it seems that migratory behavior fortunately provides native trout stocks a mechanism to cope with the alien strains and/or species introduced into their home streams, but also enables non-native brown trout to intrude into the recipient streams and introgress into their resident trout stocks successfully. This feature supports the evaluation of brown trout of the AT haplogroup as of the high risk sensu stricto in the FISK evaluation performed by Simonović et al. (2015) for non-native trout fish species and strains in the rivers of Serbia as a recipient area. The migratory instinct and life history plasticity inherent to various nominal trout taxa facilitate them in overcoming the scarcity of resources in their native, home streams (Gross et al., 1988), thereby preserving the original genetic structure of locally adapted populations. Current knowledge about brown trout stocks in the Western Balkans suggests that these features act as a stabilizing population mechanism that can also facilitate them to deal with alien trout strains that intrude into streams in their native area of dispersal either naturally or through human intervention.
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