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Abstract
Salmonid (Salmonidae) sympatric diversity is the co- occurrence, in a lake or river, of two 
or more reproductively isolated populations/subpopulations, or phenotypes resulting 
from phenotypic plasticity. Sympatric populations can arise through allopatric and/
or sympatric evolution. Subsequently, allopatric lineages can occur in sympatry due 
to independent colonisation and/or through anthropogenic introduction. Sympatric 
divergence is often driven by feeding opportunities, with populations segregating as 
planktivorous, benthivorous and piscivorous ecotypes (“trophic polymorphism”), and 
further segregation occurring by feeding depth and body size. Subpopulations evolve 
by natal homing where a water has two or more discrete spawning areas, often re-
sulting in phenotypically and ecologically cryptic sympatry. Most known sympatric 
populations/phenotypes in trout of the genus Salmo (Eurasian trout aka brown trout) 
involve sympatric piscivorous (ferox) and lifetime invertivorous trout. Segregation on 
the benthic– limnetic axis has been poorly studied in Eurasian trout compared with 
other salmonids but is likely commoner than currently described. While three sympa-
tric populations/species of Eurasian trout are recognised from Lake Ohrid (Albania/
North Macedonia), limited ecological information is available and there are only two 
lakes with three or four sympatric populations with described benthic, limnetic and 
piscivorous trophic segregation: Lough Melvin (Ireland) and Loch Laidon (Scotland), 
the latter having the only identified case of a sympatric profundal benthic feeding 
populations, possibly due to the absence of Arctic charr (Salvelinus alpinus) in the lake. 
Many thousands of waters are yet to be examined. Some sympatric populations are 
extinct, and others are vulnerable with conservation action being urgently required. 
This should ideally be based on populations/conservation units, but the lack of recog-
nition of intraspecific units in most legislations in the native Eurasian trout range ne-
cessitates a pragmatic approach, with species classification, where appropriate, based 
on integrative taxonomy. Some sympatric populations clearly merit species status and 
should be formally classified as such if a valid previous name is not available.
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1  |  INTRODUC TION

1.1  |  Terminology

Sympatric salmonid (Salmonidae) diversity refers to the occurrence 
in the same lake or river of two or more distinct groups of individu-
als that overlap geographically (are syntopic) during part of their life 
cycle, generally for feeding, but may spatially segregate for breeding. 
The terminology used for such sympatric groups is diverse (Taylor, 
1999) and is often used inconsistently among authors (Clemens & 
Schreck, 2021). No one term is ideally suitable for all situations, es-
pecially when phenotypically cryptic sympatry is included (Jorde 
et al., 2018). The term populations is used here for groups that are 
substantially reproductively isolated as shown by their genetic dif-
ferentiation. Separate breeding groups may occur within a popula-
tion, for example, due to natal homing, and these are considered as 
subpopulations. Ecotype refers to a population that shows heritable 
adaptations to its feeding or breeding habitats (Clemens & Schreck, 
2021), although the genetic basis is generally inferred from morpho-
logical differences rather than being specifically demonstrated. The 
terms phenotype, or morphotype when morphologically distinct, are 
used for phenotypically distinct groups of individuals where the ge-
netic status is not implied, or where the variation may be the result 
of phenotypic plasticity within the same gene pool. The sympatric 
occurrence of different migratory life histories involving anadromy, 
potamodromy and residency are excluded from this review since, 
although having a heritable component, they do not generally form 
separate sympatric reproductively isolated populations (Ferguson, 
Reed, et al., 2019). Note that in Scotland, a lake is referred to as a 
Loch and, in Ireland, as a Lough.

1.2  |  Evolution and ecology of sympatric diversity 
in salmonids

Sympatric diversity appears to occur more in lakes rather than rivers, 
and in lakes that were formed by the last glaciation relative to older 
ones (Koene et al., 2020). Lakes typically have a greater diversity of 
habitats than rivers facilitating ecological segregation; this ecologi-
cal opportunity and spawning diversity increase with lake size and 
depth (Doenz et al., 2019; Recknagel et al., 2017). Low species diver-
sity in postglacial lakes results in the availability of diverse ecological 
niches with limited competition for resources and fewer predators, 
promoting diversification through trophic specialisation under di-
vergent selection pressures (Schluter, 2000). Multiple spawning 
areas including inlet and outlet rivers, and the lake substrate result 
in diversification through spawning habitat specialisation. Sympatric 
populations and phenotypes of salmonids involve many different 
species (Salisbury & Ruzzante, 2022; Taylor, 1999). These include 
rainbow trout (Oncorhynchus mykiss) (Grummer et al., 2021), al-
though more commonly lake- dwelling charrs of the genus Salvelinus, 
particularly Arctic charr (Salvelinus alpinus), Dolly Varden charr 
(Salvelinus malma) and Lake charr (Salvelinus namaycush) (Arostegui 

& Quinn, 2019; Chavarie et al., 2021; Saltykova et al., 2015; Skúlason 
et al., 1989; Taylor, 2016). Sympatric charrs are typically morphologi-
cally distinct, exploit different food resources, exhibit differences 
in growth and life history patterns and, in most cases, form geneti-
cally distinct populations. However, some sympatric types appear 
to result from phenotypic plasticity. Arctic charr generally shows 
from two to five sympatric populations (Adams et al., 1998; Doenz 
et al., 2019; Ferguson, Adams, et al., 2019; May- McNally et al., 2015; 
Skúlason et al., 1996; Winfield et al., 2015). Lake Kronotskoe (area 
246 km2; max. depth 136 m; Kamchatka, Russia), with eight sym-
patric phenotypes of Dolly Varden charr, is the most diverse lake 
currently known for salmonid sympatric diversity, excluding sub-
population structuring based purely on natal homing. Six of the eight 
phenotypes have different feeding habits. Five phenotypes have 
been shown to be genetically distinct, with the other three compris-
ing one genetic cluster (Esin et al., 2020). Lake versus river spawning, 
together with spatial isolation in each, is responsible for the genetic 
divergence of the six known populations (Markevich et al., 2018). 
Whitefish and ciscoes (Coregonus sp.), both in North America and 
Europe, also show extensive occurrence of sympatric populations 
(Rogers & Bernatchez, 2007; Thomas et al., 2017) with up to six sym-
patric populations in European lakes (Selz et al., 2020).

Lakes have three main discrete resource habitats namely lim-
netic, littoral benthic and, if deep, profundal benthic zones, although 
the latter has been much less studied than the other two (Præbel 
et al., 2013). Each has a characteristic invertebrate fauna: limnetic 
zooplankton (small crustaceans); littoral benthic macroinverte-
brates (molluscs, insects and larger crustaceans); profundal benthic 
macroinvertebrates (specialised oligochaetes, chironomids, crusta-
ceans and Pisidium sp.). In postglacial lakes, the littoral zone typi-
cally provides the best foraging, with the limnetic zone considered 
to be second best, and the profundal zone least favourable (Præbel 
et al., 2013). In some lakes, individual fish populations are primar-
ily restricted to particular habitats resulting in resource or trophic 
polymorphism (Pfennig & Pfennig, 2012; Skulason & Smith, 1995; 
Snorrason & Skúlason, 2004). Trophic phenotypes can arise via phe-
notypic plasticity, whereby certain individuals in a population shift 
to a new foraging behaviour (e.g. from invertivory to piscivory) and 
their morphology changes as they do so, or more usually via evolu-
tionary diversification constituting genetically distinct populations 
maintained by reproductive isolation (Klemetsen, 2010).

Often trophic specialisation involves benthic macroinvertebrate 
versus limnetic plankton feeding, although ontogenetic changes from 
benthivorous to planktivorous can occur (Jacobs et al., 2019; Snorrason 
& Skúlason, 2004). Further specialisation entails switching from initial 
invertivory to piscivory (Hughes et al., 2019). Segregation by feeding 
depth and adult body size can also occur (Hooker et al., 2016; Piggott 
et al., 2018). In some cases, size- segregated sympatric populations can 
arise within the same lake zone with similar feeding habits. Thus, two lit-
toral morphotypes (small benthic and large benthic) found in the Arctic 
charr of Lake Þingvallavatn (Iceland; area 84 km2; max. depth 114 m), 
both feed mainly on the pond snail (Lymnaea peregra), albeit differing 
in preferred snail size (Sandlund et al., 1992). Along with the sympatric 
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planktivorous population, and possibly a piscivorous one, they form 
genetically distinct populations (Guðbrandsson et al., 2019). Similarly, 
four Arctic charr populations are found in Lake Tinnsjøen (Tinnsjå), one 
of the largest (51 km2) and deepest (460 m) lakes in Norway, includ-
ing shallow- moderate profundal and deep profundal forms, the latter 
being highly specialised (Peris Tamayo et al., 2020). While differential 
feeding and habitat requirements result in selection for morphologi-
cal changes that improve the ability to obtain specific food organisms 
in the particular habitat (Adams et al., 2003; Garduño- Paz & Adams, 
2010; Knudsen et al., 2006), sympatric populations differing in mor-
phology, colouration, life history traits, physiology and/or ecology can 
also occur independently of trophic segregation. Feeding on zooplank-
ton in the limnetic zone results in a more streamlined slender body 
with a narrow, more pointed head, smaller eyes and dorsoventral 
countershading of the body for camouflage, and an increased number 
and/or length of gill rakers for better zooplankton filtering (Bernatchez 
et al., 2016; Roesch et al., 2013). Benthic macroinvertebrate feeders 
develop larger eyes, subterminal mouths and thicker set bodies with 
more robust deeper heads that aid consumption of larger prey (Piggott 
et al., 2018; Skulason & Smith, 1995). Ecomorphological adaptations to 
the profundal zone include large eyes, pronounced subterminal mouth 
and few short and widely spaced gill rakers (Harrod et al., 2010). For pi-
scivorous salmonids, natural selection may promote adaptations to this 
mode of feeding such as a more robust skull, increased musculature, 
larger jaws and larger teeth (Cawdery & Ferguson, 1988; Mittelbach 
& Persson, 1998).

Specific environmental conditions (e.g. lake depth and altitude) 
may also contribute to changes in morphology, especially of the head 
(Koene et al., 2020). Identical ecomorphological adaptations and asso-
ciated genetic and gene regulation changes can occur in unconnected 
lakes as a result of similar selection pressures, and thus, the evolution of 
similar phenotypes in different lakes is a common phenomenon (Eaton 
et al., 2021; Jacobs et al., 2020; Rougeux et al., 2019; Taylor, 1999). 
However, with the possible exception of a few key genes, generally 
such parallel changes are not accompanied by similar genetic changes 
suggesting that different genetic pathways can result in similar pheno-
types (Salisbury & Ruzzante, 2022). Reproductive isolation involving 
spatial, temporal, behavioural and/or postmating mechanisms facilitate 
the development and reinforcement of adaptations. European white-
fish show repeated evolution on limnetic– benthic axes in lake environ-
ments (Hudson et al., 2017; Østbye et al., 2005; Præbel et al., 2013). 
Feeding specialisation by discrete populations produces an overall 
increase in the trophic resources used by a species (Behnke, 1972). 
Thomas et al. (2017) found that for European whitefish (Coregonus 
lavaretus), this resource diversity was almost three times greater in a 
lake where four populations occurred, compared with an ecologically 
similar lake with a single population.

1.3  |  Trout of the genus Salmo

Trout of the genus Salmo are native to Europe, central and west-
ern Asia, and northwest Africa, although many natural populations 

are now extinct (Ferguson, Adams, et al., 2019; Lobón- Cerviá et al., 
2019; Markevich & Esin, 2019; Rasmussen et al., 2019; Schöffmann 
et al., 2019). Considerable variation in morphology, life history, ge-
netics, physiology and other characteristics has led to Salmo trout 
being regarded as among the most variable of the vertebrates 
(Ferguson, 1989; Klemetsen, 2013). This high variability has resulted 
in numerous vernacular and scientific names having been applied to 
individual populations, phenotypes and life histories. Of the English 
language common names, brown trout is the most widely used 
(Lobón- Cerviá & Sanz, 2018), although many authors use this name 
in a restrictive way, both geographically and in terms of life history, 
with considered membership of the brown trout complex varying 
widely. Due to this inconsistency, a vernacular name including all 
Salmo trout is desirable, irrespective of whether individual parts of 
this diversity merit species status. While Eurasian and Northwest 
African trout is an accurate descriptor, this phrase is unsuitable as a 
species name. The most appropriate compromise is Eurasian trout, 
rather than European trout as previously used (Whiteley et al., 2019), 
albeit it omits the unique populations in northwest Africa (Doadrio 
et al., 2015). There are many precedents in birds and mammals, for 
example, for using the Eurasian epithet even when the breeding 
range extends into North Africa.

The common ancestor of the salmonids dates to 50– 60 mil-
lion years ago (MYA; Crête- Lafrenière et al., 2012; Lecaudey et al., 
2018). The genus Salmo split from the other salmonid genera around 
30 MYA. Atlantic salmon (Salmo salar) and Eurasian trout separated 
from a common ancestor around 9.6– 15.4 MYA with extant Eurasian 
trout diversity having evolved over the past 5 MY. Ohrid belvicia 
(Salmo ohridanus) and softmouth trout (Salmo obtusirostris) were 
the first to split from the rest of the Eurasian trout group (Crête- 
Lafrenière et al., 2012; Lecaudey et al., 2018; Ninua et al., 2018; 
Pustovrh et al., 2014). Eurasian trout likely originated in the Ponto– 
Caspian (Caucasus) region (Makhrov and Bolotov, 2019) and ex-
panded west through Turkey to the Balkans. During the Pleistocene 
glaciations (past 2.6 MY), Eurasian trout survived only in glacial refu-
gia mainly in the south and expanded their range northwards again 
during interglacials. This had a major impact on Eurasian trout evo-
lution (Ninua et al., 2018). The Balkan Peninsula is recognised as one 
of the main Pleistocene refugia in Europe (Hewitt, 1999) and exhibits 
high levels of diversity and endemism in Eurasian trout (Schöffmann 
et al., 2019). Conversely, in the warmer interglacial periods, Eurasian 
trout in the southern regions became restricted to cooler higher 
altitude areas. Eurasian trout colonised the Atlantic region around 
0.7 MYA (Bernatchez, 2001), or possibly later 0.2– 0.6 MYA (Gratton 
et al., 2014), but most current northern European populations have 
only existed since the retreat of the most recent glaciation some 
10,000– 15,000 years ago. However, colonisation from multiple 
glacial refuges and substantial reproductive isolation on secondary 
contact, have resulted in high genetic diversity that predates the last 
glaciation (McKeown et al., 2010).

Currently, FishBase (Froese & Pauly, 2021) lists 49 species names 
for Eurasian trout, and several recently published ones are not in-
cluded. Notwithstanding current taxonomic uncertainties, some 
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species of Eurasian trout are considered as valid, at least by some 
authors, and are accepted as such here within the context of this 
review. These are Ohrid belvicia; softmouth trout; marble trout 
(Salmo marmoratus); Garda carpione (Salmo carpio); Fibreno trout 
(Salmo fibreni); Ohrid lake spawning trout (Salmo letnica); Ohrid river 
spawning trout (S. lumi); ferox (Salmo ferox) (Britain & Ireland); Melvin 
gillaroo (Salmo stomachicus); and Melvin sonaghen (Salmo nigripinnis) 
(Ferguson, 2004; Hashemzadeh Segherloo et al., 2021; IUCN, 2021; 
Kottelat & Freyhof, 2007; Meraner & Gandolfi, 2018; Pustovrh et al., 
2014; Sušnik et al., 2007; Whiteley et al., 2019). Other Salmo trout 
considered here are grouped as brown trout (Salmo trutta). That 
is, the term Eurasian trout is used here to include all Salmo trout 
species, while brown trout is used for trout populations not falling 
within the above noted species since in a number of sympatric sit-
uations not all populations have accepted scientific species names. 
However, it is highly likely that more valid species will be recognised 
within this brown trout complex as further genetic marker/genomic 
studies are undertaken.

1.4  |  Aims of review

To review the origins and occurrence of sympatric populations of 
Eurasian trout and their genetic diversity, together with trophic and 
spawning ecology, and ecomorphological differentiation.

To place the studies undertaken by the authors and colleagues 
on Lough Melvin in the context of studies on other Eurasian trout 
sympatric populations, and to provide a pregenomics synopsis of the 
Melvin populations as a basis for future genomic studies.

To consider the systematics and conservation requirements 
of the unique sympatric populations in Lough Melvin, within the 
broader context of other Eurasian trout populations.

To encourage further studies on sympatric populations of 
Eurasian trout.

2  |  DETEC TION OF SYMPATRIC 
POPUL ATIONS

Many sympatric populations are known initially from phenotypic 
diversity such as morphological, ecological, and behavioural differ-
ences. Thus, the Lough Melvin sympatric populations (Section 5) 
have been described by naturalists and anglers since at least the mid 
nineteenth Century (Günther, 1866; Newland, 1851). Clear size dif-
ferences often point to the occurrence of sympatric invertivorous 
and piscivorous ecotypes. Limnetic and littoral benthic feeders fre-
quently differ in body colouration and shape. However, some appar-
ently cryptic sympatric populations have been revealed only through 
genetic screening (Fišer et al., 2018; Jorde et al., 2018). Genetic 
differentiation among sympatric populations varies widely and is 
related to the degree and length of time of reproductive isolation, 
natural selection and effective population size (NE), which inversely 
determines the extent of genetic drift. Given that many sympatric 

forms have diverged postglacially, detection of the often low level of 
genetic differentiation is challenging. However, Haenel et al. (2021) 
found genomic regions fixed for alternative alleles over a distance of 
a few hundred metres in the three spined stickleback (Gasterosteus 
aculeatus: Gasterostidae). This strong divergence is apparently main-
tained by polygenic selection in spite of high gene flow and low se-
lection on individual loci.

Crucial to detecting sympatric diversity is an adequate fish sam-
pling design to obtain a full representation of all types present in a 
water. Detecting lake sympatric populations with little or no pheno-
typic differentiation, for instance, requires detailed sampling cov-
ering all available habitats and depths using 3D- stratified random 
netting techniques (Appelberg, 2000; Verspoor et al., 2019). Thus, 
sampling based on angler- caught specimens, in most cases, is un-
likely to provide sufficient coverage of the diversity present since 
many angling techniques only target surface or subsurface feeders 
(Headley, 2019). Comprehensive and nonbiased sampling of juve-
niles, including temporal components, in all afferent and efferent 
rivers of a lake may give an indication of sympatric populations. 
Multiple samples are required in individual rivers since distinct pop-
ulations may spawn in different parts of the same river (e.g. down-
stream and upstream; Ferguson & Taggart, 1991). However, river 
sampling alone will not pick up lake spawning populations, a life his-
tory now considered to occur more frequently in Eurasian trout and 
other salmonids than was previously realised and that cannot be ex-
cluded in advance for any lake (Arostegui & Quinn, 2019; Ferguson, 
Adams, et al., 2019; Heggenes et al., 2009).

Until recently, most detection and confirmation of genetic differ-
entiation and reproductive isolation of sympatric populations have 
relied on a suite of genetic markers such as allozymes, mitochondrial 
DNA (mtDNA) restriction fragment length polymorphisms (RFLPs), 
partial mtDNA sequencing, a limited number of single- nucleotide 
polymorphisms (SNPs) and microsatellites. It is important when ap-
plying these genetic markers that appropriate, and ideally several, 
marker types and a sufficient number of markers, are used as this 
can impact on the ability to detect sympatric populations. More im-
portantly, and contrary to common thinking and trends, the more 
recently developed makers are not necessarily the best. Palmé et al. 
(2013) found that two cryptic populations could be detected with 
14 allozyme markers (FST > 0.1) but would have gone undetected 
with seven microsatellites (Weir & Cockerham's, 1984 FST is used 
as a measure of genetic differentiation throughout this review.). For 
these same populations, Andersson, Jansson, et al. (2017) found that 
genetic divergence was considerably greater for these 14 allozymes 
than for 3093 single- nucleotide polymorphisms (SNPs), possibly the 
result of selection on functional allozymes. Verspoor et al. (2019) 
reported that one set of microsatellite markers was more effective 
than another set at detecting sympatric populations.

Increasingly, studies are moving from small sets of markers to 
genomic approaches involving partial or complete genomic sequenc-
ing. In spite of DNA sequencing having decreased considerably in 
cost, it is still problematic to conduct full genomic sequencing on a 
large number of individuals and short- cut approaches are still used 
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(Lou et al., 2021). Restriction site- associated DNA sequencing (RAD 
sequencing), whereby part of the genome is sequenced extensively 
in many individuals allowing reliable genotyping, is a popular ap-
proach. Using 29,068 SNPs genotyped by RAD sequencing, Ackiss 
et al. (2020) were able to clearly distinguish among the three most 
common sympatric populations of Coregonus artedi (Salmonidae) in 
Lake Superior for the first time, as well as identifying putative hy-
brids and potentially misidentified specimens. Population assign-
ment rates based on these data were 93%– 100%, with the only 
misassignments being putative hybrids, compared with 62%– 77% 
using nine microsatellites.

Full genome sequencing is often needed to identify adap-
tive differences, which may be missed with RAD sequencing (Lou 
et al., 2021). With the availability of a reference nuclear genome for 
Eurasian trout (Hansen et al., 2021), increasingly DNA resequencing 
of nuclear DNA (nDNA) is being applied to provide improved res-
olution on genetic differentiation involving both neutral and func-
tional genes (Saha et al., 2021), with both sequencing of individual 
DNA and pooled DNA from multiple individuals. Whole- genome 
resequencing is important in identifying genomic regions underlying 
phenotypic divergences between sympatric populations (Grummer 
et al., 2021). Although a reference genome is available for Eurasian 
trout mtDNA (Sahoo et al., 2016), sequencing is still largely confined 
to the control region (Hashemzadeh Segherloo, 2021; Sanz, 2018).

Tetraploidy in the early evolution of the salmonids (Macqueen 
& Johnston, 2014) means that many genes still exist in duplicated 
state (paralogs) (Lien et al., 2016). Duplicated genes facilitate adap-
tation when paralogs acquire different functions and can result in 
reproductive isolation when alternative silencing of paralogs occurs 
(Arostegui & Quinn, 2019; McKinney et al., 2018). Salisbury et al. 
(2020) found different paralogs as outliers between reproductively 
isolated sympatric resident and anadromous Arctic charr morphs oc-
curring in parallel in three different lakes. Population genetic studies 
thus need to take account of paralogs and not exclude them as was 
the case in earlier analyses (McKinney et al., 2018).

Where phenotypic differences exist, these can be used as a basis 
for a priori grouping of specimens and the resulting groups evaluated 
for genetic differentiation. Samples from different spawning loca-
tions can be analysed in a similar fashion. Other methods rely on 
treating all specimens from a water as a single sample with sympatric 
populations being detected by analysis for heterozygote deficiency 
(Wahlund effect) (Jorde et al., 2018), or by using population structur-
ing methods such as BAPS (Corander & Marttinen, 2006; Corander 
et al., 2003, 2004), STRUCTURE (Pritchard et al., 2000) and/or dis-
criminant analysis of principal components (DAPC; Jombart et al., 
2010). BAPS and STRUCTURE do not rely on a priori information 
to infer population structuring. On the other hand, DAPC maxi-
mises genetic differentiation between groups without the need for 
assumptions of Hardy– Weinberg equilibrium, linkage disequilib-
rium and random mating (Dufresne et al., 2014) required in BAPS 
and STRUCTURE, which are also sensitive to uneven sample sizes 
(Puechmaille, 2016). STRUCTURE gave more apparent structuring 
than BAPS when several brown trout populations were marginally 

significantly differentiated but both gave congruent results at higher 
levels of differentiation, i.e. FST >0.03 (Prodöhl et al., 2019). It should 
be noted, however, that there is no way of validating K = 1 when 
using the ΔK method (Evanno et al., 2005), and it may be that K = 2 
is reported by default (Janes et al., 2017) resulting in false apparent 
structuring. The existence of additional sample data (e.g. pheno-
types, sampling location) can substantially increase the reliability of 
inferences compared to genetic data alone in both BAPS (Corander 
et al., 2003) and STRUCTURE (Hubisz et al., 2009).

In simulation studies, Jorde et al. (2018) found that the power to 
detect cryptic sympatric populations in STRUCTURE was related to 
the number of marker loci, the sample size and the relative propor-
tions of the populations in the sample. There was also a threshold 
of genetic differentiation for detection of structuring. Using 10 mi-
crosatellites in STRUCTURE analysis, it was possible to detect two 
populations with an FST of 0.0435 with 90% certainty, but this fell 
to 17.5% with an FST of 0.025. The heterozygote deficiency test was 
able to detect structuring at a slightly lower level of population di-
vergence than STRUCTURE.

3  |  E VOLUTION OF SALMONID 
SYMPATRIC POPUL ATIONS

Sympatric populations can arise in four main ways. These are not 
mutually exclusive, and two or more types of ancestry can result in 
sympatric populations in a specific water. Thus, both allopatric and 
sympatric evolution may be responsible for sympatric diversity with 
an allopatrically derived lineage splitting further in sympatry (Bryce 
et al., 2016).

3.1  |  Allopatric origins— natural colonisation and 
anthropogenic introduction

Populations may evolve allopatrically as a result of natural selec-
tion and/or genetic drift under different environmental condi-
tions with geographical barriers preventing gene flow. Adaptive 
evolutionary change can occur in only a few generations among 
allopatric populations of Eurasian trout (Westley et al., 2013). 
Isolation in separate refugia during periods of glacial advance was 
responsible for much divergence in northern populations of sal-
monids (Taylor, 1999) including Eurasian trout (McKeown et al., 
2010). Subsequently, distinct lineages, which evolved in isola-
tion, may naturally colonise the same lake or river and may remain 
largely reproductively isolated. Reproductive isolation of these 
allopatrically derived lineages could be reinforced on secondary 
contact reducing introgression and allowing further divergence 
and adaptations to reduce competition (i.e. reinforcement selec-
tion). Anthropogenic transfers of distinct lineages can take place 
potentially resulting in sympatry of the native and/or introduced 
lineages. This can be difficult to differentiate from natural multi-
ple colonisations except where the lineage involved is unlikely to 
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have colonised naturally. Thus, Atlantic lineage (sensu Bernatchez, 
2001) Eurasian trout have been introduced outside their native 
range into many waters that contain native trout of other major 
lineages (Berrebi et al., 2021).

While introgression can often occur as a result of introductions, 
the long- term impact of this is often less that might be expected 
from the scale of the stocking (Ferguson, 2007; Schenekar et al., 
2014). Lineages can remain distinct especially where the native 
population has evolved a distinct life history. For example, the ge-
netically distinct native carpione trout, a deep- water lake spawner 
in Lake Garda (Italy), is sympatric with a lacustrine- adfluvial (see 
Ferguson, Reed, et al., 2019 for terminology of potamodromous life 
histories) Eurasian trout derived from a farm trout strain of Atlantic 
lineage, which were stocked around 1900, with no evidence of inter-
breeding (Gratton et al., 2014; Meraner & Gandolfi, 2018; Section 
4.4). Two lineages of Eurasian trout have been reported as sympatric 
in several parts of the Plitvice Lakes water system (Croatia), one rep-
resenting native Danubian trout and the other introduced Atlantic 
lineage trout (Buj et al., 2021). Mixing of the two lineages appears to 
be limited, at least as based on mtDNA haplotypes.

3.2  |  Sympatric origins

Reproductively isolated populations can evolve sympatrically 
(within the definition used here) from a common ancestral lineage in 
a water without a physical barrier separating them, even in the pres-
ence of high gene flow, through divergent selection on ecologically 
important traits. Such “sympatric speciation” (adaptive radiation) has 
become increasingly accepted during recent decades with the link 
between ecological specialisation and reproductive isolation being 
particularly apparent in the evolution of postglacial fishes (Schluter, 
2009). Adaptive divergence can result in reproductive isolation 
through several mechanisms. Individuals can become adapted to 
their trophic mode and/or spawning habitat characteristics resulting 
in hybrids being selected against due to reduced biological fitness. 
Assortative mating may be present because individuals may prefer to 
mate with others of the same phenotype (Garduno- Paz et al., 2020). 
Divergence may involve only a few genes under selection, possibly 
clustered throughout the genome (genomic islands), with the rest of 
the genome remaining largely homogenous as a result of gene flow 
(Franchini et al., 2013; Jacobs et al., 2018; Nosil et al., 2021).

Smith and Skúlason (1996) and Skúlason et al. (1999) presented 
a conceptual model explaining sympatric divergence in general. 
This involves a single population colonising a new or relatively un-
exploited environment coupled with a high level of intrapopulation 
competition. Subsequently, rapid phenotypic shifts occur, especially 
in behaviour, morphology and life history, primarily brought about 
by phenotypic plasticity. Divergent selection then results in the evo-
lution of specialised populations and reduced phenotypic plasticity. 
The final stage is the evolution of prezygotic and postzygotic repro-
ductive isolating mechanisms resulting in reduced gene flow. The 
model was further extended by Skúlason et al. (2019) by integrating 

development with ecology and evolution (eco evo devo). This em-
phasises the need to consider phenotypic variation generated during 
the ontogenetic process, together with ecological opportunity and 
natural selection, to fully understand sympatric speciation.

While in practice, it can be difficult to differentiate between allo-
patric and sympatric origins, allopatrically evolved lineages might be 
expected to have colonised multiple waters and populations sharing 
genetic ancestry could be found elsewhere (Mehner et al., 2021). On 
the other hand, populations that have evolved in sympatry should 
share greater genetic ancestry to each other than to similar pop-
ulations that have evolved in parallel in other waters. Thus, sym-
patrically derived populations are likely to share an mtDNA clade 
indicating evolution from a common lineage (Gowell et al., 2012). 
Populations that have evolved in sympatry in postglacial lakes gen-
erally have lower genetic differentiation than allopatric ones due to 
the shorter period of isolation, although effective population size 
(NE) will also be important in this respect. However, gene flow on 
secondary contact of allopatrically derived populations may also re-
sult in increased similarity of now sympatric populations.

Unlike Arctic charr and European whitefish, for Eurasian trout, 
there are few clear- cut examples of sympatric splitting resulting in 
reproductively isolated populations. Three of the four sympatric 
populations in Loch Laidon (Scotland) fit the expectations of sym-
patric divergence (Verspoor et al., 2019; Section 4.2).

3.3  |  Natal homing subpopulations

Most lakes and rivers have two or more spawning locations result-
ing in reproductively isolated subpopulations. Natal homing means 
that subpopulations in these locations can genetically diverge from 
each other where the strength of genetic drift and/or natural se-
lection producing divergence exceeds the gene flow opposing it. In 
large lakes, isolation by distance can result in gene flow among ad-
jacent spawning subpopulations but not among more distant ones 
(i.e. isolation by distance). Subpopulations of Eurasian trout gener-
ally do not show obvious morphological and/or trophic segregation, 
although in most cases studies have not been sufficiently detailed 
to conclude this definitively. However, in large lakes, with consider-
able distance among spawning tributaries, there is some evidence 
of such divergence among subpopulations (Crozier, 1985; Crozier 
& Ferguson, 1986; Swatdipong et al., 2010, 2013). Natal homing is 
likely to be responsible for at least some cryptic sympatric “popula-
tions” in salmonids.

Restoration stocking of a lake, where Eurasian trout have become 
extinct, using several distinct lineages with differential contribution 
of these in the spawning rivers can initiate genetic divergence, which 
is then maintained by natal homing and potentially differential selec-
tion. In Loch Fleet (southwest Scotland; area 0.18 km2; max. depth 
17 m), restoration stocking with four distinct lineages, following 
acidification- induced extinction of the native trout, was found to 
have resulted in genetically different inflow and outflow river pop-
ulations some six to eight generations later (Prodöhl et al., 2019).
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Genetically distinct subpopulations are expected in all waters 
with two or more spatially segregated spawning areas, although 
they may only be detected with a limited number of genetic mark-
ers where small effective population sizes (NE) have resulting in 
increased differentiation due to genetic drift. Thus, Prodöhl et al. 
(2019) detected three sympatric subpopulations in Loch Grannoch 
(southwest Scotland; area 1.15 km2; max. depth 21 m) but not in 
other similar lakes in the same region. The number of brown trout 
in this particular lake was reduced to a few hundred fish by severe 
acidification in the 1970s, and thus, NE in each of the three spawning 
rivers was undoubtedly very low. Genetic drift likely resulted in suf-
ficient genetic differentiation (mean FST = 0.03) for the structuring 
brought about by natal homing to be detected with both BAPS and 
STRUCTURE.

Sympatric subpopulations resulting from natal homing have been 
widely demonstrated in many waters throughout the Eurasian trout 
range (Berrebi et al., 2013; Crozier & Ferguson, 1986; Duguid, 2002; 
Keenan, 2015; Linløkken et al., 2014; Magee, 2017; Skaala, 1992; 
Swatdipong et al., 2010). Sympatric subpopulations solely as a result 
of natal homing are not considered further in this review.

3.4  |  Phenotypic plasticity

Sympatric phenotypes may be environmentally induced, i.e. they 
represent phenotypic plasticity resulting from epigenetic differ-
ences, such as DNA methylation or histone modifications, and con-
sequent modification of gene expression (Crotti et al., 2021; Fargeot 
et al., 2021). Thus, environmental influences can be converted into 
gene- regulatory signals resulting in fine tuning of phenotypic vari-
ation in ecologically important traits (Heckwolf & Meyer, 2021). 
Plastic phenotypic differentiation through epigenetic changes can 
be the first stage in adaptation to changing environmental condi-
tions (Hu et al., 2021; Mäkinen et al., 2018), although the overall 
importance of this mechanism is still unclear. However, Vernaz et al. 
(2021) found substantial DNA methylation differentiation, associ-
ated with changes in transcriptome activity of ecologically relevant 
genes, among sympatric Lake Malawi cichlid species, in spite of their 
low DNA sequence differentiation. Campbell et al. (2021) compared 
Arctic charr reared at 9°C and 5°C and found significant differences 
in craniofacial morphology and vertebral number. Environmentally 
induced phenotypes do not represent separate populations initially, 
although phenotypic plasticity is considered the first stage in the 
evolution of genetically based morphological, ecological and behav-
ioural differences (Parsons et al., 2016; Skúlason et al., 2019).

Absence of genetic differentiation between phenotypes, as seen 
from a limited number of genetic markers, must be treated with cau-
tion. Unless they have been reproductively isolated for sufficient 
time for the accumulation of genetic differences, it is unlikely that 
there will be genome- wide differentiation that could be detected 
with such techniques. In some cases of recently diverged popula-
tions, a few highly differentiated loci of large effect can be respon-
sible for population- level morphological, ecological or behavioural 

divergence in spite of other regions showing little or no differen-
tiation. Thus, genetic differentiation can be present in a few genes 
involved with specific adaptations and/or reproductive isolation 
with divergence involving most genes being very low due to their 
recent divergence and/or gene flow (Grummer et al., 2021; Jacobs 
et al., 2018; Nosil et al., 2021). In summary, while differences as seen 
by genetic markers reflect genetic differences, similarities may not 
indicate genetic similarity (Ferguson, 1980). The screening of many 
individuals and comprehensive genomic sequencing are required to 
identify genes with large effect that are responsible for specific phe-
notypes (Kardos et al., 2016), particularly for recently diverged pop-
ulations. Also, reproductive isolation may rely more on regulatory 
gene changes, producing epigenetic differences, rather than protein 
coding ones (Hamilton & Miller, 2018). Reproductive isolation and 
local adaptation can also be produced by chromosomal structural 
changes and other changes in genomic architecture even in the pres-
ence of substantial gene flow that results in uniformity at genetic 
markers (Cayuela et al., 2020; Hale et al., 2021; Wellenreuther et al., 
2019; Wold et al., 2021). Phenotypic plasticity may be responsible 
for some of the spawning phenotypes of Eurasian trout in Lake 
Ohrid (Section 4.7) and Lake Sevan (Section 4.8).

4  |  OCCURRENCE OF SYMPATRIC 
EUR A SIAN TROUT POPUL ATIONS

Unlike charr and whitefish most currently known Eurasian trout sym-
patry involves only two populations. Leaving aside the four spawn-
ing phenotypes in Sevan trout, which have not been demonstrated 
to be reproductively isolated (Section 4.8), three and four sympatric 
populations are confirmed only from Loch Laidon (Scotland; Section 
4.2), Lake Ohrid (Albania/North Macedonia; Section 4.6) and Lough 
Melvin (Ireland; Section 5).

4.1  |  Piscivorous trout

In Eurasian trout, the commonest occurrence of two sympatric 
populations/phenotypes involves trout that feed on invertebrates 
throughout their lives and those that switch to fish feeding after ini-
tial invertivory. The ontogenetic transition to piscivory requires both 
that suitable prey is available within a lake and that the trout, a gape- 
limited predator (Jonsson et al., 1999), reaches a size sufficiently 
large to be physically able to consume fish prey (Keeley & Grant, 
2001). The timing of the feeding switch varies among individuals and 
populations and is determined by several factors including fish com-
munity structure, body length, trophic position and individual die-
tary specialisation (Sánchez- Hernández et al., 2017). The presence 
of small fish such as sticklebacks (Gasterosteus aculeatus/Pungitius 
pungitius) and minnows (Phoxinus phoxinus) may enable a shift to pis-
civory earlier and, thus, provide a stepping- stone between inverte-
brate prey and larger fish such as Arctic charr. Typically, the switch 
to piscivory in Eurasian trout is at a minimum size of 130– 150 mm 
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for feeding on sticklebacks and minnows, and 200– 300 mm for 
Arctic charr and European whitefish (Grey, 2001; Jensen et al., 2012; 
L'Abée- Lund et al., 1992). As the size of the trout increases, so does 
the size of prey taken, with the assumption that there is an optimum 
prey size for a given size of trout. Above this, optimum size prey be-
comes increasingly difficult to capture, and below the optimum size, 
it becomes energetically less profitable.

In Britain and Ireland, long- lived, late- maturing Eurasian trout 
that feed predominantly on larger fish such as Arctic charr, European 
perch (Perca fluviatilis), whitefish and roach (Rutilus rutilus) (not stick-
lebacks or minnows) are generally referred to as ferox (Campbell, 
1979). In practice, ferox are often identified purely on the basis of 
piscivory. Ferox have been described from many hundreds of lakes in 
Britain and Ireland, and especially in Scotland (Hardie, 1940; Hughes 
et al., 2016). In Scotland, 192 lakes show evidence of currently, or 
historically, supporting ferox, their presence being predicted in lo-
gistic models by larger and deeper lakes that also have Arctic charr 
(Hughes et al., 2016). Applying similar criteria and taking account of 
known and extinct ferox in northwest England, Wales and Ireland 
(Gargan et al., 2021; Williams, 2020), this would increase the esti-
mated number of ferox lakes in Britain and Ireland to over 220. The 
current record rod caught ferox in Britain and Ireland was from Loch 
Awe (Scotland) in 2002 and had a mass of 14.4 kg (https://www.
wildt rout.org/conte nt/ferox - trout). In some lakes, large brown trout 
can occur as the result of unusual feeding opportunities promoting 
extremely fast growth (Campbell, 1979). These trout, however, are 
usually short lived and early maturing and thus do not meet the defi-
nition of ferox as used here.

As well as a switch to piscivory and subsequent increased growth 
rate, ferox are characterised by late sexual maturity (7+ years) and 
longevity (up to 23 years in Britain) (Campbell, 1979; Hughes et al., 
2018; Mangel & Abrahams, 2001), with a positive correlation be-
tween size and longevity (Jonsson et al., 1991). Age of sexual ma-
turity in Eurasian trout and other salmonids is influenced by both 
ecological and genetic factors (Mobley et al., 2021; Palm & Ryman, 
1999), and thus, indirectly at least, there is a genetic basis to pisciv-
ory, late maturation and longevity, all of which are interlinked re-
quirements for large size. It is likely that older, larger trout have low 
levels of mortality from predation given the lack of other large pred-
ators in postglacial lakes. Thus, delaying sexual maturation may not 
be disadvantageous and potentially results in large lifetime fitness 
benefits (Shedd et al., 2015).

In most lakes, given the limit on prey availability, only a small 
proportion of trout become piscivorous and make up c. 5% of the 
adult stock (L'Abée- Lund et al., 2002; Mangel & Abrahams, 2001). 
However, in some lakes in the Nordic region where there is an abun-
dance of fish prey, most, if not all, Eurasian trout can become pi-
scivorous. Piscivory can be seasonal; in lake Fjellfrøsvatn (Norway), 
for instance, trout >20- cm fork length feed predominantly on ju-
venile Arctic charr during the period December to May and rarely 
outside this period as charrs are in the profundal zone (Amundsen 
& Knudsen, 2009). In Finland, where the prey consists of abundant 
European whitefish, vendace (Coregonus albula) and European smelt 

(Osmerus eperlanus), almost all lacustrine trout are piscivorous at a 
length >30 cm (Huusko et al., 2018). In a Norwegian reservoir where 
initially only invertivorous Eurasian trout were present, the trout 
switched to feeding on minnow and Arctic charr after these were 
introduced (L'Abée- Lund et al., 1992). Surprisingly, few studies have 
been undertaken on piscivorous trout in the Nordic region. Thus, it 
is not known if these fish are homologous to ferox as described in 
Britain and Ireland, i.e. long- lived and late- maturing. Some studies 
suggest that differences in age of maturation and longevity in the 
Nordic region may not be as pronounced as in Britain and Ireland 
(Jonsson et al., 1999).

The genetics of some of the ferox populations in Britain and 
Ireland have been explored, although, as far as can be determined, 
no such studies have been undertaken in the Nordic region. Several 
studies involving genetic markers have shown ferox of Lough Melvin 
to be genetically highly distinct from sympatric gillaroo and son-
aghen (Section 5). Duguid et al. (2006) examined ferox from Loch 
Awe (Scotland) and Loch Laggan (Scotland) and found them also to 
be genetically distinct from sympatric brown trout in each lake. In 
the only genomics study of ferox published to date, Jacobs et al. 
(2018) found strong genetic differentiation (FST between 0.32 and 
0.68) in several outlier genomic regions (genomic islands), scattered 
throughout the genome, between brown trout and ferox trout from 
Loch Maree (Scotland: area 28.7 km2; max. depth 122 m). Several 
genes with functions potentially involved in life history divergence 
were identified, which the authors inferred to be under differential 
selection. Furthermore, their analysis indicates that the two types 
represent distinct lineages that evolved during the last glaciation 
with introgression on secondary contact. Jacobs et al. (2018) sug-
gest that size- related assortative mating may be partially responsible 
for reproductive isolation of ferox and brown trout, although intrin-
sic barriers may also be present as a result of genetic differentiation.

In a common garden experiment, Hughes et al. (2018) found that 
first generation juvenile progeny of ferox trout from Loch Maree 
(Scotland) showed increased behavioural dominance and food ac-
quisition relative to the progeny of sympatric brown trout with ferox 
being dominant in 90% of pairwise contests. Increased exploratory 
behaviour has also been found in piscivorous rainbow trout (Monnet 
et al., 2020). Thus, dominance- related differences and increased 
boldness, of genetic and/or nongenetic (e.g. maternal effects) ori-
gin, likely contribute to the maintenance of a piscivorous life history. 
Relatively high mortality of hatchery- reared hybrids between brown 
trout and ferox trout from Loch Maree suggests that these life his-
tory forms are not only reproductively isolated by extrinsic barriers 
but also that intrinsic postzygotic barriers may be present (Hughes 
et al., 2018).

No other lochs have been examined in sufficient detail to deter-
mine whether ferox are genetically distinct from sympatric brown 
trout, or whether some ferox are simply ecophenotypes. Lough 
Melvin, Loch Awe and Loch Laggan ferox populations share the same 
mtDNA haplotype (QUB 7.6), distinct from sympatric brown trout, 
the haplotype being fixed in Melvin ferox and at frequencies of 0.70 
and 0.88 in Awe and Laggan, respectively, with significantly lower 

https://www.wildtrout.org/content/ferox-trout
https://www.wildtrout.org/content/ferox-trout
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frequencies in sympatric nonferox trout. This suggests a common 
ancestry and, thus, genetic predisposition to the ferox life history 
(Duguid et al., 2006; McKeown et al., 2010). This haplotype is also 
present at high frequencies (0.84– 1.0) in trout from Loughs Corrib, 
Erne and Mask in Ireland, and in moderate frequencies (0.42– 0.56) in 
Lochs Maree, Rannoch and Shin in Scotland, all of which are known 
to have ferox trout (Duguid, 2002; Gargan et al., 2021; McKeown 
et al., 2010).

While this is not a universal diagnostic feature (Hughes et al., 
2018), some ferox populations are also characterised by a high fre-
quency of the LDH- C1*100 allele, which is typically absent or at low 
frequency in other populations and is thought to represent a distinct 
ancestral trout lineage (Hamilton et al., 1989). Thus, Melvin ferox 
share a high frequency (0.65) of the LDH- C1*100 allele with Awe 
(0.65) and Laggan (0.96) ferox populations (Duguid et al., 2006). The 
genotype of the record rod caught ferox from Loch Awe in 2002 was 
LDH- C1*100/100 (R. Hynes, pers. comm.). Of the 12 trout >42 cm, 
and presumably ferox, as other trout there rarely exceed 40 cm, ob-
tained from Melvin, nine were LDH- C1*100/100 homozygotes (and 
three heterozygotes) even though, based on the overall frequencies 
of this allele in Melvin trout (0.06), the expected number of such 
homozygotes would be 0.04 if there was no association of ferox 
and LDH- C1* genotype (Ferguson & Taggart, 1991). However, ferox 
from Loch Rannoch were found to have a low frequency (0.10) of the 
LDH- C1*100 allele while ferox samples from five other Scottish lochs 
known to have ferox were fixed for the LDH- C1*90 allele (Duguid, 
2002). Differential introgression on secondary contact between 
ferox and other lineages, together with genetic drift and/or selec-
tion, may explain the disparities in the degree of contemporary ge-
netic differentiation in various lakes.

Melvin ferox 1+ parr from the spawning river could be identified 
on head measurements further supporting a genetic basis as pisciv-
ory does not start until at least 3+ (Cawdery & Ferguson, 1988). In 
Melvin, Laggan, and Awe, ferox recruit from a single river, the largest 
inflow in the case of Melvin and Laggan and the outflow in the case 
of Awe. However, there is evidence that, in the immediate postgla-
cial period, the current Awe outflow could have been an inflowing 
river with the outflow being at the opposite end of the lake (Duguid 
et al., 2006). Loughs Corrib and Mask (western Ireland) contribute 
over 75% of ferox caught in Ireland (Gargan et al., 2021). Ferox have 
been shown to spawn predominately in the Cong River and Cong 
Canal, although overall, these contribute only c 1% and c 4% of trout 
recruitment to these lakes respectively (Gargan et al., 2021). The 
Cong River/Canal is the outflow of Mask and an inflow into Corrib, 
construction of the canal having been attempted to bypass subterra-
nean parts of the river but was never completed. However, it serves 
as an overground connection during high flow conditions (Gargan 
et al., 2021).

Similar piscivorous and insectivorous rainbow trout ecotypes 
occur sympatrically in western North America, although the piscivo-
rous type is rare across the native range of lacustrine rainbow trout 
(Keeley et al., 2005). One example involves these two ecotypes in 
Kootenay Lake (British Columbia, Canada; area, 400 km2) where the 

piscivorous type historically matured at greater than 60 cm and 5 kg, 
while the insectivores matured at smaller sizes. They are genetically 
distinct and spawn in different rivers (Taylor et al., 2019). Grummer 
et al. (2021) found high genomic divergence (FST = 0.188) between 
these two ecotypes i). However, unlike the Jacobs et al. (2018) study 
of ferox, they found that the piscivorous rainbow trout ecotype is 
controlled by multiple genes with small effects on growth and re-
lated metabolic activities.

4.2  |  Loch Laidon

Loch Laidon (westcentral Scotland; area 4.83 km2; max. depth 39 m) 
is an upland lake at 282 m above sea level that lies in Rannoch Moor, 
one of the last parts of Scotland to be deglaciated (Bromley et al., 
2014). Eurasian trout were collected in 2008 by stratified random 
three- dimensional Nordic survey gill netting (Appelberg, 2000) and, 
together with angler- caught loch and electrofished river specimens, 
were screened for mtDNA RFLP variation (cytochrome- b, D- loop 
and 16sRNA- ND1) and microsatellite variation (22 loci) (Verspoor 
et al., 2019). DAPC analysis of the genetic data indicated four dis-
tinct groups with two individuals forming one group. These two 
individuals appeared to be morphologically similar to ferox as de-
scribed from other Scottish lochs (Section 4.1). STRUCTURE at K = 4 
placed these two putative ferox individuals, together with two other 
smaller individuals, in a single cluster. The distribution of the three 
clusters of nonferox trout in the lake was nonrandom and associated 
with net depth.

Given that only two individuals were caught, the putative ferox 
were not studied further. For the other individuals, the dietary habits 
of the three genetically assigned population types were consistent 
with their distribution in the lake, although there was considerable 
overlap in feeding. The profundal type showed stomach contents 
dominated (>90% of prey items) by profundal prey such as Pisidium 
sp. and chironomid larvae (Chironomidae). In the limnetic popula-
tion, 51% of individual stomach contents were dominated by zoo-
plankton and adult insects. In contrast, the analysis of individuals in 
the shallow benthic population had a mixed diet with 21% of indi-
viduals having stomach contents dominated by profundal prey, 21% 
by pelagic prey and 14% by littoral prey items while the remaining 
individuals showed no dominance by any prey group, suggesting this 
population was, overall, a trophic generalist. Thus, collectively the 
analyses provided clear evidence of divergence in the trophic ecol-
ogy of the different populations and support the separation of the 
nonferox trout of Loch Laidon into profundal macrobenthos, shallow 
benthic generalist and limnetic planktivore feeding groups (Piggott 
et al., 2018).

Detailed morphological analysis of the trout genetically assigned 
to the profundal benthic, shallow benthic and limnetic populations 
showed differences in body morphology, albeit with some overlap 
(Piggott et al., 2018). The profundal form had a deep body with a 
relatively large head and eye, together with relatively short and 
widely spaced gill rakers, and pale skin colouration, characteristics 
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consistent with those also found in Arctic charr showing a profun-
dal ecology (Hooker et al., 2016; Skoglund et al., 2015). The limnetic 
form had a more streamlined body and contrasting dorsoventral 
shading, with relatively long and closely spaced gill rakers, as typ-
ical of other limnetic Eurasian trout (Cawdery & Ferguson, 1988). 
Although significantly different in morphology from the other two 
groups, the shallow benthic form was intermediate in morphology 
and did not show clear ecomorphological differences in keeping with 
its generalist feeding ecology (Piggott et al., 2018).

The profundal benthic population ecotype is unique in that it is 
the first time this ecotype has been documented in sympatry with 
shallow benthic and limnetic populations of Eurasian trout. The 
DAPC analysis showed the ferox population to be highly divergent 
from the other three populations, consistent with ferox having an al-
lopatric origin as in other lakes (Duguid et al., 2006). The low level of 
genetic differentiation of the three nonferox populations (FST across 
groups as defined by STRUCTURE 0.037 and DAPC 0.038) would 
suggest recent and likely sympatric origins, or alternatively a high 
level of gene flow. The lack of profundal benthic trout in other lakes 
would also argue for its sympatric origin.

4.3  |  Lakes Bunnersjöarna

Lakes Bunnersjöarna (central Sweden; total area 0.67 km2, max. 
depth ~2 m) are connected twin lakes located at an elevation of 
955 m. Two genetically distinct cryptic populations were found in 
both lakes, with the populations showing fixation for alternate func-
tional and null alleles at the LDH- A1* locus, together with statistically 
significant differences in allele frequency at five other enzyme cod-
ing loci (Allendorf et al., 1976; Ryman et al., 1979). Saha et al. (2021) 
extended these allozyme studies by examining 96 SNPs, through 
whole- genome pooled sequencing of DNA from 50 individuals 
from each LDH- assigned population, and individual sequencing of 
two individuals per population. Genome- wide divergence between 
the two populations was found to be the outcome of both genetic 
drift and diversity selection and was similar to lower values found 
between reproductively isolated allopatric populations in the same 
geographical region (FST based on SNPs = 0.24 and on pooled se-
quencing = 0.13). There were differences in the amount of genetic 
variation within each population, based on both allozymes and SNPs, 
with the population characterised by the null allele being consider-
ably lower (expected heterozygosity 0.27 and 0.08 respectively). 
Without prior grouping of individuals, STRUCTURE suggested that 
the data were consistent with 2 groups (K = 2), which on the basis 
of membership were almost entirely consistent with the LDH- based 
groups. The study identified two LDH- A1* alleles and found diver-
gence between the populations in a regulatory section of one of 
these alleles. However, the exact genomic backgrounds to the two 
LDH- A1* alleles (i.e. genomic location of gene locus encoding for 
this polymorphism) remain unresolved. Given that Melvin gillaroo 
is also characterised by a moderate frequency of an LDH- A1* null 
allele (Section 5), it is of interest to speculate as to the role of such 

regulatory variants in reproductive isolation. As Saha et al. (2021) 
note, regulatory genes have been implicated in the divergence of 
dwarf and normal whitefish in Canada (Hebert et al., 2013).

While significant differences were detected in growth rate be-
tween the two populations, no other phenotypic differences were 
observed, albeit no detailed morphometric and meristic studies have 
been published. Saha et al. (2021) found that genes involved with 
growth were associated with high FST values, suggesting diversifying 
selection. Several other genes potentially under selection were as-
sociated with reproduction, implying that the reproductive isolation 
between the populations is under genetic control. As with Lough 
Melvin (Section 5) there is some indication of separate inlet and 
outlet spawning populations (Ryman et al., 1979). No differences in 
feeding were observed between the two populations (Ryman et al., 
1979).

Preliminary analysis of the mtDNA sequences of the populations 
do not indicate that they were derived from separate postglacial 
lineages (Saha et al., 2021). While Svärdson and Fagerström (1982) 
suggest human translocation was involved for one of the popula-
tions, whether this or natural processes produced the sympatry 
is still unknown (Saha et al., 2021). There are other lakes c 20 km 
away, however, where the LDH- A1* null allele has also been ob-
served (Allendorf et al., 1984), thus both hypotheses are feasible. 
Irrespective, following natural or anthropogenic sympatry little, if 
any, hybridisation has occurred. Natural or anthropogenic origins of 
these populations do not impact on their conservation importance 
–  it is what is currently present that is important. The high degree of 
genome- wide differentiation without any obvious morphological or 
trophic differences makes these populations of particular evolution-
ary and management importance.

4.4  |  Lakes Trollsvattnet

Two genetically isolated cryptic sympatric populations of Eurasian 
trout, in roughly equal occurrence, have been reported in two small, 
interconnected lakes –  Lakes Östra and Västra Trollsvattnet (central 
Sweden; area 0.10 km2 and 0.17 km2) (Andersson, Jansson, et al., 
2017; Andersson, Johansson, et al., 2017; Jorde & Ryman, 1996; 
Palmé et al., 2013). Genetic differences, as detected by allozyme 
variation, have remained stable over at least 28 years (4+ genera-
tions), with allozymes showing significant greater differentiation 
than microsatellites or SNPs (FST allozyme 0.1, microsatellite 0.02, 
SNP 0.03 and pooled sequencing 0.03) (Andersson, Jansson, et al., 
2017). STRUCTURE analysis of SNPs indicated K=2 as the most 
likely number of clusters explaining the data, with mean assignment 
probability Q to each of the two clusters of 0.95 and 0.81 respec-
tively (Andersson, Jansson, et al., 2017).

One population shows close genetic similarity with trout in the 
connected small upstream Lake Hästskotjärnen. The other popula-
tion shows high genetic similarity to trout from several downstream 
lakes. Each population is more similar to trout samples from other 
lakes in the area than they are to each other, suggesting allopatric/
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parapatric origins. There are some indications that different spawn-
ing sites maintain structuring. No significant morphological differ-
ences were found between the two populations within each of the 
lakes (Andersson, Johansson, et al., 2017). Furthermore, examina-
tion of the stomach contents revealed no evidence of trophic differ-
ences between the two sympatric populations although there were 
differences between the two lakes. The specimens were obtained in 
late August when food was likely to be most abundant. There were 
also no differences between the sympatric populations in carbon or 
nitrogen isotope signatures, which would be expected to be influ-
enced over a longer period of feeding especially as slower turnover 
muscle tissue was used.

4.5  |  Lake Garda, Italy

Lake Garda (area 368 km2, max. depth 350 m) is an alpine lake dat-
ing from the end of the last glaciation in the southern Alps, some 
15,000– 18,000 ybp (Meraner & Gandolfi, 2018). The genetically 
distinct carpione trout has been described as occurring in the lake 
since the mid- 16th Century. It is thought to have originated from an 
ancestral Italian peninsular trout within Garda after postglacial colo-
nisation (Meraner & Gandolfi, 2018). The species status of carpione 
S. carpio is supported by the phylogenomics study of Hashemzadeh 
Segherloo et al. (2021). Analyses of mtDNA and nDNA sequences, 
together with microsatellite data, (Gratton et al., 2014; Meraner 
& Gandolfi, 2018) showed no evidence of population substruc-
ture within carpione in spite of the fact that there are two spawn-
ing periods, December to February, and July to August (Melotto & 
Alessio, 1990). In addition, no significant difference in the propor-
tion of sibship relationships within and between these winter and 
summer spawning groups was observed and it would appear that 
individuals are plastic with respect to spawning time with possible 
biannual spawning (Meraner & Gandolfi, 2018). Their diet is mainly 
zooplankton (principally Bythotrephes longimanus) in the summer 
with benthic crustaceans (Crustacea) and chironomid larvae in the 
winter (Melotto & Alessio, 1990).

Carpione is sympatric with an introduced farm strain brown 
trout of Atlantic lineage that were stocked around 1900. However, 
based on mtDNA and microsatellites, there is no evidence of any 
interbreeding of the introduced trout with carpione (Gratton et al., 
2014; Meraner & Gandolfi, 2018). Carpione spawn on submerged 
gravel ridges close to underwater springs at depths of 50– 300 m, 
while sympatric introduced brown trout are lacustrine- adfluvial 
spawners (Lunelli et al., 2012). Kess et al. (2021) identified a number 
of diverged genomic regions in deep- water Arctic charr relative to 
those inhabiting shallower water (>50 m) of the same lake. Various 
genes, likely to be involved in deep- water adaptation, were identi-
fied as well as putative copy number variants that are potentially 
involved in gene expression differences. It might be expected that 
deep- water adaptations would similarly be present in carpione. If 
this is the case it is possible that hybrids between carpione and intro-
duced brown trout would be selected against. Thus, both prezygotic 

(place of spawning) and post zygotic mechanisms could be responsi-
ble for the isolation of carpione from introduced brown trout.

4.6  |  Lake Posta Fibreno

Two genetic and morphologically distinct sympatric populations, 
Fibreno trout and native brown trout, occur in Lake Posta Fibreno 
(central Italy; area 0.29 km²; max. depth 15 m). The brown trout has 
been variously classified as Salmo cettii (Kottelat & Freyhof, 2007), S. 
macrostigma (Meraner & Gandolfi, 2018), or S. trutta (Delling et al., 
2020). The Fibreno trout has been classified as S. fibreni (Meraner & 
Gandolfi, 2018). The two populations differ in meristic characters, 
parr marks and pigmented spots, and size at maturity, with Fibreno 
trout maturing at the end of its first year at a length of >12 cm for 
males and >14 cm for females (Gratton et al., 2013). The brown trout 
individuals mature at a larger size. The distinctive colour patterns 
and the size of mature individuals have been used to identify the two 
populations for management and conservation (Meraner & Gandolfi, 
2018).

Spawning of Fibreno trout occurs in underground pools fed by 
karstic springs, either directly accessible from the lake or from the 
south- eastern tributary river. The brown trout are river spawners 
with a typical lacustrine- adfluvial life history. STRUCTURE assign-
ment Q values for Fibreno trout were >0.98, except for a sam-
ple from the south- eastern river (mean Q = 0.89) where adjacent 
spawning of the two types occurs and a low level of introgression is 
present. The program NewHybrids (Anderson & Thompson, 2002) 
provided evidence that introgression between the Fibreno trout 
and brown trout gene pools occurs beyond F1 (Gratton et al., 2013). 
Introgression by stocked Atlantic lineage brown trout has also been 
noted, although, due to the cessation of stocking, this latter intro-
gression is now reduced (Gratton et al., 2013). Both Fibreno trout 
and the native brown share a fixed mtDNA haplotype supporting 
the recent sympatric origin of the two forms. However, Gratton et al. 
(2014) found that their data lacked the power to discriminate be-
tween allopatric and sympatric origins. Ecological specialisations for 
adaptations to cave spawning in Fibreno trout, in the presence of 
ongoing gene flow, may have resulted in isolation being maintained 
by selection (Gratton et al., 2013). For example, Fibreno trout fe-
males produce very large eggs typical of other cave adapted fish 
(Poulson, 2001).

4.7  |  Lake Ohrid

Lake Ohrid (Albania/North Macedonia; area 347 km2, max. depth 
289 m), a karstic lake, is the oldest lake in Europe, having originated 
some four to ten MYA as a result of tectonic shifts (Banarescu, 1991). 
In Ohrid the belushka (Albania)/belvica (North Macedonia) is now ac-
cepted as the most genetically distinct of the Eurasian trout species 
(Pustovrh et al., 2014; Whiteley et al., 2019). It probably split from a 
common ancestor of Eurasian trout >4 MYA (Sušnik et al., 2006). It is 
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a slender, silvery, plankton- feeding trout that inhabits deeper parts of 
the lake around 40 m– 60 m and spawns in the lake littoral zone.

Sympatric with belvica trout is Ohrid trout, referred to as S. letnica 
although this likely comprises at least two species (Hashemzadeh 
Segherloo et al., 2021). While hybrids between belvica and Ohrid 
trout have been produced artificially, there does not appear to be 
any natural hybridisation between the two species (Sušnik et al., 
2006). Sušnik et al. (2007) examined Ohrid trout using 12 microsat-
ellites and sequencing of mtDNA control region and found it to be a 
distinct part the wider Adriatic trout lineage. Moreover, sequencing 
of 22 nDNA genes show the separation of Ohrid brown trout from 
those in adjacent river catchments, thus supporting its genetic dis-
tinctness (Pustovrh et al., 2014).

Ohrid trout is previously known to have had four distinct spawning 
phenotypes differing in time and place of spawning; typicus is a win-
ter lake littoral spawner, and aestivalis a summer lake spawner around 
bottom springs at c10.5°C. Balcanicus spawned in the outlet river now 
obstructed by a weir, and lumi is a winter river spawner (Kottelat & 
Freyhof, 2007; Spirkovski, 2004). Kottelat and Freyhof (2007) retain 
these as four species, albeit acknowledging that relevant data are lim-
ited –  S. letnica (typicus), S. balcanicus, S. aphelios (aestivalis) and S. lumi. 
Balcanicus has shown considerable declines in the number of mature 
individuals and may now be extinct (IUCN, 2021). Both typicus and 
aestivalis are now largely maintained by stocking of around 15 million 
individuals per year (Sell & Spirkovski, 2004; Sušnik et al., 2007). The 
phenotypes have similar trophic ecology (Sell & Spirkovski, 2004) but 
are reported as differing in morphometric and meristic characters 
(Dimovski et al., 1992 cited by Sell & Spirkovski, 2004). Sušnik et al. 
(2007) failed to find any significant genetic differentiation between 
samples of typicus and aestivalis using 12 microsatellites and sequenc-
ing the mtDNA control region, although the other two types were 
not examined. This lack of difference between typicus and aestivalis 
is surprising given their highly distinct spawning times and locations 
in the lake. The situation may be similar to the winter and summer 
spawning carpione in Lake Garda with plasticity in spawning time and 
perhaps biannual spawning (Meraner & Gandolfi, 2018). However, Sell 
and Spirkovski (2004) found a significant difference in the frequency 
of mtDNA haplotypes between typicus and aestivalis, mostly result-
ing from variation found in the mtDNA control region 3′ end. This 
variation was absent in the samples examined by Sušnik et al. (2007). 
Moreover, Sušnik et al. (2006) argue that variation in this region is likely 
due to instability caused by intramolecular mechanisms, making it un-
reliable for phylogenetic inference. A phylogenomics study revealed 
separate clusters of lumi and the other spawning types indicating that 
it merits species status, S. lumi (Hashemzadeh Segherloo et al., 2021). 
Thus, there are/were at least three sympatric species of Eurasian trout 
in Ohrid, albeit the current status of lumi is unknown.

4.8  |  Lake Sevan

Lake Sevan (Armenia; area 1240 km2, max. depth ~79m) is known 
to have had four phenotypes of Sevan trout, which are generally 

assigned to one species Salmo ischchan (Osinov, 1989). Two phe-
notypes known as bodzhak and winter ischchan (winter bakhtak, 
Markevich & Esin, 2019) have been extinct since the 1980s due to 
loss of their spawning grounds resulting from irrigation withdrawal 
causing a drop in water level of 18.5m, and the other two pheno-
types, gegarkuni and summer ischchan (summer bakhtak) are con-
sidered critically endangered being largely supported by farm- reared 
trout (Levin et al., 2018, 2021). The phenotypes differ/differed in 
time and place of spawning, colouration and maximum size (Levin 
et al., 2021). Thus, gegarkuni are river spawners with a lacustrine- 
adfluvial life cycle. Summer ischchan are summer spawners within 
the lake, and also in the river mouths and immediately upstream. 
Bodzhak and winter ischchan were winter spawners within the lake.

While the four phenotypes have been assigned species sta-
tus (Levin et al., 2021), this is questionable based on the available 
molecular information. Studies based on allozymes (Osinov, 1989) 
and mtDNA, including use of archived scales for the extinct types 
found a low level of genetic diversity and no clear genetic differ-
entiation among the four phenotypes (Levin et al., 2018; Osinov & 
Bernatchez, 1996). Levin et al. (2021) carried out a more detailed 
study involving complete mitogenomes and genome- wide nDNA 
SNPs. Gegarkuni was found to be significantly genetically differenti-
ated (mean FST 0.06) from the other three phenotypes, which formed 
a single cluster. Thus there are two distinct genomic clusters, the 
lacustrine- adfluvial form and the primarily lacustrine spawners. The 
three phenotypes within the lacustrine spawning group are possibly 
the result of phenotypic plasticity and may not represent reproduc-
tively isolated populations. In Lake Garda (Section 4.5) winter versus 
summer spawning appears to be a plastic trait with the same individ-
uals being involved. A more detailed genomic study is required be-
fore definitive conclusions on lack of reproductive isolation among 
the lacustrine spawning group can be reached. However, as two of 
these are now extinct this means that archived scales are the only 
source of DNA for such studies (Levin et al., 2018, 2021). Sympatric 
subpopulations, with moderate degrees of genetic differentiation, 
resulting from natal homing have been widely demonstrated in many 
waters throughout the Eurasian trout range (Section 3.3) and hence 
they do not represent a “species flock” as referred to by Levin et al. 
(2021) for Lake Sevan.

4.9  |  Adriatic rivers

Although in many rivers distinct populations are parapatric or al-
lopatric in distribution, or form highly introgressed populations, 
there a few situations of sympatric populations. Distinct populations 
represented by softmouth trout, marble trout and native brown 
trout coexist in the River Neretva (Croatia/Bosnia- Herzegovina), 
and River Zeta (Montenegro) (Pustovrh et al., 2014; Schöffmann 
et al., 2019). Mrdak et al. (2012) found a microsatellite- based FST of 
0.305 between softmouth trout and marble trout, and 0.363 be-
tween softmouth trout and brown trout, sympatric in the River Zeta. 
Snoj et al. (2008) noted a microsatellite- based FST of 0.323 between 
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sympatric softmouth trout and brown trout in the River Neretva. 
Different spawning times, and possibly separate spawning areas, 
prevent hybridisation or limit it to a low level, with softmouth trout 
spawning mainly in March– May compared to October– January for 
sympatric brown trout. Habitat and feeding analyses showed that 
softmouth trout avoid competition with brown trout by feeding 
predominantly on benthic macroinvertebrates, especially Gammarus 
spp. (Gammaridae) (Mrdak et al., 2012). Marble trout and native 
brown trout are also sympatric in most of the seven rivers in north-
ern Italy and the two in Slovenia where the marble trout occurs 
(Schöffmann et al., 2019).

5  |  LOUGH MELVIN

Since the mid- 19th Century three distinct morphotypes of trout in 
Lough Melvin (northwest Ireland; 21 km2; max. depth ~45 m) have 
been widely reported in the angling and scientific literature (Day, 
1887; Houghton, 1879; Newland, 1851). Locally these are known as 
gillaroo, black- finned trout or sonaghen, and ferox. The name gil-
laroo has been widely applied to mollusc feeding trout in other Irish 
lakes (Thompson, 1856; Went, 1951). As noted above (Section 4.1), 
ferox is the name given to large, long- lived, late- maturing and pis-
civorous trout found throughout Britain and Ireland. The name son-
aghen appears in several early 20th century publications (Cosgrave 
1912 as recorded by Howell, 1948; Went, 1952) and has uniquely 
been applied to Melvin trout. (Sonaghan, as used by some, is a late 
20th century spelling artefact.) Of 457 trout taken in a survey in 
2001, 61% were morphologically identified as sonaghen, 8% as gilla-
roo, 7% as ferox and 24% were unassignable on morphology (Central 
Fisheries Board, 2002, unpublished internal report). These Melvin 
populations appear to have remained stable based on no statistically 
significant differences in catch per unit effort in surveys carried out 
in 2008, 2011, 2014 and 2017 (Connor et al., 2018).

The Lough Melvin morphotypes have been studied in most detail 
of all sympatric situations to date, with the exception of genomic 
sequencing, although this is currently in progress (P. A. Prodöhl, un-
published data).

5.1  |  Morphological differentiation

Gillaroo, sonaghen and ferox can be readily recognised on the basis 
of colouration (Figure 1), especially in living or recently dead fish, and 
other morphological features (Ferguson & Mason, 1981; Ferguson & 
Taggart, 1991). These authors used an indeterminate ‘brown trout’ 
category for individuals not readily identifiable. F1 offspring of gil-
laroo and sonaghen reared in separate small lakes s c150 km from 
Lough Melvin demonstrate the stability of their pigmentations pat-
terns even under distinct environmental and feeding conditions 
(Figure 1). Genomic data are increasingly demonstrating the genetic 
bases of colouration differences in Eurasian trout (Valette et al., 
2020). Stepwise discriminant analysis based on 12 meristic counts 
and 19 morphometric measurements from the three morphs cor-
rectly assigned 100% of the ferox, 98.8% of gillaroo and 98.7% of 
sonaghen (Cawdery & Ferguson, 1988). Principal components analy-
sis also showed the morphs to be clearly distinct with head meas-
urements, gill raker length, number of teeth and fin measurements 
being the most important diagnostic characters. All of these are po-
tentially associated with feeding adaptations and habitat, that is they 
form distinct ecotypes as well as morphotypes.

5.2  |  Genetic differentiation

Allozyme studies (Ferguson & Mason, 1981; Ferguson & Taggart, 
1991) showed major differences in the occurrence and frequency 
of alleles, indicating that the three morphotypes are reproductively 

F I G U R E  1  Photographs of trout from 
Lough Melvin and of F1 offspring reared in 
three small lakes near Belfast, c. 150 km 
from Melvin. 1. Melvin gillaroo; 2. Melvin 
sonaghen; 3. Melvin ferox; 4. F1 gillaroo 
lake A; 5. F1 gillaroo lake B; 6. F1 sonaghen 
lake C. For F1 offspring eggs and milt 
were taken from mature gillaroo from 
the Drowes river and sonaghen from the 
Ballagh river. Fertilised eggs were reared 
under standard conditions in a trout farm 
and 0+ juveniles planted out in August. 
Adult sampling was as 3+
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isolated populations. This genetic distinctness was extended by 
examination of mtDNA RFLPs (Hynes et al., 1996; McKeown 
et al., 2010; McVeigh et al., 1995), multi- locus DNA fingerprints and 
single- locus minisatellite variation (Prodöhl et al., 1992), and micros-
atellite variation (Magee, 2017; McKeown, 2005). Allozyme showed 
higher differentiation than microsatellites as measured by FST: gil-
laroo –  sonaghen 0.1 versus 0.06; gillaroo –  ferox 0.28 versus 0.17; 
sonaghen –  ferox 0.27 versus 0.15. MtDNA FST showed the highest 
values— 0.18, 0.54 and 0.38 for these three pairwise comparisons.

BAPS analysis, based on 23 microsatellites (reanalysis of data in 
Magee, 2017), support the existence of three genetically distinct 
groups (K = 3) within Lough Melvin. BAPS individual clustering 
followed by admixture analysis grouped each lake- caught gillaroo, 
sonaghen and ferox separately with BAPS assignment probability 
Q values of 1.0, with the exception of two hybrids (Figure 2). Lake 
individuals had been previously morphologically identified, and this 
was found to be 84% accurate. However, individuals that were mor-
phologically difficult to identify were excluded originally, as noted 
above. With the exception of a few individuals and hybrids, parr 
from the outflowing River Drowes clustered with gillaroo, lower 
River Glenaniff parr with ferox and upper Glenaniff, River Ballagh 
and River Tullymore parr with sonaghen confirming the allozyme 
findings that these are the main spawning rivers for the three pop-
ulations (Ferguson & Taggart, 1991). There is clearly some very lim-
ited straying among the rivers as seen by the occurrence of gillaroo 
juveniles in the Glenaniff and Ballagh, and a sonaghen juvenile in 
the Drowes (Figure 2). BAPS admixture analysis showing significant 
admixture (p < .01) in only four individuals. The assignment prob-
ability Q values of these are all around 0.5 (0.45– 0.55) suggesting 
F1 hybrids: two ferox × sonaghen and two gillaroo × sonaghen. It 
is interesting to note that there is no evidence of other admixture 
that would be expected if backcrosses had occurred. Thus, repro-
ductive isolation of ferox, gillaroo and sonaghen appears to result 
both from prezygotic isolation, especially natal homing, and possi-
bly temporal and behavioural differences such as assortative mating 
(Auld et al., 2019), as well as postzygotic isolation possibly involving 
F1 hybrid sterility and /or backcross inviability. The latter mechanism 
has been demonstrated for brown trout x Atlantic salmon hybrids 
(Galbreath & Thorgaard, 1995) where mortality of backcrosses be-
tween hybrid males and female Atlantic salmon, at the initiation of 
feeding, was found to be almost 100%, the exception being a spon-
taneous triploid individual. Progeny of hybrid females backcrossed 
to male Atlantic salmon were viable but were triploids, hence effec-
tively sterile. Hybridisation between the Melvin populations occurs 
at a similar frequency to that observed between brown trout and 
Atlantic salmon (Matthews et al., 2000).

Gillaroo spawn predominantly in the outflowing Drowes river, 
with fry being found at least 3 km downstream from the lake, 
below which it was too deep for the electrofishing technique used 
(Ferguson & Taggart, 1991). This means that juvenile gillaroo have 
to move upstream to the lake unlike ferox and sonaghen, which 
move downstream in the inflowing rivers. Experiments on inlet and 
outlet spawning brown trout have shown that such differences in 

migratory behaviour are genetically controlled (Jonsson et al., 1994). 
The observation of numerous redds in the bay leading to the out-
let river, and the ease with which gillaroo parr could be obtained 
by seining in this bay, suggest that this area is also a spawning and 
nursery area for gillaroo. Day (1887) states that the gillaroo breed in 
the shallower parts of lakes so possibly spawning occurs elsewhere 
in Melvin as well.

5.3  |  Allopatric versus sympatric evolution

Mid- 19th Century accounts of trout in Lough Melvin (Day, 1887; 
Houghton, 1879; Newland, 1851) closely matching the current situ-
ation, provide strong evidence that this situation of three sympatric 
populations is a natural one and not the result of artificial stocking. 
Generally brown trout stocking in Britain and Ireland was not widely 
undertaken until the latter part of the 19th Century (Armistead, 
1895; Maitland, 1887).

On the basis of morphology, especially colouration, and mol-
lusc feeding, gillaroo have been reported from many lakes in 
Ireland including Lough Derg and other lakes in the Shannon sys-
tem, as well as Loughs Conn, Corrib, Mask and Neagh (Bickerdyke, 
1897; Kennedy & Fitzmaurice, 1971; Pennant, 1812; Thompson, 
1856; Yarrell, 1841). Ordnance Survey maps identify a sandy bay in 
Lough Conn as Gillaroo Bay, a habitat typical of gillaroo in Melvin. 
Old photographs of gillaroo from Lough Conn show them to be 
remarkably similar in colouration to Melvin gillaroo, and local an-
glers report that, while previously common, trout of this type have 

F I G U R E  2  Bayesian Analysis of Population Structure (BAPS) 
admixture analysis (K = 3) based on the output of the mixture 
clustering of individuals using microsatellite data. Q values are 
shown on the y- axis. The admixture analysis involved 100 iterations 
to estimate admixture coefficients for individuals, 200 simulated 
reference individuals per population, and 20 iterations to estimate 
admixture coefficients for the reference individuals. Samples 
were adult trout (sonaghen, ferox, gillaroo) from Lough Melvin and 
juveniles (0+ and 1+) from four rivers. Lower and Upper sections 
of the inflowing Glenaniff River are shown separately being the 
spawning areas for ferox and sonaghen respectively. The outlet 
Drowes river, where gillaroo spawn, was sampled in 1990 and 
2002. The inflowing Tullymore and Ballagh rivers are the other 
principal spawning rivers for sonaghen
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been very rarely caught since the 1970s (A. Ferguson, unpublished 
data). In Melvin, the LDH- A1*Q0 allele (formerly Ldh- 1(n)) is unique 
to gillaroo. Hamilton (1987) screened 356 trout from Lough Conn, 
netted in August 1984 and found an overall LDH- A1*Q0 frequency 
of 0.04. Hamilton (1987) also found the LDH- A1*Q0 allele at a fre-
quency of 0.03 in juveniles from the Tourmakeady River, Lough 
Mask. The overall frequency in Melvin trout was 0.06 and the fre-
quency in morphologically identified gillaroo was 0.17 (Ferguson & 
Taggart, 1991). McKeown et al. (2010) found a mtDNA haplotype 
specific to gillaroo within Melvin and also in Lake Cumshingaun 
(southeast Ireland), but other than for widespread haplotypes 
there was no sharing with Conn or Mask. Coumshingaun and 
gillaroo samples also cluster together on the basis of microsat-
ellites (McKeown, 2005). These genetic similarities may indicate 
Comshingaun trout and gillaroo were derived from a glacial ref-
uge in the ice- free part in the southernmost part of Ireland or the 
Celtic Sea. In a comprehensive snorkel survey of Coumshingaun 
at spawning time, trout were found spawning only in the outlet 
river (F. Igoe, personal communication), thus this life history char-
acteristic may be typical of gillaroo, possibly having evolved in the 
putative refuge population rather than within Lough Melvin.

Black- finned trout similar to sonaghen were reported by Günther 
(1866) to occur in Llyn Beguilin (now Bugeilyn) and Llyn Gadr in 
Wales. However, no genetic similarity was found between sonaghen 
and Bugeilyn trout sampled in 1983 and 2007 (Hamilton, 1987; P. 
A. Prodöhl, unpublished data), although black pectoral fins were 
evident (A. Ferguson, unpublished data). This is likely to be a case 
of morphological convergence as has been seen with other geneti-
cally controlled colour characteristics in brown trout (Delling, 2002; 
Skaala & Solberg, 1997). However, it is possible that the original 
19th Century trout of that lake were no longer extant when recent 
specimens were obtained, although the remote location of the lake 
makes that improbable. Unlike gillaroo, sonaghen do not possess any 
allozyme alleles that are not widely shared with brown trout popula-
tions in Ireland and elsewhere. A moderate frequency (0.29) mtDNA 
haplotype (QUB 2.6) in Melvin sonaghen was also found in Lough 
Corrib brown trout, as well as in several populations in east Scotland 
and northeast England, but not elsewhere in Ireland. In addition this 
haplotype was also found in farm brown trout strains of Loch Leven 
origin (McKeown et al., 2010). Anecdotal information suggests that 
such farm trout were stocked into Lough Melvin and interbreeding 
may have resulted in the introduction of this haplotype into sona-
ghen, as well as into Corrib brown trout, this lake being also subject 
to stocking with farm strain trout in the past. In general, such supple-
mental stocking has limited genetic impact due to the low fitness of 
the farm trout in the wild (Ferguson, 2007) but a mtDNA haplotype 
could be more easily incorporated into the wild population by genetic 
drift compared to nuclear genes. This may explain the disjunct distri-
bution of the haplotype. If this is the case, there is nothing currently 
to differentiate sonaghen genetically from many other brown trout 
populations in western Ireland and sonaghen appears to be equiva-
lent to brown trout from these other catchments, all arising from a 
western Ireland refuge (McKeown et al., 2010). The morphological 

and ecological features that differentiate it from the others probably 
having evolved within Melvin following colonisation.

Ferox from Lough Melvin, Loch Awe and Loch Laggan have con-
siderable genetic similarities and indeed they are genetically more 
similar to each other than they are to sympatric brown trout (Duguid 
et al., 2006). There are also some similarities with ferox in other lakes 
as well (see Section 4.1 for more details).

For ferox, and to a lesser extent for gillaroo and sonaghen, there 
is strong evidence that these morphs evolved allopatrically, with 
some current characteristics probably the result of postcolonisation 
ecological competitive character displacement in sympatry. Distinct 
mtDNA clades further supports allopatric origins (McKeown et al., 
2010). Detailed genomic studies, especially on other Irish popula-
tions and making use of 19th Century museum specimens could 
likely resolve the issue of allopatric versus sympatric origins of gilla-
roo and sonaghen.

5.4  |  Trophic segregation

Feeding segregation in Lough Melvin was examined based on 
stomach contents analyses. Since this is the most detailed study of 
feeding in sympatric Eurasian trout populations to date, and since 
Ferguson (1986) is “grey literature” and hence not easily accessible, 
a more detailed account is given here compared to other sections. 
For gillaroo (total N = 159 of food containing stomachs) and son-
aghen (N = 178), lake- caught specimens were accumulated over sev-
eral years (1981– 1984, but mainly 1982) from February (32 gillaroo, 
11 sonaghen), April (28, 27), May (27, 15), June (32, 25), July (8, 23), 
August (7, 25), September (16, 42), and November (9, 10). These in-
volved day- time (c10.00– 17.00) angler- caught fish at competitions 
supplemented by overnight (c16.00– 10.00) netting outside the main 
angling period. All sonaghen and gillaroo were morphologically iden-
tified (Ferguson & Mason, 1981), although there was the potential 
for some errors in assignment for specimens that had been dead for 
some time, as noted above. Ferox specimens (N = 34) were caught by 
anglers from February to September 1978– 1984. Ferox were identi-
fied by their captors mainly on the basis of their size (>40 cm), with 
again the potential for some errors in assignment. A range of ages, 
as determined by scale- reading, was included but primarily 2+ to 4+ 
for gillaroo and sonaghen and 5+ upwards for ferox. Due to the small 
number involved, ferox are not separated by month of capture.

All ferox stomachs contained food items. All gillaroo and sona-
ghen stomachs obtained in May, June, July, August and September 
contained food items. Empty stomachs in other months were as 
follows: February— 20% gillaroo, 68% sonaghen; April– 0%, 25%; 
November— 18%, 29%. Food items were identified to the lowest 
taxonomic level feasible. The main food items found and taxonomic 
groups, separated by developmental stage where appropriate, are 
shown in Table 1. Dietary importance was assessed in two ways 
as recommended by Hyslop (1980). First, the number of stomachs 
containing one or more items of each food category expressed as a 
proportion of all food containing stomachs. Second, the proportion 
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that the volume of food category comprised of the total food volume 
in an individual stomach. Volume was determined by water displace-
ment using subsamples of each food type.

To examine differences in individual diet among sonaghen, gil-
laroo and ferox, a nonmetric multidimensional scaling (NMDS) 
analysis, was carried out using the function “metaMDS” within the 
R- package vegan (Oksanen et al., 2020). The dissimilarity distance 
matrix (Bray- Curtis) was generated from the matrix of volume pro-
portions, although not all individual data as used by Ferguson (1986) 
were available for analysis. Stress was minimised following prelimi-
nary trials with a different number of dimensions. A solution (i.e. con-
vergence) was reached with five dimensions. The R- package vegan 
was also used to test putative statistical difference in diet among 
Melvin ecotypes (“anosim” function with 9999 permutations), and 
to identify the main food items contributing to putative differences 
in feeding preference (“envfit” function with 999 permutations). 
Sonaghen, gillaroo and ferox showed statistically different diets 
(anosim: R = 0.072, p < .001) (Figure 3). Of the 12 diet categories s 
found in the stomachs, 11 were identified by NMDS as significantly 
contributing to the observed differences in feeding preferences of 
the three ecotypes (Table 1).

The dominant food items by volume in gillaroo stomachs were 
Trichoptera larvae and pupae followed by molluscs (500+ individu-
als in some stomachs) and Gammarus. Both Trichoptera and molluscs 
occurred in large numbers attached to rocks and on sandy sub-
strates in the lough. Sonaghen feeding was dominated by Cladocera 
(Bythotrephes longimanus followed by Daphnia by volume with 
vice versa by number), with several thousand individual Daphnia 
estimated in some stomachs, together with Chironomid pupae. 
Cladocera formed <1% of the diet of idividuals morphologically 

identified as gillaroo. Small numbers of molluscs were found in four 
fish morphologically assigned as sonaghen but overall comprised 
<1% of food volume for that morphotype. Most of the ferox stom-
achs examined contained fish, with, in terms of number and volume 
of items, perch Perca fluviatilis being more important than Arctic 
charr Salvelinus alpinus. Two fish morphologically assigned as gilla-
roo had unidentifiable trout in their stomachs. Again, it has to be 
borne in mind that morphological identification of these fish was not 
100% accurate. Overlap among the three ecotypes occurred in re-
spect of insect feeding of various life stages (Figure 3) with gillaroo 
and sonaghen not showing significant difference in the proportion 
of Ephemeroptera subimagos and adults (Table 1).

The similarity in diet composition on a monthly basis was also cal-
culated using Schoener’s (1970) index of dietary overlap. The index 
gives values from 0 to 1, where 0.00 and 1.00 indicate no overlap and 
complete overlap in diet, respectively. The diet is considered to be 
significantly different at values <0.60 (Wallace, 1981). The Schoener 
(1970) index, by volume, between gillaroo and sonaghen is shown in 
Table 2 for each sampling month and overall. Gillaroo and sonaghen 
showed distinct diets in all months with the Schoener index ranging 
from 0.01 to 0.47, and an overall value of 0.13. The overall value for 
gillaroo versus ferox was 0.18 and for sonaghen versus ferox 0.12. 
The greatest overlap between gillaroo and sonaghen occurred in 
April when sonaghen fed extensively on benthic insect larvae, the 
abundance at this time likely reducing competition (Knudsen et al., 
2019). Some overlap also occurred in August and September with 
gillaroo taking mid- water Chaoborus larvae and some surface items 
such as Ephemeroptera and other insects as noted above. August 
and September specimens were solely from angling competitions, 
and this may have biased the sampling against benthic feeders.

TA B L E  1  Mean proportion (food volume) of different taxa and life stages in the individual stomachs of sonaghen, gillaroo and ferox, and 
nonmetric multidimensional scaling (NMDS) results

Food category

Mean proportion per ecotype NMDS

Sonaghen Gillaroo Ferox MDS1 MDS2 r2

Cladocera (Bythotrephes, Daphnia)a 0.674 0.005 0.003 0.874 0.486 .908***

Asellus 0.001 0.076 – −0.667 0.746 .118***

Gammarus 0.004 0.154 0.009 −0.64 −0.768 .088***

Ephemeroptera nymph 0.003 0.055 0.064 −0.559 −0.829 .042**

Ephemeroptera subimago and adult 0.042 0.045 – 0.631 0.776 .003

Trichoptera larvae and pupae 0.008 0.321 0.033 −0.578 0.816 .611***

Chironomidae larvae 0.05 0.073 0.002 −0.45 −0.893 .048**

Chironomidae pupae 0.109 0.002 – 0.498 −0.867 .107***

Chaoborus larvae and pupae 0.056 0.009 0.012 0.537 −0.843 .047**

Other adult insects incl. terrestrial 0.054 0.019 0.018 0.3 −0.954 .031*

Mollusca (Limnaea, Planorbidae, 
Potamopyrgus, Bithynia, Valvata)a

0.001 0.241 – −0.861 0.509 .285***

Fish (Perca fluviatilis, Salvelinus alpinus)a – – 0.859 −0.07 −0.998 .520***

aListed in order of volume dominance. Only main food items are included. Individual data from the authors’ unpublished results. MDS1 and MDS2 
are the variable loadings on each derived axis and r2 is the coefficient of determination for the linear correlation of each diet category as a function 
of the axis scores. Significant diet categories are those explaining the majority of the variance among the Melvin ecotypes. Significance levels are 
designated as follows: *p < .05, **p < .01 and ***p < .001.
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Food items were categorised into those of bottom, mid- 
water and surface origin as follows. Bottom: Asellus, Gammarus, 
Molluscs, insect larvae/nymphs. Mid- water: Cladocera, Chaoborus, 
Chironomid pupae, fish. Surface: emerging aquatic and terrestrial 
insects. Segregation between gillaroo and sonaghen is again clearly 
demonstrated (Table 3).

In the F1 experimental allopatric populations of gillaroo and son-
aghen (July and August sampling) there was much greater overlap 
in food items with gillaroo feeding on zooplankton and sonaghen 
feeding to a greater extent on benthic insect larvae than in Melvin. 
The Schoener (1970) index between the two artificial gillaroo pop-
ulations and the sonaghen one was 0.42 and 0.3 respectively with 
that between the two gillaroo populations being 0.59. The main 
difference was that only gillaroo stomachs contained molluscs even 
though these were observed to be present in the sonaghen lake. 

Molluscs comprised 32% and 35% of the gillaroo diet in the two 
lakes, respectively. Other studies have noted that brown trout do 
not take molluscs even when abundant in a lake (Ball, 1961). Possibly 
mollusc feeding is a heritable trait of gillaroo. Several studies have 
shown genetically based differential feeding behaviour in sympat-
ric Arctic charr morphs (Adams & Huntingford, 2002; Klemetsen 
et al., 2006; Skúlason et al., 1993). In Atlantic salmon genetic vari-
ation partly underlies variation in prey utilisation among individuals 
(Aykanat et al., 2020).

6  |  DIFFERENTIAL OCCURRENCE OF 
SYMPATRIC POPUL ATIONS

Sympatry of piscivorous and lifetime insectivorous Eurasian trout 
has been more commonly reported than for charr and whitefish spe-
cies. In all lakes studied so far in sufficient detail, ferox have been 
shown to be reproductively isolated from sympatric trout, i.e. this life 
history is genetically determined and not the consequence of pheno-
typic plasticity in these studied situations. It is likely that reproduc-
tive isolation will be found to be the rule rather than the exception as 
more situations are subject to detailed analyses, although the occur-
rence of phenotypic plasticity in some lakes cannot be excluded as 
yet. Piscivory appears to have evolved in at least one distinct lineage 
of Eurasian trout rather than independently in each lake after coloni-
sation. That is, members of the lineage appear to have a genetic pre-
disposition to be ferox, with this life history being expressed when 
suitable prey is present in a lake. Eurasian trout anatomy may be more 
suited to the adaptations of larger jaws and teeth with strong skulls 
that are required for piscivory. On the other hand, Arctic charr is nor-
mally considered to be an inferior piscivore and has morphological 
limitations in features associated with piscivory, having shorter jaws 
and a smaller head (L'Abée- Lund et al., 1992; Mittelbach & Persson, 
1998). Thus, it is not able to compete with piscivorous trout, often 
being displaced into the profundal zone (Knudsen et al., 2016).

F I G U R E  3  Plot of nonmetric 
multidimensional scaling (NMDS1 
and NMDS2) for stomach contents of 
individual gillaroo, sonaghen and ferox 
from Lough Melvin. Individual fish are 
shown by dots and polygons enclose each 
ecotype

TA B L E  2  Schoener (1970) index of dietary overlap in gillaroo and 
sonaghen

Month of sampling

Gillaroo 
vs. 
sonaghen

February 0.13

April 0.47

May 0.08

June 0.10

July 0.04

August 0.18

September 0.16

November 0.01

Overall 0.13

Note: Values were calculated from overall proportional volumes of 
each food category, and values <0.6 are considered as indicating no 
significant overlap (Wallace, 1981). Based on Ferguson (1986) and the 
authors’ unpublished data.
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Eurasian trout would appear to show fewer examples of sym-
patric populations of benthic and limnetic trophic segregation 
than charr or whitefish, where such populations are widespread, 
including benthic segregation by depth (for example: Chavarie 
et al., 2015; Hooker et al., 2016; Markevich et al., 2018; Østbye 
et al., 2006; Rogers & Bernatchez, 2007; Skoglund et al., 2015). 
Thus, benthic versus limnetic invertebrate feeding sympatric 
populations have, to date, only been described for Eurasian trout 
in Lough Melvin and Loch Laidon, with the latter being the only 
example of sympatric benthic segregation by depth. However, 
feeding ecology has not been reported in detail for Eurasian trout 
sympatric populations in Lake Ohrid and Lake Garda. The occur-
rence of profundal benthic trout in Loch Laidon but not in Lough 
Melvin may be due the absence of Arctic charr in Laidon and its 
presence in Melvin. In netting surveys of Lough Melvin Eurasian 
trout were rarely caught below 14 m but Arctic charr were gener-
ally caught in summer surveys in nets set at 20 m to 35 m (F. Kelly, 
IFI, personal communication).

Piggott et al. (2018) argue that the trout genetic architecture 
may make trophic divergence more difficult, with genes function-
ally relevant to this adaptive radiation being required (Berner & 
Salzburger, 2015; Schneider et al., 2019). As with other salmonids, 
Eurasian trout shows many duplicated genes due to its tetraploid 
ancestry (Macqueen & Johnston, 2014), such paralogs being im-
portant for producing phenotypic diversity and local adaptations 
(Salisbury et al., 2020). However, Macqueen and Johnston (2014) 

that climate- linked ecophysiological factors, rather than whole- 
genome duplication, have been more important to salmonid di-
versification. Thus, environmental conditions rather than genetic 
architecture are important and in this respect Eurasian trout oc-
cupies a wide range of such conditions. In addition, the fact that 
Eurasian trout has been successfully introduced worldwide, mak-
ing it the world's most invasive fish (Budy et al., 2013), may also 
suggest that it is unlikely that its genetic architecture is limiting its 
trophic divergence. The authors of this review contend that the 
lack of reports on benthic versus limnetic sympatric populations is 
due simply to the lack of relevant studies rather than lack of actual 
occurrence. Although Eurasian trout has been widely investigated 
using molecular genetic techniques over the past 45 years, most 
of these studies have involved allopatric populations (Bekkevold 
et al., 2020; Ferguson, 1989) and have not usually looked for ev-
idence of sympatric populations. Indeed, one of the aims of this 
review is to promote more investigations of sympatric populations 
in Eurasian trout.

For Arctic charr the number of known sympatric populations 
has been shown to increase considerably where detailed surveys 
have been undertaken (Ferguson, Adams, et al., 2019; Woods 
et al., 2012a, 2012b). For example, Wilson et al. (2004) examined 
Arctic charr from 43 lakes in northwest Europe, primarily from 
Iceland and Scotland. They found STRUCTURE evidence of two 
sympatric populations in 10 lakes and heterozygote deficits, po-
tentially indicating sympatric populations, in a further 13 lakes. No 

TA B L E  3  Contribution of bottom, mid- water and surface food items to the monthly diet of gillaroo and sonaghen

Ecotype Sample month

Bottom Mid- water Surface

%Occur. %Vol. %Occur. %Vol. %Occur. %Vol.

Gillaroo February 100 99 3 <1 0 0

April 100 96 36 4 7 <1

May 96 99 4 <1 0 0

June 100 94 29 <1 52 5

July 100 90 33 9 33 1

August 100 78 50 12 50 10

September 75 74 38 25 10 1

November 100 99 11 <1 0 0

All samples 96 92 23 6 15 2

Sonaghen February 82 15 55 85 0 0

April 78 58 26 38 19 4

May 36 21 86 75 21 4

June 52 5 96 79 36 16

July 30 4 100 92 30 4

August 68 8 100 59 68 32

September 29 3 100 83 42 14

November 70 2 100 96 20 2

All samples 48 8 84 82 35 10

Note: Based on Ferguson (1986) and the authors’ unpublished data. Occur. = % of food containing stomachs in this ecotype with at least one item 
from this food category. Vol. = volume of this food category as a % of the overall food volume for this ecotype.
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such extensive surveys have been reported for Eurasian trout. In 
Scotland alone most of the >30,000 lakes, all formed after the Last 
Glacial Maximum c.18,000 YBP, have species- poor native fish com-
munities dominated by Eurasian trout, allowing ecological oppor-
tunity for evolution of sympatric populations. Of these, 172 have 
a surface area >1 km2 (Standing Waters Database, 2020), although 
sympatric populations are known from considerably smaller lochs 
than this in Sweden. Aside from studies of ferox, the nature and 
extent of sympatric trout Eurasian trout diversity has been little 
characterised in Scotland, albeit negative findings may not gener-
ally be published. Angling accounts could give indications of poten-
tial lochs for study as anglers are generally aware of zooplankton 
(“Daphnia”) feeding and of colouration differences between lim-
netic and benthic feeding trout. For example, Headley (2019) re-
fers to Loch Arkaig (northwest Scotland; area 16 km2; max. depth 
91 m) as having distinct mid- water and benthic feeders together 
with ferox, making this loch a prime target for study. Elsewhere 
in Europe, especially in the Nordic countries and the Alpine re-
gion, there are many thousands of lakes >1 km2 with Eurasian trout 
present. Ancient literature apparently indicates the presence of 
profundal feeding trout, which spawned in the littoral zone, in sev-
eral subalpine lakes in Austria, Germany and Switzerland (Kottelat 
& Freyhof, 2007). It is not known if any of these are extant since, as 
with most other European lakes, there have been no recent inves-
tigations in these lakes specifically focussed on sympatric forms of 
Eurasian trout. Angling and fisheries management accounts could 
provide indications of priority lochs for investigation.

It could also be that more Eurasian trout sympatric diversity has 
been lost compared to that in charr and whitefish. Phenotypes in 
Lake Ohrid and Lake Sevan have been lost as a result of changes 
in water level impacting on littoral spawning grounds. Gillaroo in 
Ireland appears to have been formerly more numerous in various 
lakes (Section 5.3). If outlet spawning was characteristic then such 
rivers have been more often modified for drainage and hydroelectric 
schemes than inlet rivers. For example, the Lough Conn outlet river 
was drained in the 1960s, which coincides with the reported rapid 
decline of gillaroo in that catchment (anecdotal information from 
local anglers).

7  |  SYSTEMATIC S AND CONSERVATION

Sympatric Eurasian trout populations are a significant component 
of biodiversity as well as being of significant economic importance, 
especially for angling. Individual sympatric populations, as with al-
lopatric populations, can possess a substantial and unique genetic 
heritage and due to their limited distribution may have a threatened 
status. Conservation requires identification of the entities involved, 
which include species, conservation units (CUs) and management 
units (MUs). These form a hierarchical series with potentially several 
CUs within a species, and several MUs within a CU. Subspecies are 
also sometimes described but in salmonid fishes have largely been 
replaced with CUs.

7.1  |  Species designations

Most biodiversity studies, conservation activities, ecological and 
behavioural investigation, and legislative aspects are based on 
species. Eurasian trout populations within the genus Salmo are 
relatively young (4 MY– <15,000 Y; Bernatchez, 2001; Lecaudey 
et al., 2018; Pustovrh et al., 2014) and, since most speciation is 
continuous, they are mostly still in the grey zone of limited di-
vergence where there is limited scientific criteria for deciding the 
taxonomic status of two populations (Roux et al., 2016; Zachos, 
2018). This is especially so for sympatric populations that have 
split after postglacial colonisation Thus, application of different 
species criteria leads to various outcomes as to the number of spe-
cies recognised.

Reproductively isolated sympatric populations potentially 
qualify as distinct species under the Biological Species Concept 
(Mayr, 1969, 2000). However, the natal homing of salmonids 
means that reproductive isolation can occur among subpopu-
lations within and among tributaries (Section 3.3). Even though 
these subpopulations may be important from a management 
perspective, to recognise all such reproductively isolated groups 
as distinct species would be nonsensical and lead to chaos in 
salmonid taxonomy (Behnke, 1972). It is argued that prezygotic 
geographical reproductive isolation alone is insufficient for the 
recognition of distinct Eurasian trout species.

In general species are viewed as independently evolving lin-
eages (De Queiroz, 2007). Recent classification of Eurasian trout 
species has explicitly or implicitly involved the evolutionary spe-
cies concept (ESC) (Kottelat & Freyhof, 2007). The ESC, as origi-
nally proposed by Simpson (1951) and modified by Wiley (1978), 
regards species as being “groups of organisms than maintain their 
identity over time and space” and have their “own independent 
evolutionary fate”. A corollary of this is that a fixed character 
state, or combination of states, used to establish species bound-
aries must have a genetic basis, as only such differences can main-
tain identity and evolve producing local adaptations. Differences 
in a single character can theoretically result in the designation of 
separate species under the ESC, providing this difference is ge-
netically based, unique and adaptive. However, this is frequently 
not recognised, and to date most Eurasian trout species taxonomy 
has been based on morphological characters, in spite of the many 
issues with this approach.

7.1.1  |  Environmental influence on morphology

Morphometric and meristic characters can be substantially in-
fluenced by the environment resulting in phenotypic differences 
that don't reflect genetic differences (Etheridge et al., 2012). 
Morphometric characteristics such as body and fin shape, as well 
as meristic characters, including gill rakers, can be affected by the 
age of the individual as well as temperature and population den-
sity during early development (Campbell et al., 2021; Greenberg 
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et al., 2021; Lindsey, 1981, 1988; Ross et al., 2006). Eurasian trout 
raised in an enriched hatchery environment differ in their coloura-
tion and spotting patterns from siblings reared in a conventional 
hatchery set up (Yaripour et al., 2020). When Eurasian trout popu-
lations are examined for morphometrics on a multivariate basis 
almost all populations are generally found to be distinct (Koene 
et al., 2020). Unfortunately, Salmo species are still being described 
based solely on environmentally labile characters, without dem-
onstration of heritability and adaptation, and ratios to standardise 
for size, which are long known to be inappropriate due to allomet-
ric growth (Phillips, 1983).

7.1.2  |  Integrative taxonomy

More recently, an integrative taxonomy approach has been fa-
voured for many different organisms (Dayrat, 2005; Hashemzadeh 
Segherloo et al., 2021; Ottenburghs, 2019). In this, different spe-
cies concepts and pluralistic information are integrated to reach an 
informed decision on species taxonomy. Complementary sources 
of information potentially include genomics, genetic markers and 
phylogeny, together with proven genetically based differences in 
morphology, behaviour, ecology and life history. It is important to 
distinguish heritable from environmentally determined variation, 
as well as neutral from adaptive variation, irrespective of the char-
acters used. Not all information is of equal value, and some is po-
tentially misleading. MtDNA sequences and restriction fragment 
length polymorphisms have been used in many taxonomic studies. 
However, reticulate evolution of mtDNA (Pustovrh et al., 2014), 
the existence of pseudogenes (Bensasson et al., 2001), and incom-
plete lineage sorting (Hashemzadeh Segherloo et al., 2021), means 
that mtDNA characters need to be used with appropriate caution. 
Relationships among recently evolved Eurasian trout species are 
more appropriately resolved with nDNA (Hashemzadeh Segherloo 
et al., 2021). Neutral markers (e.g. microsatellites not linked to genes 
under natural selection) are valuable for detecting reproductively 
isolated sympatric populations, and for assignment of individuals to 
their population/species of origin. However, the degree of genetic 
differentiation of neutral markers, as measured, for example by FST, 
is of little value as it reflects genetic drift, which is determined by 
NE. Bottlenecked populations can show unusually high FST values 
relative to large populations even when they share a common post-
glacial ancestor. Thus, adjacent, and likely common origin, but now 
physically isolated populations in southwest Scotland, bottlenecked 
due to severe acidification, showed FST values >0.5 (Prodöhl et al., 
2019). Partial or full genomic data, the ultimate source of evidence 
for species delimitation can provide evidence of the genetic basis 
of reproductive isolation and identify key local adaptations. Some 
have argued that species should be a monophyletic group of popula-
tions or an exclusive coalescence of gene trees. However, genomic 
data used to identify key adaptations make these criteria obso-
lete (Ottenburghs, 2019). In addition, phylogenetic trees produced 
by different genes, or groups of genes, are frequently discordant, 

especially those based on mtDNA versus nDNA (Pustovrh et al., 
2014; Wallis et al., 2017). Thus, phylogenetic trees should only be 
used as one line of evidence in an integrative framework.

7.1.3  |  Lough Melvin trout

Is designation of the three Melvin populations as distinct species 
justifiable under an integrative approach? Both prezygotic and, 
more importantly, postzygotic isolating mechanisms are present in 
the form of natal homing and apparent sterility of F1 hybrids and/
or inviability and/or infertility of backcrosses and F2+ hybrids. The 
Melvin populations are genetically highly distinct) and 100% of indi-
viduals can be correctly identified to population, or as hybrids, using 
multiple microsatellite loci in a BAPS admixture analysis (Figure 2). 
Identification on colouration and other aspects of morphology of 
fresh- caught specimens exceeds 90% but the exact diagnosability on 
this basis has not been quantified. However, a multivariate analysis 
of meristic and morphometric characters correctly assigned 100% 
of the ferox, 98.8% of gillaroo and 98.7% of sonaghen (Cawdery & 
Ferguson, 1988). There is clear evidence of adaptation of various 
morphological features including head structure, gill raker length, 
number of teeth and fin and body shape. Ferox represents an al-
lopatric derived lineage, with homologs in some other waters being 
identifiable (Duguid et al., 2006). On current evidence, gillaroo and 
sonaghen are the result of independent colonisation of allopatrically 
derived lineages although at present homologs in extant Eurasian 
trout populations are unclear. All three populations are ecologically 
distinct. Spawning behaviours are also different with adult gillaroo 
moving downstream for spawning and juvenile gillaroo having to 
move upstream to reach the lake, the opposite of ferox and son-
aghen. Thus, overall, an integrative approach confirms the species 
status of the three Melvin sympatric populations, as previously des-
ignated (Ferguson, 2004; Kottelat & Freyhof, 2007; Whiteley et al., 
2019).

7.2  |  Conservation units

The existence of sympatric populations presents a significant chal-
lenge to fishery managers (Leider et al., 1984) as they cannot be sub-
ject to uniform management and conservation actions. It has been 
recognised for some 50 years that conservation of such sympatric 
populations of salmonids should be population- based and not reliant 
on the designation of species and other taxa (Behnke, 1972). Others 
have reiterated this position down the years (Splendiani et al., 2019; 
Taylor, 1999). Use of CUs based on populations, or groups of popula-
tions, rather than species highlight intraspecific diversity without the 
taxonomic inflation resulting from the designation of new species 
(Coates et al., 2018; Guinand et al., 2021). Commonly discussed CUs 
are the Evolutionarily Significant Unit (ESU), which was originally 
introduced as a replacement for subspecies (Ryder, 1986), and the 
Designatable Unit (DU), both of which are designated on the basis 
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of discreteness of genetically based characters and adaptive evolu-
tionary significance (Waples, 1991; Waples et al., 2013). That is, the 
aim is to conserve the adaptive potential of a species as represented 
by its constituent CUs (Fraser & Bernatchez, 2001). Such units are 
given legal protection in some countries including the USA with 
the Endangered Species Act (ESA) under which Distinct Population 
Segments of vertebrate species such as ESUs can be protected as if 
they are species. Similarity in Canada, the Species at Risk Act (SARA) 
allows protection of DUs, which are assigned by the Committee on 
the Status of Endangered Wildlife in Canada (COSEWIC) (Waples 
et al., 2013). COSEWIC (2018) guidelines recognise sympatric popu-
lations that are reproductively isolated as justifying DU status since 
they are discrete and evolutionarily significant. As not all conserva-
tion units are equally unique in terms of adaptations, prioritisation 
may be necessary to ensure targeting of limited resources (Muhlfeld 
et al., 2019).

In spite of many calls for population- based conservation, as far 
as almost all countries in the native range of Eurasian trout are con-
cerned there is no recognition of intraspecific units and intraspecific 
variation is not taken seriously (Laikre, 2010; Mimura et al., 2017). 
Thus, the European Union countries, other than Germany (Coates 
et al., 2018), only consider endangered species, not intraspecific 
CUs. The exact taxonomic status can therefore be a key factor for 
conservation initiatives (Berrebi et al., 2013). While the authors of 
this review strongly support a CU approach, it is acknowledged that 
this is not feasible under current conservation legislations in most 
jurisdictions and that a pragmatic approach needs to be taken in 
practice. Thus, if only species are recognised then biologists wishing 
to promote conservation of unique populations, or groups of popu-
lations, need to consider whether species status is warranted along 
the lines discussed above. That is, conservation should take priority 
over the semantics of taxonomy!

7.3  |  Management units

Management units (MUs) are demographically independent units 
that are not evolutionarily significant entities and lack significant 
local adaptations yet are substantially reproductively isolated and 
demographically independent (Palsbøll et al., 2006). Sympatric pop-
ulations arising due to natal homing can qualify as MUs where they 
require independent management actions but do not represent a 
significant evolutionary legacy of the species.

7.4  |  Conservation actions

Freshwater fish are under increasing threats including environ-
mental changes, introduction of non- native species and overfish-
ing, which have caused an 83% decline in species abundances since 
1970 (Grooten & Almond, 2018). Sympatric populations are of par-
ticular interest as they contribute to the diversity and productivity 
of freshwater ecosystems with intraspecific genetic variation having 

similar effects as species diversity on ecosystem function (Mimura 
et al., 2017), including the portfolio effect (Schindler et al., 2015). In 
some cases, sympatric populations may represent the early stages 
of sympatric speciation or may already be sufficiently distinct to 
merit designation as distinct species and are important in the study 
of speciation processes (Salisbury & Ruzzante, 2022). Irrespective of 
their taxonomic status it is important that the local community take 
“ownership” of such unique Eurasian trout assemblages in their area. 
Certainly this is the case for both Melvin and Laidon where local 
people proudly tell visitors of their unique trout.

As well as identifying sympatric populations it is also important 
to identify the key risk factors involved for particular populations. 
Some ferox populations have been shown to have small population 
sizes (Thorne et al., 2016) making them particularly vulnerable to 
extinction through stochastic demographic changes (Goodman, 
1987). Age at maturity has also been identified as a major positive 
correlate of risk status (Parent & Schriml, 1995), of particular rel-
evance to ferox. Eurasian trout populations, including sympatric 
populations, have declined in all parts of the native range (Ferguson, 
Adams, et al., 2019; Lobón- Cerviá et al., 2019; Markevich & Esin, 
2019; Rasmussen et al., 2019; Schöffmann et al., 2019) as a result of 
multiple factors (Muhlfeld et al., 2019). Stocking of hatchery- reared 
trout has been identified as a particular major threat to native popu-
lations, and sympatric populations may be particularly vulnerable to 
such activities. Stocking of non- native or farm strain Eurasian trout 
represents a threat as such stocked trout have no natal home. They 
may thus breed at random and form a bridge between the sympat-
ric populations promoting the breakdown of reproductive isolating 
mechanisms and widespread introgression. This can lead to “reverse 
speciation” (Feulner & Seehausen, 2019) and the merging of previ-
ously reproductively isolated populations. Supportive breeding using 
broodstock obtained from the water that is subsequently stocked 
with the hatchery- reared offspring (Ferguson, 2007) can also be 
potentially damaging. Thus, artificial mixing of separate populations 
can occur in the hatchery especially where sympatric populations 
spawn in the same river, for example, ferox and sonaghen (Section 
5.2). Stocked fish, since they have no early juvenile experience of 
their river of origin may breed at random in other rivers as above 
potentially resulting in introgression. Stocking with other species is 
potentially detrimental resulting in direct and indirect competition 
and predation. Reverse speciation has also been noted following the 
introduction of a competitor species (Bhat et al., 2014).

ACKNOWLEDG EMENTS
Sincere thanks to: Eric Verspoor for valuable early discussions on 
this review— unfortunately subsequent circumstances prevented 
him from taking part in it; John B. Taggart for his insightful com-
ments on a draft; Fiona Kelly and Karen Delanty for detailed in-
formation on IFI surveys on Lough Melvin. The helpful comments 
of an anonymous reviewer significantly improved the final manu-
script. AF and PAP research in the genetics of Eurasian trout has 
been supported by grants from the Natural Environment Research 
Council, European Commission, Science Foundation Ireland, Inland 



22  |    FERGUSON aNd PROdÖHL

Fishery Ireland, Environmental Protection Agency, Department of 
Agriculture NI, Department of Education NI, and the Department of 
Agriculture, Environment and Rural Affairs.

CONFLIC T OF INTERE S T
The authors declare no conflict of interest.

AUTHORS CONTRIBUTION
This review derives from AFs and PAPs research interest and col-
laboration, over 30 years, in the genetics of Eurasian trout, which 
is a topic now being actively researched by PAP. AF prepared the 
first draft of the review, which was added to and revised by PAP and 
AF through several further drafts. Both authors approved the final 
manuscript.

DATA AVAIL ABILIT Y S TATEMENT
Unpublished/grey literature data used in this review are available 
from the corresponding author on reasonable request.

ORCID
Andrew Ferguson  https://orcid.org/0000-0001-5459-9985 
Paulo A. Prodöhl  https://orcid.org/0000-0001-8570-9964 

R E FE R E N C E S
Ackiss, A. S., Larson, W. A., & Stott, W. (2020). Genotyping- by- 

sequencing illuminates high levels of divergence among sympatric 
forms of coregonines in the Laurentian Great Lakes. Evolutionary 
Applications, 13, 1037– 1054. https://doi.org/10.1111/eva.12919

Adams, C. E., Fraser, D., Huntingford, F. A., Greer, R. B., Askew, C. M., & 
Walker, A. F. (1998). Trophic polymorphism amongst Arctic charr 
from Loch Rannoch, Scotland. Journal of Fish Biology, 52, 1259– 
1271. https://doi.org/10.1111/j.1095- 8649.1998.tb009 70.x

Adams, C. E., & Huntingford, F. A. (2002). The functional significance of 
inherited differences in feeding morphology in a sympatric poly-
morphic population of Arctic charr. Evolutionary Ecology, 16, 15– 25. 
https://doi.org/10.1023/A:10160 14124038

Adams, C. E., Woltering, C., & Alexander, G. (2003). Epigenetic regulation 
of trophic morphology through feeding behaviour in Arctic charr, 
Salvelinus alpinus. Biological Journal of the Linnean Society, 78, 43– 
49. https://doi.org/10.1046/j.1095- 8312.2003.00126.x

Allendorf, F., Ryman, N., Stennek, A., & Ståhl, G. (1976). Genetic vari-
ation in Scandinavian brown trout (Salmo trutta L.): Evidence of 
distinct sympatric populations. Hereditas, 83, 73– 82. https://doi.
org/10.1111/j.1601- 5223.1976.tb015 72.x

Allendorf, F. W., Stahl, G., & Ryman, N. (1984). Silencing of duplicate 
genes: a null allele polymorphism for lactate dehydrogenase 
in brown trout (Salmo trutta). Molecular Biology and Evolution, 
1, 238– 248. https://doi.org/10.1093/oxfor djour nals.molbev.
a040315

Amundsen, P.- A., & Knudsen, R. (2009). Winter ecology of Arctic charr 
(Salvelinus alpinus) and brown trout (Salmo trutta) in a subarctic lake, 
Norway. Aquatic Ecology, 43, 765– 775. https://doi.org/10.1007/
s1045 2- 009- 9261- 8

Anderson, E. C., & Thompson, E. A. (2002). A model- based method 
for identifying species hybrids using multilocus genetic data. 
Genetics, 160, 1217– 1229. https://doi.org/10.1093/genet 
ics/160.3.1217

Andersson, A., Jansson, E., Wennesrström, L., Chiriboga, F., Arnyasi, 
M., Kent, M. P., Ryman, N., & Laikre, L. (2017). Complex genetic 

diversity patterns of cryptic, sympatric brown trout (Salmo trutta) 
populations in tiny mountain lakes. Conservation Genetics, 18, 
1213– 1227. https://doi.org/10.1007/s1059 2- 017- 0972- 4

Andersson, A., Johansson, F., Sundbom, M., Ryman, N., & Laikre, L. 
(2017). Lack of trophic polymorphism despite substantial genetic 
differentiation in sympatric brown trout (Salmo trutta) populations. 
Ecology of Freshwater Fish, 26, 643– 652. https://doi.org/10.1111/
eff.12308

Appelberg, M. (Ed.) (2000). Swedish standard methods for sampling 
freshwater fish with multi- mesh gillnets: Stratified random sam-
pling with Nordic multi- mesh gillnets provide reliable whole- lake 
estimates of the relative abundance and biomass of freshwater fish 
in temperate lakes. Fiskeriverket Information, 1, 3– 32.

Armistead, J. J. (1895). An angler’s paradise and how to obtain it. The 
Angler.

Arostegui, M. C., & Quinn, T. P. (2019). Reliance on lakes by salmon, 
trout and charr (Oncorhynchus, Salmo and Salvelinus): An evalua-
tion of spawning habitats, rearing strategies and trophic polymor-
phisms. Fish and Fisheries, 20, 775– 794. https://doi.org/10.1111/
faf.12377

Auld, H. L., Noakes, D. L. G., & Banks, M. A. (2019). Advancing mate 
choice studies in salmonids. Reviews in Fish Biology and Fisheries, 29, 
249– 276. https://doi.org/10.1007/s1116 0- 019- 09551 - 5

Aykanat, T., Rasmussen, M., Ozerov, M., Niemelä, E., Paulin, L., 
Vähä, J.- P., Hindar, K., Wennevik, V., Pedersen, T., Svenning, 
M.- A., & Primmer, C. R. (2020). Life- history genomic regions 
explain differences in Atlantic salmon marine diet specializa-
tion. Journal of Animal Ecology, 89, 2677– 2691. https://doi.
org/10.1111/1365- 2656.13324

Ball, J. N. (1961). On the food of the brown trout in Llyn Tegid. Proceedings 
of the Zoological Society of London, 137, 599– 622.

Banarescu, P. (Ed.) (1991). Zoogeography of fresh waters. Vol 2: Distribution 
and dispersal of freshwater animals in North America and Eurasia. 
AULA.

Behnke, R. (1972). The systematics of salmonid fishes of recently gla-
ciated lakes. Journal of the Fisheries Research Board of Canada, 29, 
639– 671. https://doi.org/10.1139/f72- 112

Bekkevold, D., Höjesjö, J., Nielsen, E. E., Aldvén, D., Als, T. D., Sodeland, 
M., Kent, M. P., Lien, S., & Hansen, M. M. (2020). Northern 
European Salmo trutta (L.) populations are genetically diver-
gent across geographical regions and environmental gradients. 
Evolutionary Applications, 13, 400– 416. https://doi.org/10.1111/
eva.12877

Bensasson, D., Zhang, D.- X., Hartl, D. L., & Hewitt, G. M. (2001). 
Mitochondrial pseudogenes: Evolution's misplaced witnesses. 
Trends in Ecology and Evolution, 16, 314– 321. https://doi.
org/10.1016/S0169 - 5347(01)02151 - 6

Bernatchez, L. (2001). The evolutionary history of brown trout (Salmo 
trutta L.) inferred from phylogeographic, nested clade, and mis-
match analyses of mitochondrial DNA variation. Evolution, 55, 351– 
379. https://doi.org/10.1111/j.0014- 3820.2001.tb013 00.x

Bernatchez, S., Laporte, M., Perrier, C., Sirois, P., & Bernatchez, L. (2016). 
Investigating genomic and phenotypic parallelism between pisciv-
orous and planktivorous lake trout (Salvelinus namaycush) ecotypes 
by means of RADseq and morphometrics analyses. Molecular 
Ecology, 25, 4773– 4792.

Berner, D., & Salzburger, W. (2015). The genomics of organismal diver-
sification illuminated by adaptive radiations. Trends in Genetics, 31, 
491– 499. https://doi.org/10.1016/j.tig.2015.07.002

Berrebi, P., Horvath, Á., Splendiani, A., Palm, S., & Bernaś, R. (2021). Genetic 
diversity of domestic brown trout stocks in Europe. Aquaculture, 544, 
737043. https://doi.org/10.1016/j.aquac ulture.2021.737043

Berrebi, P., Tougard, C., Dubois, S., Shao, Z., Koutseri, I., Petkovski, S., 
& Crivelli, A. J. (2013). Genetic diversity and conservation of the 
Prespa trout in the Balkans. International Journal of Molecular 

https://orcid.org/0000-0001-5459-9985
https://orcid.org/0000-0001-5459-9985
https://orcid.org/0000-0001-8570-9964
https://orcid.org/0000-0001-8570-9964
https://doi.org/10.1111/eva.12919
https://doi.org/10.1111/j.1095-8649.1998.tb00970.x
https://doi.org/10.1023/A:1016014124038
https://doi.org/10.1046/j.1095-8312.2003.00126.x
https://doi.org/10.1111/j.1601-5223.1976.tb01572.x
https://doi.org/10.1111/j.1601-5223.1976.tb01572.x
https://doi.org/10.1093/oxfordjournals.molbev.a040315
https://doi.org/10.1093/oxfordjournals.molbev.a040315
https://doi.org/10.1007/s10452-009-9261-8
https://doi.org/10.1007/s10452-009-9261-8
https://doi.org/10.1093/genetics/160.3.1217
https://doi.org/10.1093/genetics/160.3.1217
https://doi.org/10.1007/s10592-017-0972-4
https://doi.org/10.1111/eff.12308
https://doi.org/10.1111/eff.12308
https://doi.org/10.1111/faf.12377
https://doi.org/10.1111/faf.12377
https://doi.org/10.1007/s11160-019-09551-5
https://doi.org/10.1111/1365-2656.13324
https://doi.org/10.1111/1365-2656.13324
https://doi.org/10.1139/f72-112
https://doi.org/10.1111/eva.12877
https://doi.org/10.1111/eva.12877
https://doi.org/10.1016/S0169-5347(01)02151-6
https://doi.org/10.1016/S0169-5347(01)02151-6
https://doi.org/10.1111/j.0014-3820.2001.tb01300.x
https://doi.org/10.1016/j.tig.2015.07.002
https://doi.org/10.1016/j.aquaculture.2021.737043


    |  23FERGUSON aNd PROdÖHL

Sciences, 14, 23454– 23470. https://doi.org/10.3390/ijms1 
41223454

Bhat, S., Amundsen, P. A., Knudsen, R., Gjelland, K. Ø., Fevolden, S.- 
E., Bernatchez, L., & Præbel, K. (2014). Speciation reversal in 
European whitefish (Coregonus lavaretus (L.)) caused by compet-
itor invasion. PLoS One, 9, e91208. https://doi.org/10.1371/journ 
al.pone.0091208

Bickerdyke, J. (1897). Wild sports in Ireland. L. Upcott Gill.
Bromley, G. R. M., Putnam, A. E., Rademaker, K. M., Lowell, T. V., 

Schaefer, J. M., Hall, B., Winckler, G., Birkel, S. D., & Borns, H. W. 
(2014). Younger Dryas deglaciation of Scotland driven by warming 
summers. Proceedings of the National Academy of Sciences of the 
United States of America, 111, 6215– 6219. https://doi.org/10.1073/
pnas.13211 22111

Bryce, C., Fraser, A., Knudsen, R., Greer, R., & Adams, C. (2016). Divergent 
functional traits in three sympatric Arctic charr Salvelinus alpinus 
morphs are not coupled with the age of the lineage divergence. 
Hydrobiologia, 783, 177– 189. https://doi.org/10.1007/s1075 
0- 016- 2964- 7

Budy, P., Thiede, G. P., Lobón- Cerviá, J., Fernandez, G. G., McHugh, P., 
McIntosh, A., Vøllestad, L. A., Becares, E., & Jellyman, P. (2013). 
Limitation and facilitation of one of the world’s most invasive fish: 
an intercontinental comparison. Ecology, 94, 356– 367. https://doi.
org/10.1890/12- 0628.1

Buj, I., Raguž, L., Marčić, Z., Ćaleta, M., Duplić, A., Zanella, D., Mustafić, 
P., Ivić, L., Horvatić, S., & Karlović, R. (2021). Plitvice Lakes 
National park harbors ancient, yet endangered diversity of trout 
(genus Salmo). Journal of Applied Ichthyology, 37, 20– 37. https://doi.
org/10.1111/jai.14120

Campbell, C. S., Adams, C. E., Bean, C. W., Pilakouta, N., & Parsons, K. J. 
(2021). Evolvability under climate change: Bone development and 
shape plasticity are heritable and correspond with performance in 
Arctic charr (Salvelinus alpinus). Evolution & Development, 23, 333– 
350. https://doi.org/10.1111/ede.12379

Campbell, R. N. (1979). Ferox trout, Salmo trutta L., and charr, Salvelinus 
alpinus (L.), in Scottish lochs. Journal of Fish Biology, 14, 1– 29. https://
doi.org/10.1166/jnn.20

Cawdery, S., & Ferguson, A. (1988). Origins and differentiation of three 
sympatric species of trout (Salmo trutta L.) in Lough Melvin. Polskie 
Archiwum Hyrdobiologii, 35, 267– 277.

Cayuela, H., Rougemont, Q., Laporte, M., Mérot, C., Normandeau, E., 
Dorant, Y., Tørresen, O. K., Hoff, S. M. K., Jentoft, S., Sirois, P., 
Castonguay, M., Jansen, T., Praebel, K., Clément, M., & Bernatchez, 
L. (2020). Shared ancestral polymorphisms and chromosomal re-
arrangements as potential drivers of local adaptation in a marine 
fish. Molecular Ecology, 29, 2379– 2398. https://doi.org/10.1111/
mec.15499

Chavarie, L., Adams, C. E., Swanson, H. K., Ridgway, M. S., Tonn, W. M., 
& Wilson, C. C. (2021). Ecological diversity. In A. M. Muir, C. C. 
Krueger, M. J. Hansen, & S. C. Riley (Eds.), The Lake Charr Salvelinus 
namaycush: Biology, ecology, distribution, and management. Fish & 
Fisheries Series 39 (pp. 69– 118). Springer.

Chavarie, L., Howland, K., Harris, L., & Tonn, W. (2015). Polymorphism 
in lake trout in Great Bear Lake: Intra- lake morphological diversifi-
cation at two spatial scales. Biological Journal of the Linnean Society, 
114, 109– 125. https://doi.org/10.1111/bij.12398

Clemens, B. J., & Schreck, C. B. (2021). An assessment of terminology 
for intraspecific diversity in fishes, with a focus on “ecotypes” and 
“life histories”. Ecology and Evolution, 11, 10772– 10793. https://doi.
org/10.1002/ece3.7884

Coates, D. J., Byrne, M., & Moritz, C. (2018). Genetic diversity and con-
servation units: Dealing with the species- population continuum 
in the age of genomics. Frontiers in Ecology and Evolution, 6, 165. 
https://doi.org/10.3389/fevo.2018.00165

Connor, L., Coyne, J., Corcoran, W., Cierpial, D., NiDhonnaibhain, L., 
Delanty, K., McLoone, P., Morrissey, E., Gordon, P., O'Briain, R., 

Matson, R., Rocks, K., O'Reilly, S., Brett, A., Garland, D., & Kelly, F. L. 
(2018). Fish Stock Survey of Lough Melvin, July 2017. Inland Fisheries 
Ireland. http://wfdfi sh.ie/index.php/melvi n- lough - 2017/

Corander, J., & Marttinen, P. (2006). Bayesian identification of admixture 
events using multi- locus molecular markers. Molecular Ecology, 15, 
2833– 2843. https://doi.org/10.1111/j.1365- 294X.2006.02994.x

Corander, J., Waldmann, P., Marttinen, P., & Sillanpää, M. J. (2004). BAPS 
2: Enhanced possibilities for the analysis of genetic population 
structure. Bioinformatics, 20, 2363– 2369. https://doi.org/10.1093/
bioin forma tics/bth250

Corander, J., Waldmann, P., & Sillanpaa, M. J. (2003). Bayesian analysis 
of genetic differentiation between populations. Genetics, 163, 367– 
374. https://doi.org/10.1093/genet ics/163.1.367

COSEWIC (2018). Guidelines for recognizing designatable units (approved 
by COSEWIC November 2018). [Online] https://www.cosew ic.ca/
index.php/en- ca/repor ts/prepa ring- statu s- repor ts/guide lines 
- recog nizin g- desig natab le- units

Crête- Lafrenière, A., Weir, L. K., & Bernatchez, L. (2012). Framing the 
Salmonidae family phylogenetic portrait: a more complete picture 
from increased taxon sampling. PLoS One, 7, e46662. https://doi.
org/10.1371/journ al.pone.0046662

Crotti, M., Yohannes, E., Winfield, I. J., Lyle, A. A., Adams, C. E., & Elmer, 
K. R. (2021). Rapid adaptation through genomic and epigenomic 
responses following translocations in an endangered salmonid. 
Evolutionary Applications, 14, 2470– 2489. https://doi.org/10.1111/
eva.13267

Crozier, W. W. (1985). Observations on the food of two sympatric pop-
ulations of brown trout (Salmo trutta) in Lough Neagh, Northern 
Ireland. Proceedings of the Royal Irish Academy, 85B, 57– 71.

Crozier, W. W., & Ferguson, A. (1986). Electrophoretic examination of 
the population structure of brown trout, Salmo trutta L., from the 
Lough Neagh catchment, Northern Ireland. Journal of Fish Biology, 
28, 459– 477. https://doi.org/10.1111/j.1095- 8649.1986.tb051 83.x

Day, F. (1887). British and Irish Salmonidae. Williams and Norgate.
Dayrat, B. (2005). Towards integrative taxonomy. Biological 

Journal of the Linnean Society, 85, 407– 415. https://doi.
org/10.1111/j.1095- 8312.2005.00503.x

De Queiroz, K. (2007). Species concepts and species delimitation. 
Systematic Biology, 56, 879– 886. https://doi.org/10.1080/10635 
15070 1701083

Delling, B. (2002). Morphological distinction of the marble trout, Salmo 
marmoratus, in comparison to marbled Salmo trutta from River Otra, 
Norway. Cybium, 26, 283– 300.

Delling, B., Sabatini, A., Muracciole, S., Tougard, C., & Berrebi, P. 
(2020). Morphologic and genetic characterisation of Corsican and 
Sardinian trout with comments on Salmo taxonomy. Knowledge 
and Management of Aquatic Ecosystems, 421, 21. https://doi.
org/10.1051/kmae/2020013

Doadrio, I., Perea, S., & Yahyaoui, A. (2015). Two new species of Atlantic 
trout (Actinopterygii, Salmonidae) from Morocco. Graellsia, 71, 
e031. https://doi.org/10.3989/grael lsia.2015.v71.142

Doenz, C. J., Krähenbühl, A. K., Walker, J., Seehausen, O., & Brodersen, 
J. (2019). Ecological opportunity shapes a large Arctic charr species 
radiation. Proceedings of the Royal Society B: Biological Sciences, 286, 
20191992. https://doi.org/10.1098/rspb.2019.1992

Dufresne, F., Stift, M., Vergilino, R., & Mable, B. K. (2014). Recent prog-
ress and challenges in population genetics of polyploid organisms: 
an overview of current state- of- the- art molecular and statisti-
cal tools. Molecular Ecology, 23, 40– 69. https://doi.org/10.1111/
mec.12581

Duguid, R. A. (2002). Population genetics and phylogeography of brown 
trout (Salmo trutta). PhD thesis, Queen’s University Belfast.

Duguid, R. A., Ferguson, A., & Prodöhl, P. (2006). Reproductive isolation 
and genetic differentiation of ferox trout from sympatric brown 
trout in Loch Awe and Loch Laggan, Scotland. Journal of Fish Biology, 
69, 89– 114. https://doi.org/10.1111/j.1095- 8649.2006.01118.x

https://doi.org/10.3390/ijms141223454
https://doi.org/10.3390/ijms141223454
https://doi.org/10.1371/journal.pone.0091208
https://doi.org/10.1371/journal.pone.0091208
https://doi.org/10.1073/pnas.1321122111
https://doi.org/10.1073/pnas.1321122111
https://doi.org/10.1007/s10750-016-2964-7
https://doi.org/10.1007/s10750-016-2964-7
https://doi.org/10.1890/12-0628.1
https://doi.org/10.1890/12-0628.1
https://doi.org/10.1111/jai.14120
https://doi.org/10.1111/jai.14120
https://doi.org/10.1111/ede.12379
https://doi.org/10.1166/jnn.20
https://doi.org/10.1166/jnn.20
https://doi.org/10.1111/mec.15499
https://doi.org/10.1111/mec.15499
https://doi.org/10.1111/bij.12398
https://doi.org/10.1002/ece3.7884
https://doi.org/10.1002/ece3.7884
https://doi.org/10.3389/fevo.2018.00165
http://wfdfish.ie/index.php/melvin-lough-2017/
https://doi.org/10.1111/j.1365-294X.2006.02994.x
https://doi.org/10.1093/bioinformatics/bth250
https://doi.org/10.1093/bioinformatics/bth250
https://doi.org/10.1093/genetics/163.1.367
https://www.cosewic.ca/index.php/en-ca/reports/preparing-status-reports/guidelines-recognizing-designatable-units
https://www.cosewic.ca/index.php/en-ca/reports/preparing-status-reports/guidelines-recognizing-designatable-units
https://www.cosewic.ca/index.php/en-ca/reports/preparing-status-reports/guidelines-recognizing-designatable-units
https://doi.org/10.1371/journal.pone.0046662
https://doi.org/10.1371/journal.pone.0046662
https://doi.org/10.1111/eva.13267
https://doi.org/10.1111/eva.13267
https://doi.org/10.1111/j.1095-8649.1986.tb05183.x
https://doi.org/10.1111/j.1095-8312.2005.00503.x
https://doi.org/10.1111/j.1095-8312.2005.00503.x
https://doi.org/10.1080/10635150701701083
https://doi.org/10.1080/10635150701701083
https://doi.org/10.1051/kmae/2020013
https://doi.org/10.1051/kmae/2020013
https://doi.org/10.3989/graellsia.2015.v71.142
https://doi.org/10.1098/rspb.2019.1992
https://doi.org/10.1111/mec.12581
https://doi.org/10.1111/mec.12581
https://doi.org/10.1111/j.1095-8649.2006.01118.x


24  |    FERGUSON aNd PROdÖHL

Eaton, K. M., Bernal, M. A., Backenstose, N. J. C., Yule, D. L., & 
Krabbenhoft, T. J. (2021). Nanopore amplicon sequencing re-
veals molecular convergence and local adaptation of rhodopsin in 
Great Lakes Salmonids. Genome Biology and Evolution, 13, evaa237. 
https://doi.org/10.1093/gbe/evaa237

Esin, E. V., Bocharova, E. S., Borisova, E. A., & Markevich, G. N. (2020). 
Interaction among morphological, trophic and genetic groups 
in the rapidly radiating Salvelinus fishes from Lake Kronotskoe. 
Evolutionary Ecology, 34, 611– 632. https://doi.org/10.1007/s1068 
2- 020- 10048 - y

Etheridge, E. C., Adams, C. E., Bean, C. W., Durie, N. C., Gowans, A. R. 
D., Harrod, C., Lyle, A. A., Maitland, P. S., & Winfield, I. J. (2012). 
Are phenotypic traits useful for differentiating among a priori 
Coregonus taxa? Journal of Fish Biology, 80, 387– 407. https://doi.
org/10.1111/j.1095- 8649.2011.03189.x

Evanno, G., Regnaut, S., & Goudet, J. (2005). Detecting the number of 
clusters of individuals using the software STRUCTURE: A sim-
ulation study. Molecular Ecology, 14, 2611– 2620. https://doi.
org/10.1111/j.1365- 294X.2005.02553.x

Fargeot, L., Loot, G., Prunier, J. G., Rey, O., Veyssière, C., & Blanchet, 
S. (2021). Patterns of epigenetic diversity in two sympatric fish 
species: Genetic vs. environmental determinants. Genes, 12, 107. 
https://doi.org/10.3390/genes 12010107

Ferguson, A. (1980). Biochemical systematics and evolution. Blackie.
Ferguson, A. (1986). Lough Melvin –  A unique fish community. Occasional 

papers in Irish Science and Tecnology, 1. Royal Dublin Society.
Ferguson, A. (1989). Genetic differences among brown trout, Salmo 

trutta, stocks and their Importance for the conservation and man-
agement of the species. Freshwater Biology, 21, 35– 46. https://doi.
org/10.1111/j.1365- 2427.1989.tb013 46.x

Ferguson, A. (2004). The importance of identifying conservation 
units: brown trout and pollan biodiversity in Ireland. Biology and 
Environment. Proceedings of the Royal Irish Academy, 104, 33– 41. 
https://doi.org/10.3318/BIOE.2004.104.3.33

Ferguson, A. (2007). Genetic impacts of stocking on indigenous brown trout 
populations. Environment Agency Science Report SC040071/SR. 
ISBN 978- 1- 84432- 798- 0. https://www.gov.uk/gover nment/ uploa 
ds/syste m/uploa ds/attac hment_data/file/29170 3/scho0 707bm 
zi- e- e.pdf

Ferguson, A., Adams, C. E., Jóhannsson, M., Kelly, F., King, R. A., Maitland, 
P., McCarthy, I., O’Grady, M., Prodöhl, P. A., Skúlason, S., Verspoor, 
E., & Winfield, I. J. (2019). Trout and char of the North Atlantic 
Isles. In J. Kershner, J. Williams, J. Lobón- Cerviá, & B. Gresswell 
(Eds.), Trout and char of the world. (pp. 313– 350). American Fisheries 
Society.

Ferguson, A., & Mason, F. M. (1981). Allozyme evidence for reproduc-
tively isolated sympatric populations of brown trout Salmo trutta 
L. in Lough Melvin, Ireland. Journal of Fish Biology, 18, 629– 642. 
https://doi.org/10.1111/j.1095- 8649.1981.tb038 05.x

Ferguson, A., Reed, T. E., Cross, T. F., McGinnity, P., & Prodöhl, P. A. 
(2019). Anadromy, potamodromy and residency in brown trout 
Salmo trutta: The role of genes and the environment. Journal of Fish 
Biology, 95, 692– 718. https://doi.org/10.1111/jfb.14005

Ferguson, A., & Taggart, J. (1991). Genetic differentiation among the 
sympatric brown trout (Salmo trutta) populations of Lough Melvin, 
Ireland. Biological Journal of the Linnean Society, 43, 221– 237. 
https://doi.org/10.1111/j.1095- 8312.1991.tb005 95.x

Feulner, P. G. D., & Seehausen, O. (2019). Genomic insights into the vul-
nerability of sympatric whitefish species flocks. Molecular Ecology, 
28, 615– 629. https://doi.org/10.1111/mec.14977

Fišer, C., Robinson, C. T., & Malard, F. (2018). Cryptic species as a window 
into the paradigm shift of the species concept. Molecular Ecology, 
27, 613– 635. https://doi.org/10.1111/mec.14486

Franchini, P., Fruciano, C., Spreitzer, M., Jones, J. C., Elmer, K. R., 
Henning, F., & Meyer, A. (2013). Genomic architecture of ecologi-
cally divergent body shape in a pair of sympatric crater lake cichlid 

fishes. Molecular Ecology, 23, 1828– 1845. https://doi.org/10.1111/
mec.12590

Fraser, D. J., & Bernatchez, L. (2001). Adaptive evolutionary con-
servation: Towards a unified concept for defining conser-
vation units. Molecular Ecology, 10, 2741– 2752. https://doi.
org/10.1046/j.0962- 1083.2001.01411.x

Froese, R., & Pauly, D. (Eds.) (2021). FishBase. www.fishb ase.org
Galbreath, P. F., & Thorgaard, G. H. (1995). Sexual matura-

tion and fertility of diploid and triploid Atlantic salmon X 
brown trout hybrids. Aquaculture, 137, 299– 311. https://doi.
org/10.1016/0044- 8486(95)01115 - 3

Garduño- Paz, M. V., & Adams, C. E. (2010). Discrete prey availabil-
ity promotes foraging segregation and early divergence in Arctic 
charr, Salvelinus alpinus. Hydrobiologia, 650, 15– 26. https://doi.
org/10.1007/s1075 0- 009- 0055- 8

Garduno- Paz, M. V., Huntingford, F. A., Garrett, S., & Adams, C. E. (2020). 
A phenotypically plastic magic trait promoting reproductive isola-
tion in sticklebacks? Evolutionary Ecology, 34, 123– 131. https://doi.
org/10.1007/s1068 2- 019- 10015 - 2

Gargan, P. G., Økland, F., Shephard, S., Fitzgerald, C., & O'Grady, M. 
(2021). The spawning location of vulnerable ferox trout (Salmo 
trutta L.) in the Lough Corrib and Lough Mask catchments, 
Western Ireland. Journal of Fish Biology, 98, 485– 497. https://doi.
org/10.1111/jfb.14593

Goodman, D. (1987). The demography of chance extinction. In M. 
E. Soulé (Ed.), Viable populations for conservation. (pp. 11– 14). 
Cambridge University Press.

Gowell, C. P., Quinn, T. P., & Taylor, E. B. (2012). Coexistence and ori-
gin of trophic ecotypes of pygmy whitefish, Prosopium coulterii, in 
a south- western Alaskan lake. Journal of Evolutionary Biology, 25, 
2432– 2448. https://doi.org/10.1111/jeb.12011

Gratton, P., Allegrucci, G., Gandolfi, A., & Sbordoni, V. (2013). Genetic 
differentiation and hybridization in two naturally occurring sympat-
ric trout Salmo spp. forms from a small karstic lake. Journal of Fish 
Biology, 82, 637– 657. https://doi.org/10.1111/jfb.12022

Gratton, P., Allegrucci, G., Sbordini, V., & Gandolfi, A. (2014). The evo-
lutionary jigsaw puzzle of the surviving trout (Salmo trutta L. com-
plex) diversity in the Italian region. A multilocus Bayesian approach. 
Molecular Phylogenetics and Evolution, 79, 292– 304. https://doi.
org/10.1016/j.ympev.2014.06.022

Greenberg, L., Jonsson, B., Norrgård, J. R., Erlandsson, A., & Bergman, 
E. (2021). Body shape and fin size in juvenile Atlantic salmon 
(Salmo salar): Effects of temperature during embryogenesis. 
Canadian Journal of Zoology, 99, 381– 389. https://doi.org/10.1139/
cjz- 2020- 0101

Grey, J. (2001). Ontogeny and dietary specialization in brown trout 
(Salmo trutta L.) from Loch Ness, Scotland, examined using stable 
isotopes of carbon and nitrogen. Ecology of Freshwater Fish, 10, 
168– 176. https://doi.org/10.1034/j.1600- 0633.2001.100306.x

Grooten, M., & Almond, R. E. A. (Eds.) (2018). Living planet report –  2018: 
Aiming higher. WWF International.

Grummer, J. A., Whitlock, M. C., Schulte, P. M., & Taylor, E. B. (2021). 
Growth genes are implicated in the evolutionary divergence of sym-
patric piscivorous and insectivorous rainbow trout (Oncorhynchus 
mykiss). BMC Ecology and Evolution, 21, 63. https://doi.org/10.1186/
s1286 2- 021- 01795 - 9

Guðbrandsson, J., Kapralova, K. H., Franzdóttir, S. R., Bergsveinsdóttir, 
Þ. M., Hafstað, V., Jónsson, Z. O., Snorrason, S. S., & Pálsson, A. 
(2019). Extensive genetic differentiation between recently evolved 
sympatric Arctic charr morphs. Ecology and Evolution, 9, 10964– 
10983. https://doi.org/10.1002/ece3.5516

Guinand, B., Oral, M., & Tougard, C. (2021). Brown trout phylogenet-
ics: A persistent mirage towards (too) many species. Journal of Fish 
Biology, 99, 298– 307. https://doi.org/10.1111/jfb.14686

Günther, A. (1866). Catalogue of the fishes in the British Museum, vol. 6. 
Natural History Museum.

https://doi.org/10.1093/gbe/evaa237
https://doi.org/10.1007/s10682-020-10048-y
https://doi.org/10.1007/s10682-020-10048-y
https://doi.org/10.1111/j.1095-8649.2011.03189.x
https://doi.org/10.1111/j.1095-8649.2011.03189.x
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.3390/genes12010107
https://doi.org/10.1111/j.1365-2427.1989.tb01346.x
https://doi.org/10.1111/j.1365-2427.1989.tb01346.x
https://doi.org/10.3318/BIOE.2004.104.3.33
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/291703/scho0707bmzi-e-e.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/291703/scho0707bmzi-e-e.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/291703/scho0707bmzi-e-e.pdf
https://doi.org/10.1111/j.1095-8649.1981.tb03805.x
https://doi.org/10.1111/jfb.14005
https://doi.org/10.1111/j.1095-8312.1991.tb00595.x
https://doi.org/10.1111/mec.14977
https://doi.org/10.1111/mec.14486
https://doi.org/10.1111/mec.12590
https://doi.org/10.1111/mec.12590
https://doi.org/10.1046/j.0962-1083.2001.01411.x
https://doi.org/10.1046/j.0962-1083.2001.01411.x
http://www.fishbase.org
https://doi.org/10.1016/0044-8486(95)01115-3
https://doi.org/10.1016/0044-8486(95)01115-3
https://doi.org/10.1007/s10750-009-0055-8
https://doi.org/10.1007/s10750-009-0055-8
https://doi.org/10.1007/s10682-019-10015-2
https://doi.org/10.1007/s10682-019-10015-2
https://doi.org/10.1111/jfb.14593
https://doi.org/10.1111/jfb.14593
https://doi.org/10.1111/jeb.12011
https://doi.org/10.1111/jfb.12022
https://doi.org/10.1016/j.ympev.2014.06.022
https://doi.org/10.1016/j.ympev.2014.06.022
https://doi.org/10.1139/cjz-2020-0101
https://doi.org/10.1139/cjz-2020-0101
https://doi.org/10.1034/j.1600-0633.2001.100306.x
https://doi.org/10.1186/s12862-021-01795-9
https://doi.org/10.1186/s12862-021-01795-9
https://doi.org/10.1002/ece3.5516
https://doi.org/10.1111/jfb.14686


    |  25FERGUSON aNd PROdÖHL

Haenel, Q., Oke, K. B., Laurentino, T. G., Hendry, A. P., & Berner, D. 
(2021). Clinal genomic analysis reveals strong reproductive iso-
lation across a steep habitat transition in stickleback fish. Nature 
Communications, 12, 4850. https://doi.org/10.1038/s4146 7- 021- 
25039 - y

Hale, M. C., Campbell, M. A., & McKinney, G. J. (2021). A candidate 
chromosome inversion in Arctic charr (Salvelinus alpinus) identified 
by population genetic analysis techniques. G3: Genes, Genomes, 
Genetics, 11(10), jkab267. https://doi.org/10.1093/g3jou rnal/
jkab267

Hamilton, J. A., & Miller, J. M. (2018). From transects to transcripts: 
Teasing apart the architecture of reproductive isolation. Molecular 
Ecology, 27, 1339– 1341. https://doi.org/10.1111/mec.14516

Hamilton, K. E. (1987). Structural and regulatory gene variation in salmonid 
fishes. PhD thesis, The Queen's University of Belfast.

Hamilton, K. E., Ferguson, A., Taggart, J. B., Tomasson, T., Walker, A., 
& Fahy, E. (1989). Post- glacial colonization of brown trout, Salmo 
trutta L.: Ldh- 5 as a phylogeographic marker locus. Journal of Fish 
Biology, 35, 651– 664. https://doi.org/10.1111/j.1095- 8649.1989.
tb030 17.x

Hansen, T., Fjelldal, P. G., Lien, S., Smith, M., Corton, C., Oliver, K., 
Skelton, J., Betteridge, E., Doulcan, J., Fedrigo, O., Mountcastle, 
J., Jarvis, E., McCarthy, S. A., Chow, W., Howe, K., Torrance, J., 
Wood, J., Sims, Y., Haggerty, L., … Blaxter, M. (2021). The ge-
nome sequence of the brown trout, Salmo trutta Linnaeus 1758. 
Wellcome Open Research, 6, 108. https://doi.org/10.12688/ wellc 
omeop enres.16838.1

Hardie, R. P. (1940). Ferox and char in the lochs of Scotland. Oliver & Boyd.
Harrod, C., Mallela, J., & Kahilainen, K. K. (2010). Phenotype- 

environment correlations in a putative whitefish adaptive ra-
diation. Journal of Animal Ecology, 79, 1057– 1068. https://doi.
org/10.1111/j.1365- 2656.2010.01702.x

Hashemzadeh Segherloo, I., Freyhof, J., Berrebi, P., Ferchaud, A.- 
L., Geiger, M., Laroche, J., Levin, B. A., Normandeau, E., & 
Bernatchez, L. (2021). A genomic perspective on an old question: 
Salmo trouts or Salmo trutta (Teleostei: Salmonidae)? Molecular 
Phylogenetics and Evolution, 162, 107204. https://doi.org/10.1016/j.
ympev.2021.107204

Headley, S. (2019). Reflections on the Loch. Coch- y- Bonddu Books.
Hebert, F. O., Renaut, S., & Bernatchez, L. (2013). Targeted sequence 

capture and resequencing implies a predominant role of regulatory 
regions in the divergence of a sympatric lake whitefish species pair 
(Coregonus clupeaformis). Molecular Ecology, 22, 4896– 4914. https://
doi.org/10.1111/mec.12447

Heckwolf, M. J., & Meyer, B. S. (2021). The time is ripe for functional 
genomics: Can epigenetic changes mediate reproductive tim-
ing? Molecular Ecology, 30, 3641– 3644. https://doi.org/10.1111/
mec.16063

Heggenes, J., Røed, K. H., Jorde, P. E., & Brabrand, Å. (2009). Dynamic 
micro- geographic and temporal genetic diversity in verte-
brates: The case of lake- spawning populations of brown trout 
(Salmo trutta). Molecular Ecology, 18, 1100– 1111. https://doi.
org/10.1111/j.1365- 294X

Hewitt, G. M. (1999). Post- glacial re- colonization of European biota. 
Biological Journal of the Linnean Society, 68, 87– 112. https://doi.
org/10.1111/j.1095- 8312.1999.tb011 60.x

Hooker, O., Barry, J., Van Leeuwen, T. E., Lyle, A., Newton, J., Cunningham, 
P., & Adams, C. E. (2016). Morphological, ecological and behavioural 
differentiation of sympatric profundal and pelagic Arctic charr 
(Salvelinus alpinus) in Loch Dughaill, Scotland. Hydrobiologia, 783, 
209– 223. https://doi.org/10.1007/s1075 0- 015- 2599- 0

Houghton, W. (1879). British freshwater fishes. Webb & Bower.
Howell, H. (1948). Lough Melvin in 1912. Salmon and Trout Magazine, 124, 

226– 229.
Hu, J., Wuitchik, S. J. S., Barry, T. N., Jamniczky, H. A., Rogers, S. M., 

& Barrett, R. D. H. (2021). Heritability of DNA methylation in 

threespine stickleback (Gasterosteus aculeatus). Genetics, 217, 1– 15. 
https://doi.org/10.1093/genet ics/iyab001

Hubisz, M. J., Falush, D., Stephen, S. M., & Pritchard, J. K. (2009). 
Inferring weak population structure with the assistance of sample 
group information. Molecular Ecology, 9, 1322– 1332. https://doi.
org/10.1111/j.1755- 0998.2009.02591.x

Hudson, A. G., Lundsgaard- Hansen, B., Lucek, K., Vonlanthen, P., & 
Seehausen, O. (2017). Managing cryptic biodiversity: Fine- scale in-
tralacustrine speciation along a benthic gradient in Alpine whitefish 
(Coregonus spp.). Evolutionary Applications, 10, 251– 266. https://doi.
org/10.1111/eva.12446

Hughes, M. R., Dodd, J. A., Maitland, P. S., & Adams, C. E. (2016). Lake 
bathymetry and species occurrence predict the distribution of a 
lacustrine apex predator. Journal of Fish Biology, 88, 1648– 1654. 
https://doi.org/10.1111/jfb.12919

Hughes, M. R., Hooker, O. E., Van Leeuwen, T. E., Kettle- White, A., 
Thorne, A., Prodöhl, P., & Adams, C. E. (2019). Alternative routes 
to piscivory: Contrasting growth trajectories in brown trout 
(Salmo trutta) ecotypes exhibiting contrasting life history strate-
gies. Ecology of Freshwater Fish, 28, 4– 10. https://doi.org/10.1111/
eff.12421

Hughes, M. R., Van Leeuwen, T. E., Cunningham, P. D., & Adams, C. E. 
(2018). Parentally acquired differences in resource acquisition 
ability between brown trout from alternative life history parent-
age. Ecology of Freshwater Fish, 27, 62– 69. https://doi.org/10.1111/
eff.12323

Huusko, A., Vainikka, A., Syrjänen, J. T., Orell, P., Louhi, P., & Vehanen, T. 
(2018). Life- history of the adfluvial brown trout (Salmo trutta L.) in 
Eastern Fennoscandia. In J. Lobón- Cerviá, & N. Sanz (Eds.), Brown 
Trout: Biology, ecology and management. (pp. 267– 295). Wiley.

Hynes, R. A., Ferguson, A., & McCann, M. A. (1996). Variation in mi-
tochondrial DNA and post- glacial colonization of north western 
Europe by brown trout. Journal of Fish Biology, 48, 54– 67. https://
doi.org/10.1111/j.1095- 8649.1996.tb014 18.x

Hyslop, E. J. (1980). Stomach contents analysis -  a review of methods and 
their application. Journal of Fish Biology, 17, 411– 429. https://doi.
org/10.1111/j.1095- 8649.1980.tb027 75.x

IUCN (2021). The IUCN Red List of Threatened Species. Version 2021- 1. 
https://www.iucnr edlist.org ISSN 2307- 8235

Jacobs, A., Carruthers, M., Eckmann, R., Yohannes, E., Adams, C. E., 
Behrmann- Godel, J., & Elmer, K. R. (2019). Rapid niche expansion by 
selection on functional genomic variation after ecosystem recov-
ery. Nature Ecology & Evolution, 3, 77– 86. https://doi.org/10.1038/
s4155 9- 018- 0742- 9

Jacobs, A., Carruthers, M., Yurchenko, A., Gordeeva, N. V., Alekseyev, S. 
S., Hooker, O., Leong, J. S., Minkley, D. R., Rondeau, E. B., Koop, B. F., 
Adams, C. E., & Elmer, K. R. (2020). Parallelism in eco- morphology 
and gene expression despite variable evolutionary and genomic 
backgrounds in a Holarctic fish. PLoS Genetics, 16(4), e1008658. 
https://doi.org/10.1371/journ al.pgen.1008658

Jacobs, A., Hughes, M. R., Robinson, P. C., Adams, C. E., & Elmer, K. R. 
(2018). The genetic architecture underlying the evolution of a rare 
piscivorous life history form in brown trout after secondary contact 
and strong introgression. Genes, 9, 280. https://doi.org/10.3390/
genes 9060280

Janes, J. K., Miller, J. M., Dupuis, J. R., Malenfant, R. M., Gorrell, J. C., 
Cullingham, C. I., & Andrew, R. L. (2017). The K = 2 conundrum. 
Molecular Ecology, 26, 3594– 3602. https://doi.org/10.1111/
mec.14187

Jensen, H., Kiljunen, M., & Amundsen, P. A. (2012). Dietary on-
togeny and niche shift to piscivory in lacustrine brown trout 
Salmo trutta revealed by stomach content and stable isotope 
analyses. Journal of Fish Biology, 80, 2448– 2462. https://doi.
org/10.1111/j.1095- 8649.2012.03294.x

Jombart, T., Devillard, S., & Balloux, F. (2010). Discriminant analy-
sis of principal components: a new method for the analysis of 

https://doi.org/10.1038/s41467-021-25039-y
https://doi.org/10.1038/s41467-021-25039-y
https://doi.org/10.1093/g3journal/jkab267
https://doi.org/10.1093/g3journal/jkab267
https://doi.org/10.1111/mec.14516
https://doi.org/10.1111/j.1095-8649.1989.tb03017.x
https://doi.org/10.1111/j.1095-8649.1989.tb03017.x
https://doi.org/10.12688/wellcomeopenres.16838.1
https://doi.org/10.12688/wellcomeopenres.16838.1
https://doi.org/10.1111/j.1365-2656.2010.01702.x
https://doi.org/10.1111/j.1365-2656.2010.01702.x
https://doi.org/10.1016/j.ympev.2021.107204
https://doi.org/10.1016/j.ympev.2021.107204
https://doi.org/10.1111/mec.12447
https://doi.org/10.1111/mec.12447
https://doi.org/10.1111/mec.16063
https://doi.org/10.1111/mec.16063
https://doi.org/10.1111/j.1365-294X
https://doi.org/10.1111/j.1365-294X
https://doi.org/10.1111/j.1095-8312.1999.tb01160.x
https://doi.org/10.1111/j.1095-8312.1999.tb01160.x
https://doi.org/10.1007/s10750-015-2599-0
https://doi.org/10.1093/genetics/iyab001
https://doi.org/10.1111/j.1755-0998.2009.02591.x
https://doi.org/10.1111/j.1755-0998.2009.02591.x
https://doi.org/10.1111/eva.12446
https://doi.org/10.1111/eva.12446
https://doi.org/10.1111/jfb.12919
https://doi.org/10.1111/eff.12421
https://doi.org/10.1111/eff.12421
https://doi.org/10.1111/eff.12323
https://doi.org/10.1111/eff.12323
https://doi.org/10.1111/j.1095-8649.1996.tb01418.x
https://doi.org/10.1111/j.1095-8649.1996.tb01418.x
https://doi.org/10.1111/j.1095-8649.1980.tb02775.x
https://doi.org/10.1111/j.1095-8649.1980.tb02775.x
https://www.iucnredlist.org
https://doi.org/10.1038/s41559-018-0742-9
https://doi.org/10.1038/s41559-018-0742-9
https://doi.org/10.1371/journal.pgen.1008658
https://doi.org/10.3390/genes9060280
https://doi.org/10.3390/genes9060280
https://doi.org/10.1111/mec.14187
https://doi.org/10.1111/mec.14187
https://doi.org/10.1111/j.1095-8649.2012.03294.x
https://doi.org/10.1111/j.1095-8649.2012.03294.x


26  |    FERGUSON aNd PROdÖHL

genetically structured populations. BMC Genetics, 11, 1– 5. https://
doi.org/10.1186/1471- 2156- 11- 94

Jonsson, B., L'Abée- Lund, J. H., Heggberget, T. G., Jensen, A. J., Johnsen, 
B. O., Næsje, T. F., & Sættem, L. M. (1991). Longevity, body Size, 
and growth in anadromous brown trout (Salmo trutta). Canadian 
Journal of Fisheries and Aquatic Sciences, 48, 1838– 1845. https://
doi.org/10.1139/f91- 217

Jonsson, N., Jonsson, B., Skurdal, J., & Hansen, L. P. (1994). Differential 
response to water current in offspring of inlet- and outlet- spawning 
brown trout Salmo trutta. Journal of Fish Biology, 45, 356– 359. 
https://doi.org/10.1111/j.1095- 8649.1994.tb013 16.x

Jonsson, N., Næsje, T. F., Jonsson, B., Saksgård, R., & Sandlund, O. 
T. (1999). The influence of piscivory on life history traits of 
brown trout. Journal of Fish Biology, 55, 1129– 1141. https://doi.
org/10.1111/j.1095- 8649.1999.tb020 64.x

Jorde, P. E., Andersson, A., Ryman, N., & Laikre, L. (2018). Are we un-
derestimating the occurrence of sympatric populations? Molecular 
Ecology, 27, 4011– 4025. https://doi.org/10.1111/mec.14846

Jorde, P. E., & Ryman, N. (1996). Demographic genetics of brown trout 
(Salmo trutta) and estimation of effective population size from tem-
poral change of allele frequencies. Genetics, 143, 1369– 1381.

Kardos, M., Husby, A., McFarlane, S. E., Qvarnström, A., & Ellegren, H. 
(2016). Whole genome resequencing of extreme phenotypes in 
collared flycatchers highlights the difficulty of detecting quantita-
tive trait loci in natural populations. Molecular Ecology Resources, 16, 
727– 741. https://doi.org/10.1111/1755- 0998.12498

Keeley, E. R., & Grant, W. A. (2001). Prey size of salmonid fishes in 
streams, lakes and oceans. Canadian Journal of Fisheries and Aquatic 
Sciences, 58, 1122– 1132. https://doi.org/10.1139/cjfas - 58- 6- 1122

Keeley, E. R., Parkinson, E. A., & Taylor, E. B. (2005). Ecotypic differen-
tiation of native rainbow trout (Oncorhynchus mykiss) populations 
from British Columbia. Canadian Journal of Fisheries and Aquatic 
Sciences, 62, 1523– 1539. https://doi.org/10.1139/F05- 062

Keenan, K. (2015). The development and application of molecular and 
computational genetics tools for the conservation and management 
of brown trout (Salmo trutta L.). PhD thesis, Queen’s University 
Belfast.

Kennedy, M., & Fitzmaurice, P. (1971). Growth and food of brown trout 
Salmo trutta L. in Irish waters. Proceedings Royal Irish Academy, 71B, 
269– 352.

Kess, T., Dempson, J. B., Lehnert, S. J., Layton, K., Einfeldt, A., Bentzen, P., 
Salisbury, S. J., Messmer, A. M., Duffy, S., Ruzzante, D. E., Nugent, 
C. M., Ferguson, M. M., Leong, J. S., Koop, B. F., O’Connell, M. F., 
& Bradbury, I. R. (2021). Genomic basis of deep- water adaptation 
in Arctic Charr (Salvelinus alpinus) morphs. Molecular Ecology, 30, 
4415– 4432. https://doi.org/10.1111/mec.16033

Klemetsen, A. (2010). The charr problem revisited: exceptional pheno-
typic plasticity promotes ecological speciation in postglacial lakes. 
Freshwater Reviews, 3, 49– 74. https://doi.org/10.1608/FRJ- 3.1.3

Klemetsen, A. (2013). The most variable vertebrate on Earth. Journal 
of Ichthyology, 53, 781– 791. https://doi.org/10.1134/S0032 94521 
3100044

Klemetsen, A., Knudsen, R., Primicerio, R., & Amundsen, P.- A. (2006). 
Divergent, genetically based feeding behaviour of two sympatric 
Arctic charr, Salvelinus alpinus (L.), morphs. Ecology of Freshwater Fish, 
15, 350– 355. https://doi.org/10.1111/j.1600- 0633.2006.00128.x

Knudsen, R., Eloranta, A. P., Siwertsson, A., Paterson, R. A., Power, M., 
& Sandlund, O. T. (2019). Introduction of Mysis relicta (Mysida) re-
duces niche segregation between deep- water Arctic charr morphs. 
Hydrobiologia, 840, 245– 260. https://doi.org/10.1007/s1075 
0- 019- 3953- 4

Knudsen, R., Gjelland, K. Ø., Eloranta, A. P., Hayden, B., Siwertsson, 
A., Amundsen, P.- A., & Klemetsen, A. (2016). A specialised can-
nibalistic Arctic charr morph in the piscivore guild of a subarctic 
lake. Hydrobiologia, 783, 65– 78. https://doi.org/10.1007/s1075 
0- 015- 2601- x

Knudsen, R., Klemetsen, A., Amundsen, P.- A., & Hermansen, B. (2006). 
Incipient speciation through niche expansion: an example from 
the Arctic charr in a subarctic lake. Proceedings of the Royal Society 
B: Biological Sciences, 273, 2291– 2298. https://doi.org/10.1098/
rspb.2006.3582

Koene, J. P., Elmer, K. R., & Adams, C. E. (2020). Intraspecific variation 
and structuring of phenotype in a lake- dwelling species are driven 
by lake size and elevation. Biological Journal of the Linnean Society, 
131, 585– 599. https://doi.org/10.1093/bioli nnean/ blaa137

Kottelat, M., & Freyhof, J. (2007). Handbook of European freshwater fishes. 
Kottelat and Freyhof.

L'Abée- Lund, J. H., Aass, P., & Sægrov, H. (2002). Long term variation in 
piscivory in a brown trout population: Effect of changes in available 
prey organisms. Ecology of Freshwater Fish, 11, 260– 269. https://doi.
org/10.1034/j.1600- 0633.2002.00020.x

L'Abée- Lund, J. H., Langeland, A., & Sægrov, H. (1992). Piscivory by 
brown trout Salmo trutta L. and Arctic charr Salvelinus alpinus (L.) 
in Norwegian lakes. Journal of Fish Biology, 41, 91– 101. https://doi.
org/10.1111/j.1095- 8649.1992.tb031 72.x

Laikre, L. (2010). Genetic diversity is overlooked in international conser-
vation policy implementation. Conservation Genetics, 11, 349– 354. 
https://doi.org/10.1007/s1059 2- 009- 0037- 4

Lecaudey, L. A., Schliewen, U. K., Ustinov, A. G., Taylor, E. B., Bernatchez, 
L., & Weiss, S. J. (2018). Inferring phylogenetic structure, hybridiza-
tion and divergence times within Salmoninae (Teleostei: Salmonidae) 
using RAD- sequencing. Molecular Phylogenetics and Evolution, 124, 
82– 99. https://doi.org/10.1016/j.ympev.2018.02.022

Leider, S. A., Chilcote, M. W., & Loch, J. J. (1984). Spawning character-
istics of sympatric populations of steelhead trout (Salmo gaird-
neri): Evidence for partial reproductive isolation. Canadian Journal 
of Fisheries and Aquatic Sciences, 41, 1454– 1462. https://doi.
org/10.1139/f84- 179

Levin, B., Simonov, E., Gabrielyan, B. K., Mayden, R. L., Rastorguev, S. 
M., Roubenyan, H. R., Sharko, F. S., & Nedoluzhko, A. V. (2021). 
Caucasian treasure: genomics sheds light on the evolution of 
half- extinct Sevan trout, Salmo ischchan, species flock. Molecular 
Phylogenetics and Evolution, 167, 107346. https://doi.org/10.1016/j.
ympev.2021.107346

Levin, B., Simonov, E., Rastorguev, S., Boulygina, E., Sharko, F., Tsygankova, 
S., Gabrielyan, B., Roubenyan, H., Mayden, R., & Nedoluzhko, A. 
(2018). High- throughput sequencing of the mitochondrial genomes 
from archived fish scales: An example of the endangered putative 
species flock of Sevan trout Salmo ischchan. Hydrobiologia, 822, 
217– 228. https://doi.org/10.1007/s1075 0- 018- 3688- 7

Lien, S., Koop, B. F., Sandve, S. R., Miller, J. R., Kent, M. P., Nome, T., 
Hvidsten, T. R., Leong, J. S., Minkley, D. R., Zimin, A., Grammes, 
F., Grove, H., Gjuvsland, A., Walenz, B., Hermansen, R. A., von 
Schalburg, K., Rondeau, E. B., Di Genova, A., Samy, J. K. A., … 
Davidson, W. S. (2016). The Atlantic salmon genome provides in-
sights into rediploidization. Nature, 533, 200– 205. https://doi.
org/10.1038/natur e17164

Lindsey, C. C. (1981). Stocks are chameleons: Plasticity in gill rakers of 
Coregonid fishes. Canadian Journal of Fisheries and Aquatic Sciences, 
38, 1497– 1506. https://doi.org/10.1139/f81- 202

Lindsey, C. C. (1988). 3 factors controlling meristic variation. Fish 
Physiology, 11B, 197– 274. https://doi.org/10.1016/S1546 
- 5098(08)60215 - 0

Linløkken, A. N., Johansen, W., & Wilson, R. (2014). Genetic structure of 
brown trout, Salmo trutta, populations from differently sized tribu-
taries of Lake Mjøsa in south- east Norway. Fisheries Management 
and Ecology, 21, 515– 525. https://doi.org/10.1111/fme.12101

Lobón- Cerviá, J., Esteve, M., Berrebi, P., Duchi, A., Lorenzoni, M., & 
Young, K. A. (2019). Trout and Char of Central and Southern Europe 
and Northern Africa. In J. Kershner, J. Williams, J. Lobón- Cerviá, 
& B. Gresswell (Eds.), Trout and char of the world. (pp. 379– 410). 
American Fisheries Society.

https://doi.org/10.1186/1471-2156-11-94
https://doi.org/10.1186/1471-2156-11-94
https://doi.org/10.1139/f91-217
https://doi.org/10.1139/f91-217
https://doi.org/10.1111/j.1095-8649.1994.tb01316.x
https://doi.org/10.1111/j.1095-8649.1999.tb02064.x
https://doi.org/10.1111/j.1095-8649.1999.tb02064.x
https://doi.org/10.1111/mec.14846
https://doi.org/10.1111/1755-0998.12498
https://doi.org/10.1139/cjfas-58-6-1122
https://doi.org/10.1139/F05-062
https://doi.org/10.1111/mec.16033
https://doi.org/10.1608/FRJ-3.1.3
https://doi.org/10.1134/S0032945213100044
https://doi.org/10.1134/S0032945213100044
https://doi.org/10.1111/j.1600-0633.2006.00128.x
https://doi.org/10.1007/s10750-019-3953-4
https://doi.org/10.1007/s10750-019-3953-4
https://doi.org/10.1007/s10750-015-2601-x
https://doi.org/10.1007/s10750-015-2601-x
https://doi.org/10.1098/rspb.2006.3582
https://doi.org/10.1098/rspb.2006.3582
https://doi.org/10.1093/biolinnean/blaa137
https://doi.org/10.1034/j.1600-0633.2002.00020.x
https://doi.org/10.1034/j.1600-0633.2002.00020.x
https://doi.org/10.1111/j.1095-8649.1992.tb03172.x
https://doi.org/10.1111/j.1095-8649.1992.tb03172.x
https://doi.org/10.1007/s10592-009-0037-4
https://doi.org/10.1016/j.ympev.2018.02.022
https://doi.org/10.1139/f84-179
https://doi.org/10.1139/f84-179
https://doi.org/10.1016/j.ympev.2021.107346
https://doi.org/10.1016/j.ympev.2021.107346
https://doi.org/10.1007/s10750-018-3688-7
https://doi.org/10.1038/nature17164
https://doi.org/10.1038/nature17164
https://doi.org/10.1139/f81-202
https://doi.org/10.1016/S1546-5098(08)60215-0
https://doi.org/10.1016/S1546-5098(08)60215-0
https://doi.org/10.1111/fme.12101


    |  27FERGUSON aNd PROdÖHL

Lobón- Cerviá, J., & N. Sanz (Eds.) (2018). Brown Trout: Biology, ecology 
and management. Wiley.

Lou, R. N., Jacobs, A., Wilder, A. P., & Therkildsen, N. O. (2021). A be-
ginner's guide to low- coverage whole genome sequencing for pop-
ulation genomics. Molecular Ecology, 30, 5966– 5993. https://doi.
org/10.1111/mec.16077

Lunelli, F., Faccenda, F., Confortini, C., & Ciutti, F. (2012). Salmo carpio: an 
endemic salmonid of Lake Garda, Northern Italy. World Aquaculture 
Magazine, 4, 46– 49.

Macqueen, D. J., & Johnston, I. A. (2014). A well- constrained estimate 
for the timing of the salmonid whole genome duplication reveals 
major decoupling from species diversification. Proceedings of the 
Royal Society B: Biological Sciences, 281, 20132881. https://doi.
org/10.1098/rspb.2013.2881

Magee, J. (2017). A comparison of population structuring and genetic stock 
identification of brown trout (Salmo trutta) displaying distinct migra-
tory strategies. PhD thesis, Queen’s University Belfast.

Maitland, J. R. G. (1887). The history of Howietoun. Howietoun Fishery.
Makhrov, A. A., & Bolotov, I. N. (2019). Ecological causes of high mor-

phological plasticity of members of a taxon inhabiting the cen-
ter of its origin (exemplified by the noble salmons, Genus Salmo). 
Biology Bulletin Russian Academy of Sciences, 46, 38– 46. https://doi.
org/10.1134/S1062 35901 9010059

Mäkinen, H., Sävilammi, T., Papakostas, S., Leder, E., Vøllestad, L. A., 
& Primmer, C. R. (2018). Modularity facilitates flexible tuning of 
plastic and evolutionary gene expression responses during early 
divergence. Genome Biology and Evolution, 10, 77– 93. https://doi.
org/10.1093/gbe/evx278

Mangel, M., & Abrahams, M. V. (2001). Age and longevity in fish, with 
consideration of the ferox trout. Experimental Gerontology, 36, 65– 
790. https://doi.org/10.1016/S0531 - 5565(00)00240 - 0

Markevich, G., & Esin, E. (2019). Trout and Char of Russia. In J. Kershner, 
J. Williams, J. Lobón- Cerviá, & B. Gresswell (Eds.), Trout and char of 
the world. (pp. 517– 571). American Fisheries Society.

Markevich, G., Esin, E., & Anisimova, L. (2018). Basic description and 
some notes on the evolution of seven sympatric morphs of Dolly 
Varden Salvelinus malma from the Lake Kronotskoe Basin. Ecology 
and Evolution, 8, 2554– 2567. https://doi.org/10.1002/ece3.3806

Matthews, M., Poole, R., Thompson, C. E., McKillen, J., Ferguson, A., 
Hindar, K., & Wheelan, K. F. (2000). Incidence of hybridization be-
tween Atlantic salmon, Salmo salar L., and brown trout, Salmo trutta 
L., in Ireland. Fisheries Management and Ecology, 7, 337– 347. https://
doi.org/10.1046/j.1365- 2400.2000.00208.x

May- McNally, S. L., Quinn, T. P., Woods, P. J., & Taylor, E. B. (2015). 
Evidence for genetic distinction among sympatric ecotypes of Arctic 
char (Salvelinus alpinus) in south- western Alaskan lakes. Ecology of 
Freshwater Fish, 24, 562– 574. https://doi.org/10.1111/eff.12169

Mayr, E. (1969). The biological meaning of species. Biological Journal 
of the Linnean Society, 1, 311– 320. https://doi.org/10.1111/
j.1095- 8312.1969.tb001 23.x

Mayr, E. (2000). The biological species concept. In Q. D. Wheeler, & R. 
Meier (Eds.), Species concepts and phylogenetic theory: A debate. 
Columbia University Press.

McKeown, N. (2005). Phylogeography and population genetics of brown 
trout (Salmo trutta L.) in Ireland and Britain, with emphasis on the 
sympatric ecotypes in Lough Melvin, Ireland. PhD thesis, Queen’s 
University Belfast.

McKeown, N. J., Hynes, R. A., Duguid, R. A., Ferguson, A., & Prodöhl, P. 
A. (2010). Phylogeographic structure of brown trout Salmo trutta in 
Britain and Ireland: Glacial refugia, postglacial colonization and or-
igins of sympatric populations. Journal of Fish Biology, 76, 319– 347. 
https://doi.org/10.1111/j.1095- 8649.2009.02490.x

McKinney, G. J., Waples, R. K., Pascal, C. E., Seeb, L. W., & Seeb, J. E. 
(2018). Resolving allele dosage in duplicated loci using genotyp-
ing- by sequencing data: A path forward for population genetic 

analysis. Molecular Ecology Resources, 18, 570– 579. https://doi.
org/10.1111/1755- 0998.12763

McVeigh, H. P., Hynes, R. A., & Ferguson, A. (1995). Mitochondrial DNA 
differentiation of sympatric populations of brown trout, Salmo 
trutta L., from Lough Melvin, Ireland. Canadian Journal of Fisheries 
and Aquatic Sciences, 52, 1617– 1622.

Mehner, T., Palm, S., Delling, B., Karjalainen, J., Kiełpińska, J., Vogt, A., 
& Freyhof, J. (2021). Genetic relationships between sympatric and 
allopatric Coregonus ciscoes in North and Central Europe. BMC 
Ecology and Evolution, 21, 186. https://doi.org/10.1186/s1286 2- 
021- 01920 - 8

Melotto, S., & Alessio, G. (1990). Biology of carpione, Salmo carpio L., 
an endemic species of Lake Garda (Italy). Journal of Fish Biology, 
37, 687– 698. https://doi.org/10.1111/j.1095- 8649.1990.tb025 
33.x

Meraner, A., & Gandolfi, A. (2018). Genetics of the Genus Salmo in Italy: 
Evolutionary history, population structure, molecular ecology and 
conservation. In J. Lobón- Cerviá, & N. Sanz (Eds.), Brown Trout: 
Biology, ecology and management. (pp. 65– 102). Wiley.

Mimura, M., Tyahara, T., Faith, D. P., Vázquez- Domínguez, E., Colautti, 
R. I., Araki, H., Javadi, F., Núñez- Farfán, J., Mori, A. S., Zhou, S., 
Hollingsworth, P. M., Neaves, L. E., Fukano, Y., Smith, G. F., Sato, Y.- 
I., Tachida, H., & Hendry, A. P. (2017). Understanding and monitor-
ing the consequences of human impacts on intraspecific variation. 
Evolutionary Applications, 10, 121– 139. https://doi.org/10.1111/
eva.12436

Mittelbach, G. G., & Persson, L. (1998). The ontogeny of piscivory 
and its ecological consequences. Canadian Journal of Fisheries 
and Aquatic Sciences, 55, 1454– 1465. https://doi.org/10.1139/
f98- 041

Mobley, K. B., Aykanat, T., Czorlich, Y., House, A., Kurko, J., Miettinen, A., 
Moustakas- Verho, J., Salgado, A., Sinclair- Waters, M., Verta, J.- P., 
& Primmer, C. (2021). Maturation in Atlantic salmon (Salmo salar, 
Salmonidae): A synthesis of ecological, genetic, and molecular pro-
cesses. Reviews in Fish Biology and Fisheries, 31, 523– 571. https://
doi.org/10.1007/s1116 0- 021- 09656 - w

Monnet, G., Rosenfeld, J. S., & Richards, J. G. (2020). Adaptive differ-
entiation of growth, energetics and behaviour between pisciv-
ore and insectivore juvenile rainbow trout along the Pace- of- Life 
continuum. Journal of Animal Ecology, 89, 2717– 2732. https://doi.
org/10.1111/1365- 2656.13326

Mrdak, D., Nikolić, V., Tošić, A., & Simonović, P. (2012). Molecular and 
ecological features of the soft- muzzled trout Salmo obtusirostris 
(Heckel, 1852) in the Zeta River, Montenegro. Biologia, 67, 22– 233. 
https://doi.org/10.2478/s1175 6- 011- 0150- y

Muhlfeld, C. C., Dauwalter, D. C., D’Angelo, V. S., Ferguson, A., Giersch, 
J. J., Impson, D., Koizumi, I., Kovach, R., McGinnity, P., Schöffmann, 
J., Vøllestad, L. A., & Epifanio, J. (2019). Global status of trout and 
char: Conservation challenges in the twenty- first century. In J. 
Kershner, J. Williams, J. Lobón- Cerviá, & B. Gresswell (Eds.), Trout 
and char of the world. (pp. 717– 760). American Fisheries Society.

Newland, H. (1851). The Erne, its legends and its fly- fishing. London: 
Chapman & Hall.

Ninua, L., Tarkhnishvili, D., & Gvazava, E. (2018). Phylogeography and 
taxonomic status of trout and salmon from the Ponto- Caspian 
drainages, with inferences on European brown trout evolution 
and taxonomy. Ecology and Evolution, 8, 2645– 2658. https://doi.
org/10.1002/ece3.3884

Nosil, P., Feder, J. L., & Gompert, Z. (2021). How many genetic changes 
create new species? Science, 371, 777– 779. https://doi.org/10.1126/
scien ce.abf6671

Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., O’Hara, R. B., 
Simpson, G. L., Solymos, P., Stevens, M. H. H., & Wagner, H. 
(2020). vegan: Community ecology package. R package version 
2.5- 7.

https://doi.org/10.1111/mec.16077
https://doi.org/10.1111/mec.16077
https://doi.org/10.1098/rspb.2013.2881
https://doi.org/10.1098/rspb.2013.2881
https://doi.org/10.1134/S1062359019010059
https://doi.org/10.1134/S1062359019010059
https://doi.org/10.1093/gbe/evx278
https://doi.org/10.1093/gbe/evx278
https://doi.org/10.1016/S0531-5565(00)00240-0
https://doi.org/10.1002/ece3.3806
https://doi.org/10.1046/j.1365-2400.2000.00208.x
https://doi.org/10.1046/j.1365-2400.2000.00208.x
https://doi.org/10.1111/eff.12169
https://doi.org/10.1111/j.1095-8312.1969.tb00123.x
https://doi.org/10.1111/j.1095-8312.1969.tb00123.x
https://doi.org/10.1111/j.1095-8649.2009.02490.x
https://doi.org/10.1111/1755-0998.12763
https://doi.org/10.1111/1755-0998.12763
https://doi.org/10.1186/s12862-021-01920-8
https://doi.org/10.1186/s12862-021-01920-8
https://doi.org/10.1111/j.1095-8649.1990.tb02533.x
https://doi.org/10.1111/j.1095-8649.1990.tb02533.x
https://doi.org/10.1111/eva.12436
https://doi.org/10.1111/eva.12436
https://doi.org/10.1139/f98-041
https://doi.org/10.1139/f98-041
https://doi.org/10.1007/s11160-021-09656-w
https://doi.org/10.1007/s11160-021-09656-w
https://doi.org/10.1111/1365-2656.13326
https://doi.org/10.1111/1365-2656.13326
https://doi.org/10.2478/s11756-011-0150-y
https://doi.org/10.1002/ece3.3884
https://doi.org/10.1002/ece3.3884
https://doi.org/10.1126/science.abf6671
https://doi.org/10.1126/science.abf6671


28  |    FERGUSON aNd PROdÖHL

Osinov, A. G. (1989). Low level of genetic variability and differentiation 
in ecological forms of Sevan trout Salmo ischchan Kessler. Genetika, 
25, 1827– 1835. (Translation 1990.)

Osinov, A. G., & Bernatchez, L. (1996). Atlantic and Danubian phyloge-
netic groupings of brown trout Salmo trutta complex: Genetic di-
vergence, evolution, and conservation. Journal of Ichthyology, 36, 
723– 746.

Østbye, K., Amundsen, P. A., Bernatchez, L., Klemetsen, A., Knudsen, 
R., Kristoffersen, R., Næsje, T. F., & Hindar, K. (2006). Parallel 
evolution of ecomorphological traits in the European white-
fish Coregonus lavaretus (L.) species complex during post-
glacial times. Molecular Ecology, 15, 3983– 4001. https://doi.
org/10.1111/j.1365- 294X.2006.03062.x

Østbye, K., Næsje, T. F., Bernatchez, L., Sandlund, O. T., & Hindar, 
K. (2005). Morphological divergence and origin of sympat-
ric populations of European whitefish (L.) in Lake Femund, 
Norway. Journal of Evolutionary Biology, 18, 683– 702. https://doi.
org/10.1111/j.1420- 9101.2004.00844.x

Ottenburghs, J. (2019). Avian species concepts in the light of genom-
ics. In R. H. S. Kraus (Ed.), Avian genomics in ecology and evolution. 
Springer.

Palm, S., & Ryman, N. (1999). Genetic basis of phenotypic differences 
between transplanted stocks of brown trout. Ecology of Freshwater 
Fish, 8, 169– 180. https://doi.org/10.1111/j.1600- 0633.1999.tb000 
68.x

Palmé, A., Laikre, L., & Ryman, N. (2013). Monitoring reveals two geneti-
cally distinct brown trout populations remaining in stable sympatry 
over 20 years in tiny mountain lakes. Conservation Genetics, 14, 
795– 808. https://doi.org/10.1007/s1059 2- 013- 0475- x

Palsbøll, P. J., Bérubé, M., & Allendorf, F. W. (2006). Identification 
of management units using population genetic data. Trends in 
Ecology and Evolution, 22, 11– 16. https://doi.org/10.1016/j.
tree.2006.09.003

Parent, S., & Schriml, L. M. (1995). A model for the determination of fish 
species at risk based upon life- history traits and ecological data. 
Canadian Journal of Fisheries and Aquatic Sciences, 52, 1768– 1781. 
https://doi.org/10.1139/f95- 769

Parsons, K. J., Concannon, M., Navon, D., Wang, J., Ea, I., Groveas, K., 
Campbell, C., & Albertson, R. C. (2016). Foraging environment de-
termines the genetic architecture and evolutionary potential of 
trophic morphology in cichlid fishes. Molecular Ecology, 25, 6012– 
6023. https://doi.org/10.1111/mec.13801

Pennant, T. (1812). British zoology Vol. 111, Class IV, Fishes. Wilkie and 
Robinson.

Peris Tamayo, A.- M., Devineau, O., Præbel, K., Kahilainen, K. K., & 
Østbye, K. (2020). A brain and a head for a different habitat: Size 
variation in four morphs of Arctic charr (Salvelinus alpinus (L.)) in 
a deep oligotrophic lake. Ecology and Evolution, 10, 11335– 11351. 
https://doi.org/10.1002/ece3.6771

Pfennig, D., & Pfennig, K. (2012). Evolution's wedge: Competition and the 
origins of diversity. University of California Press.

Phillips, R. B. (1983). Shape characters in numerical taxonomy 
and problems with ratios. Taxon, 32, 535– 544. https://doi.
org/10.2307/1221721

Piggott, C. V. H., Verspoor, E., Greer, R., Hooker, O., Newton, J., & Adams, 
C. E. (2018). Phenotypic and resource use partitioning amongst 
sympatric, lacustrine brown trout, Salmo trutta. Biological Journal 
of the Linnean Society, 124, 200– 212. https://doi.org/10.1093/bioli 
nnean/ bly032

Poulson, T. L. (2001). Adaptations of cave fishes with some comparisons 
to deep- sea fishes. Environmental Biology of Fishes, 62, 345– 364. 
https://doi.org/10.1023/A:10118 93916855

Præbel, K., Knudsen, R., Siwertsson, A., Karhunen, M., Kahilainen, 
K. K., Ovaskainen, O., Østbye, K., Peruzzi, S., Fevolden, S.- E., 
& Amundsen, P.- A. (2013). Ecological speciation in postglacial 

European whitefish: rapid adaptive radiations into the littoral, pe-
lagic, and profundal lake habitats. Ecology and Evolution, 3, 4970– 
4986. https://doi.org/10.1002/ece3.867

Pritchard, J. K., Stephens, M., & Donnelly, P. (2000). Inference of popula-
tion structure using multilocus genotype data. Genetics, 155, 945– 
959. https://doi.org/10.1093/genet ics/155.2.945

Prodöhl, P. A., Ferguson, A., Bradley, C. R., Ade, R., Roberts, C., Keay, E. J., 
Costa, A. R., & Hynes, R. (2019). Impacts of acidification on brown 
trout Salmo trutta populations and the contribution of stocking to 
population recovery and genetic diversity. Journal of Fish Biology, 
95, 719– 742. https://doi.org/10.1111/jfb.14054

Prodöhl, P. A., Taggart, J. B., & Ferguson, A. (1992). Genetic variability 
within and among brown trout (Salmo trutta) populations: multi- 
locus DNA fingerprint analysis. Hereditas, 117, 45– 50. https://doi.
org/10.1111/j.1601- 5223.1992.tb000 06.x

Puechmaille, S. J. (2016). The program STRUCTURE does not reli-
ably recover the correct population structure when sampling 
is uneven: Subsampling and new estimators alleviate the prob-
lem. Molecular Ecology Resources, 16, 608– 627. https://doi.
org/10.1111/1755- 0998.12512

Pustovrh, G., Snoj, A., & Sušnik Bajec, S. (2014). Molecular phy-
logeny of Salmo of the western Balkans, based upon multi-
ple nuclear loci. Genetics Selection Evolution, 46, 7. https://doi.
org/10.1186/1297- 9686- 46- 7

Rasmussen, G. H., L'Abee- Lund, J. H., Degerman, E., Birzaks, J., Debowski, 
P., Hesthagen, T., Esin, E., Hammar, J., Hesthagen, T., Huusko, A., 
Kesler, M., Kontautas, A., Markevich, G., Petereit, C., Titov, S., 
Vehanen, T., & Aas, Ø. (2019). Trout and Char of Northern Europe. In 
J. Kershner, J. Williams, J. Lobón- Cerviá, & B. Gresswell (Eds.), Trout 
and char of the world. (pp. 351– 377). American Fisheries Society.

Recknagel, H., Hooker, O. E., Adams, C. E., & Elmer, K. R. (2017). 
Ecosystem size predicts eco- morphological variability in a postgla-
cial diversification. Ecology and Evolution, 7, 5560– 5570. https://doi.
org/10.1002/ece3.3013

Roesch, C., Lundsgaard- Hansen, B., Vonlanthen, P., Taverna, A., & 
Seehausen, O. (2013). Experimental evidence for trait utility 
of gill raker number in adaptive radiation of a north temperate 
fish. Journal of Evolutionary Biology, 26, 1578– 1587. https://doi.
org/10.1111/jeb.12166

Rogers, S. M., & Bernatchez, L. (2007). The genetic architecture of eco-
logical speciation and the association with signatures of selec-
tion in natural lake whitefish (Coregonus sp. Salmonidae) species 
pairs. Molecular Biology and Evolution, 24, 1423– 1438. https://doi.
org/10.1093/molbe v/msm066

Ross, L. G., Martínez- Palacios, C. A., del Aguilar Valdez, M. C., Beveridge, 
M. C. M., & Chavez Sanchez, M. C. (2006). Determination of 
feeding mode in fishes: The importance of using structural 
and functional feeding studies in conjunction with gut analy-
sis in a selective zooplanktivore Chirostoma estor estor Jordan 
1880. Journal of Fish Biology, 68, 1782– 1794. https://doi.
org/10.1111/j.1095- 8649.2006.01061.x

Rougeux, C., Gagnaire, P.- A., Praebel, K., Seehausen, O., & Bernatchez, 
L. (2019). Polygenic selection drives the evolution of convergent 
transcriptomic landscapes across continents within a Nearctic sis-
ter species complex. Molecular Ecology, 28, 4388– 4403. https://doi.
org/10.1111/mec.15226

Roux, C., Fraïse, C., Romiguier, J., Anciaux, Y., Galtier, N., & Bierne, N. 
(2016). Shedding light on the grey zone of speciation along a con-
tinuum of genomic divergence. PLoS Biology, 14, e2000234. https://
doi.org/10.1371/journ al.pbio.2000234

Ryder, O. A. (1986). Species conservation and systematics: the dilemma 
of subspecies. Trends in Ecology and Evolution, 1, 9– 10. https://doi.
org/10.1016/0169- 5347(86)90059 - 5

Ryman, N., Allendorf, F. W., & Ståhl, G. (1979). Reproductive isolation 
with little genetic divergence in sympatric populations of brown 

https://doi.org/10.1111/j.1365-294X.2006.03062.x
https://doi.org/10.1111/j.1365-294X.2006.03062.x
https://doi.org/10.1111/j.1420-9101.2004.00844.x
https://doi.org/10.1111/j.1420-9101.2004.00844.x
https://doi.org/10.1111/j.1600-0633.1999.tb00068.x
https://doi.org/10.1111/j.1600-0633.1999.tb00068.x
https://doi.org/10.1007/s10592-013-0475-x
https://doi.org/10.1016/j.tree.2006.09.003
https://doi.org/10.1016/j.tree.2006.09.003
https://doi.org/10.1139/f95-769
https://doi.org/10.1111/mec.13801
https://doi.org/10.1002/ece3.6771
https://doi.org/10.2307/1221721
https://doi.org/10.2307/1221721
https://doi.org/10.1093/biolinnean/bly032
https://doi.org/10.1093/biolinnean/bly032
https://doi.org/10.1023/A:1011893916855
https://doi.org/10.1002/ece3.867
https://doi.org/10.1093/genetics/155.2.945
https://doi.org/10.1111/jfb.14054
https://doi.org/10.1111/j.1601-5223.1992.tb00006.x
https://doi.org/10.1111/j.1601-5223.1992.tb00006.x
https://doi.org/10.1111/1755-0998.12512
https://doi.org/10.1111/1755-0998.12512
https://doi.org/10.1186/1297-9686-46-7
https://doi.org/10.1186/1297-9686-46-7
https://doi.org/10.1002/ece3.3013
https://doi.org/10.1002/ece3.3013
https://doi.org/10.1111/jeb.12166
https://doi.org/10.1111/jeb.12166
https://doi.org/10.1093/molbev/msm066
https://doi.org/10.1093/molbev/msm066
https://doi.org/10.1111/j.1095-8649.2006.01061.x
https://doi.org/10.1111/j.1095-8649.2006.01061.x
https://doi.org/10.1111/mec.15226
https://doi.org/10.1111/mec.15226
https://doi.org/10.1371/journal.pbio.2000234
https://doi.org/10.1371/journal.pbio.2000234
https://doi.org/10.1016/0169-5347(86)90059-5
https://doi.org/10.1016/0169-5347(86)90059-5


    |  29FERGUSON aNd PROdÖHL

trout (Salmo trutta). Genetics, 92, 247– 262. https://doi.org/10.1093/
genet ics/92.1.247

Saha, A., Andersson, A., Kurland, S., Keehnen, N., Kutschera, V. E., 
Hössjer, O., Ekman, D., Karlsson, S., Kardos, M., Stähl, G., Allendorf, 
F., Ryman, N., & Laikre, L. (2021). Whole- genome resequenc-
ing confirms reproductive isolation between sympatric demes 
of brown trout (Salmo trutta) detected with allozymes. Molecular 
Ecology, 1– 14. https://doi.org/10.1111/mec.16252

Sahoo, P. K., Singh, L., Sharma, L., Kumar, R., Singh, V. K., Ali, S., 
Singh, A. K., & Barat, A. (2016). The complete mitogenome of 
brown trout (Salmo trutta fario) and its phylogeny. Mitochondrial 
DNA Part A, 27, 4563– 4565. https://doi.org/10.3109/19401 
736.2015.1101565

Salisbury, S. J., McCracken, G. R., Perry, R., Keefe, D., Layton, K. K. S., 
Kess, T., Nugent, C. M., Leong, J. S., Bradbury, I. R., Koop, B. F., 
Ferguson, M. M., & Ruzzante, D. E. (2020). Limited genetic par-
allelism underlies recent, repeated incipient speciation in geo-
graphically proximate populations of an Arctic fish (Salvelinus al-
pinus). Molecular Ecology, 29, 4280– 4294. https://doi.org/10.1111/
mec.15634

Salisbury, S. J., & Ruzzante, D. E. (2022). Consequences of sympatric 
morph divergence in Salmonidae: A search for mechanisms. Annual 
Review of Animal Biosciences, 10, 6.1– 6.26. https://doi.org/10.1146/
annur ev- anima l- 05102 1- 080709

Saltykova, E., Markevich, G., & Kuzishchin, K. (2015). Divergent skull 
morphology between trophic separated lacustrine forms of 
Dolly Varden charr from Lake Kronotskoe, Kamchatka, Russia. 
Environmental Biology of Fishes, 98, 559– 570. https://doi.
org/10.1007/s1064 1- 014- 0287- y

Sánchez- Hernández, J., Eloranta, A. P., Finstad, A. G., & Amundsen, 
P.- A. (2017). Community structure affects trophic ontogeny in 
a predatory fish. Ecology and Evolution, 7, 358– 367. https://doi.
org/10.1002/ece3.2600

Sandlund, O. T., Gunnarsson, K., Jónasson, P. M., Jonsson, B., Lindem, 
T., Magnússon, K. P., Malmquist, H. J., Sigurjónsdóttir, H., 
Skúlason, S., Snorrason, S. S., Jonasson, P. M., Magnusson, K. 
P., Sigurjonsdottir, H., & Skulason, S. (1992). The arctic charr 
Salvelinus alpinus in Thingvallavatn. Oikos, 64, 305– 351. https://doi.
org/10.2307/3545056

Sanz, N. (2018). Phylogeographic history of brown trout: A review. In J. 
Lobón- Cerviá, & N. Sanz (Eds.), Brown Trout: Biology, ecology and 
management. (pp. 17– 63). Wiley.

Schenekar, T., Lerceteau- Köhler, E., & Weiss, S. (2014). Fine- scale phylo-
geographic contact zone in Austrian brown trout Salmo trutta reveals 
multiple waves of post- glacial colonization and a pre- dominance of 
natural versus anthropogenic admixture. Conservation Genetics, 15, 
561– 572. https://doi.org/10.1007/s1059 2- 013 - 0561- 0

Schindler, D. E., Armstrong, J. B., & Reed, T. E. (2015). The portfo-
lio concept in ecology and evolution. Frontiers in Ecology and the 
Environment, 13, 257– 263. https://doi.org/10.1890/140275

Schluter, D. (2000). Ecological character displacement in adap-
tive radiation. American Naturalist, 156, 4– 16. https://doi.
org/10.1086/303412

Schluter, D. (2009). Evidence for ecological speciation and its alternative. 
Science, 323, 737– 741. https://doi.org/10.1126/scien ce.1160006

Schneider, K., Adams, C. E., & Elmer, K. R. (2019). Parallel selection 
on ecologically relevant gene functions in the transcriptomes of 
highly diversifying salmonids. BMC Genomics, 20, 1010. https://doi.
org/10.1186/s1286 4- 019- 6361- 2

Schoener, T. W. (1970). Nonsynchronous spatial overlap of liz-
ards in patchy habitats. Ecology, 51, 408– 418. https://doi.
org/10.2307/1935376

Schöffmann, J., Maric, S., & Snoj, A. (2019). Trout of Southeast 
Europe, Western and Central Asia. In J. Kershner, J. Williams, J. 

Lobón- Cerviá, & B. Gresswell (Eds.), Trout and char of the world. (pp. 
411– 456). American Fisheries Society.

Sell, J., & Spirkovski, Z. (2004). Mitochondrial DNA differentiation be-
tween two forms of trout Salmo letnica, endemic to the Balkan Lake 
Ohrid, reflects their reproductive isolation. Molecular Ecology, 13, 
3633– 3644. https://doi.org/10.1111/j.1365- 294X.2004.02362.x

Selz, O. M., Dönz, C. J., Vonlanthen, P., & Seehausen, O. (2020). A taxo-
nomic revision of the whitefish of lakes Brienz and Thun, Switzerland, 
with descriptions of four new species (Teleostei, Coregonidae). 
ZooKeys, 989, 79– 162. https://doi.org/10.3897/zooke ys.989.32822

Shedd, K. R., von Hippel, F. A., Willacker, J. J., Hamon, T. R., Schlei, O. L., 
Wenburg, J. K., Miller, J. L., & Pavey, S. A. (2015). Ecological release 
leads to novel ontogenetic diet shift in kokanee (Oncorhynchus 
nerka). Canadian Journal of Fisheries and Aquatic Sciences, 72, 1718– 
1730. https://doi.org/10.1139/cjfas - 2015- 0146

Simpson, G. G. (1951). The species concept. Evolution, 5, 285– 298. 
https://doi.org/10.1111/j.1558- 5646.1951.tb027 88.x

Skaala, Ø. (1992). Genetic population structure of Norwegian brown 
trout. Journal of Fish Biology, 41, 631– 646. https://doi.org/10.1111/
j.1095- 8649.1992.tb026 90.x

Skaala, Ø., & Solberg, G. (1997). Biochemical genetic variability and tax-
onomy of a marmorated salmonid in River Otra, Norway. Nordic 
Journal of Freshwater Research, 73, 3– 12.

Skoglund, S., Siwertsson, A., Amundsen, P.- A., & Knudsen, R. (2015). 
Morphological divergence between three Arctic charr morphs 
–  The significance of the deep- water environment. Ecology and 
Evolution, 5, 3114– 3129. https://doi.org/10.1002/ece3.1573

Skúlason, S., Parsons, K. J., Svanbäck, R., Räsänen, K., Ferguson, M. M., 
Adams, C. E., Amundsen, P.- A., Bartels, P., Bean, C. W., Boughman, 
J. W., Englund, G., Guðbrandsson, J., Hooker, O. E., Hudson, A. G., 
Kahilainen, K. K., Knudsen, R., Kristjánsson, B. K., Leblanc, C.- A.- L., 
Jónsson, Z., … Snorrason, S. S. (2019). A way forward with eco evo 
devo: An extended theory of resource polymorphism with post-
glacial fishes as model systems. Biological Reviews, 94, 1786– 1808. 
https://doi.org/10.1111/brv.12534

Skulason, S., & Smith, T. B. (1995). Resource polymorphisms in verte-
brates. Trends in Ecology & Evolution, 10, 366– 370. https://doi.
org/10.1016/S0169 - 5347(00)89135 - 1

Skúlason, S., Snorrason, S., & Jónsson, B. (1999). Sympatric morphs, pop-
ulations and speciation in freshwater fish with emphasis on arctic 
charr. In A. E. Magurran, & R. M. May (Eds.), Evolution of biological 
diversity. (pp. 71– 92). Oxford University Press.

Skúlason, S., Snorrason, S. S., Noakes, D. L. G., & Ferguson, M. M. (1993). 
Genetically based differences in foraging behaviour among sympat-
ric morphs of Arctic charr (Pisces: Salmonidae). Animal Behaviour, 
45, 1179– 1192. https://doi.org/10.1006/anbe.1993.1140

Skúlason, S., Snorrason, S. S., Noakes, D. L. G., & Ferguson, M. M. 
(1996). Genetic basis of life history variations among sympat-
ric morphs of Arctic char Salvelinus alpinus. Canadian Journal 
of Fisheries and Aquatic Sciences, 53, 1807– 1813. https://doi.
org/10.1139/f96- 098

Skúlason, S., Snorrason, S., Noakes, D. L. G., Ferguson, M. M., & 
Malmquist, H. J. (1989). Segregation in spawning and early life 
history among polymorphic Arctic charr, Salvelinus alpinus, in 
Thingvallavatn, Iceland. Journal of Fish Biology, 35, 225– 232. https://
doi.org/10.1111/j.1095- 8649.1989.tb030 65.x

Smith, T. B., & Skúlason, S. (1996). Evolutionary significance of resource 
polymorphisms in fishes, amphibians, and birds. Annual Review of 
Ecology and Systematics, 27, 111– 133. https://doi.org/10.1146/
annur ev.ecols ys.27.1.111

Snoj, A., Bogut, I., & Sušnik, S. (2008). Evidence of a genetically distinct 
population of Vrljika softmouth trout Salmo obtusirostris Heckel 
evolved by vicariance. Journal of Fish Biology, 72, 1945– 1959. 
https://doi.org/10.1111/j.1095- 8649.2008.01816.x

https://doi.org/10.1093/genetics/92.1.247
https://doi.org/10.1093/genetics/92.1.247
https://doi.org/10.1111/mec.16252
https://doi.org/10.3109/19401736.2015.1101565
https://doi.org/10.3109/19401736.2015.1101565
https://doi.org/10.1111/mec.15634
https://doi.org/10.1111/mec.15634
https://doi.org/10.1146/annurev-animal-051021-080709
https://doi.org/10.1146/annurev-animal-051021-080709
https://doi.org/10.1007/s10641-014-0287-y
https://doi.org/10.1007/s10641-014-0287-y
https://doi.org/10.1002/ece3.2600
https://doi.org/10.1002/ece3.2600
https://doi.org/10.2307/3545056
https://doi.org/10.2307/3545056
https://doi.org/10.1007/s10592-013-0561-0
https://doi.org/10.1890/140275
https://doi.org/10.1086/303412
https://doi.org/10.1086/303412
https://doi.org/10.1126/science.1160006
https://doi.org/10.1186/s12864-019-6361-2
https://doi.org/10.1186/s12864-019-6361-2
https://doi.org/10.2307/1935376
https://doi.org/10.2307/1935376
https://doi.org/10.1111/j.1365-294X.2004.02362.x
https://doi.org/10.3897/zookeys.989.32822
https://doi.org/10.1139/cjfas-2015-0146
https://doi.org/10.1111/j.1558-5646.1951.tb02788.x
https://doi.org/10.1111/j.1095-8649.1992.tb02690.x
https://doi.org/10.1111/j.1095-8649.1992.tb02690.x
https://doi.org/10.1002/ece3.1573
https://doi.org/10.1111/brv.12534
https://doi.org/10.1016/S0169-5347(00)89135-1
https://doi.org/10.1016/S0169-5347(00)89135-1
https://doi.org/10.1006/anbe.1993.1140
https://doi.org/10.1139/f96-098
https://doi.org/10.1139/f96-098
https://doi.org/10.1111/j.1095-8649.1989.tb03065.x
https://doi.org/10.1111/j.1095-8649.1989.tb03065.x
https://doi.org/10.1146/annurev.ecolsys.27.1.111
https://doi.org/10.1146/annurev.ecolsys.27.1.111
https://doi.org/10.1111/j.1095-8649.2008.01816.x


30  |    FERGUSON aNd PROdÖHL

Snorrason, S. S., & Skúlason, S. (2004). Adaptive speciation in Northern 
freshwater fishes. In U. Dieckmann, M. Doebeli, J. A. J. Metz, & 
D. Tautz (Eds.), Adaptive speciation. (pp. 210– 228). Cambridge 
University Press.

Spirkovski, Z. (2004). Changes in the spawning ecology of the Lake 
Ohrid trout, Salmo letnica (Karaman). In Proceedings of the 2nd 
Congress of Ecologists of the Republic of Macedonia with International 
Participation, 25– 29.10.2003, Ohrid. Special issues of Macedonian 
Ecological Society, Vol. 6, Skopje.

Splendiani, A., Palmas, F., Sabatini, A., & Caputo Barucchi, V. (2019). 
The name of the trout: Considerations on the taxonomic status 
of the Salmo trutta L., 1758 complex (Osteichthyes: Salmonidae) 
in Italy. The European Zoological Journal, 86, 432– 442. https://doi.
org/10.1080/24750 263.2019.1686544

Standing Waters Database (2020). http://gatew ay.snh.gov.uk/pls/apex_
cagdb 2/f?p=111:1000

Sušnik, S., Knizhin, I., Snoj, A., & Weiss, S. (2006). Genetic and mor-
phological characterization of a Lake Ohrid endemic, Salmo 
(Acantholingua) ohridanus with a comparison to sympatric Salmo 
trutta. Journal of Fish Biology, 68 (Suppl. A), 2– 23. https://doi.
org/10.1111/j.1095- 8649.2005.00902.x

Sušnik, S., Snoj, A., Wilson, I. F., Mrdak, D., & Weiss, S. (2007). Historical 
demography of brown trout (Salmo trutta) in the Adriatic drainage 
including the putative S. letnica endemic to Lake Ohrid. Molecular 
Phylogenetics and Evolution, 44, 63– 76. https://doi.org/10.1016/j.
ympev.2006.08.021

Svärdson, G., & Fagerström, A. (1982). Adaptive differences in the long- 
distance migration of some trout (Salmo trutta L.) stocks. Report –  
Institute of Freshwater Research, Drottningholm (Sweden), 60, 51– 80.

Swatdipong, A., Vasemägi, A., Niva, T., Koljonen, M.- L., & Primmer, 
C. R. (2010). High level of population genetic structuring in 
lake- run brown trout, Salmo trutta, of the Inari Basin, north-
ern Finland. Journal of Fish Biology, 77, 2048– 2071. https://doi.
org/10.1111/j.1095- 8649.2010.02784.x

Swatdipong, A., Vasemägi, A., Niva, T., Koljonen, M.- L., & Primmer, C. 
R. (2013). Genetic mixed- stock analysis of lake- run brown trout 
Salmo trutta fishery catches in the Inari Basin, northern Finland: 
Implications for conservation and management. Journal of Fish 
Biology, 83, 598– 617. https://doi.org/10.1111/jfb.12199

Taylor, E. B. (1999). Species pairs of north temperate freshwater fishes: 
Evolution, taxonomy, and conservation. Reviews in Fish Biology and 
Fisheries, 9, 299– 324. https://doi.org/10.1023/A:10089 55229420

Taylor, E. B. (2016). The Arctic char (Salvelinus alpinus) “complex” in 
North America revisited. Hydrobiologia, 783, 283– 293. https://doi.
org/10.1007/s1075 0- 015- 2613- 6

Taylor, E. B., Foley, C., & Neufeld, M. (2019). Genetic mixture analyses 
in support of restoration of a high value recreational fishery for 
rainbow trout (Oncorhynchus mykiss) from a large lake in interior 
British Columbia. Conservation Genetics, 20, 891– 902. https://doi.
org/10.1007/s1059 2- 019- 01182 - 4

Thomas, S. M., Harrod, C., Hayden, B., Malinen, T., & Kahilainen, K. K. 
(2017). Ecological speciation in a generalist consumer expands the 
trophic niche of a dominant predator. Scientific Reports, 7, 8765. 
https://doi.org/10.1038/s4159 8- 017- 08263 - 9

Thompson, W. (1856). The natural history of Ireland, vol. IV. Bohn.
Thorne, A., MacDonald, A. I., & Thorley, J. L. (2016). The abundance 

of large, piscivorous ferox trout (Salmo trutta) in Loch Rannoch, 
Scotland. PeerJ, 4, e2646. https://doi.org/10.7717/peerj.2646

Valette, T., Leitwein, M., Lascaux, J.- M., Desmarais, E., Berrebi, P., & 
Guinand, B. (2020). Spotting genome- wide pigmentation variation 
in a brown trout admixture context. bioRxiv. Preprint. https://doi.
org/10.1101/2020.07.23.217109

Vernaz, G., Malinsky, M., Svardal, H., Du, M., Tyers, A. M., Santos, M. 
E., Durbin, R., Genner, M. J., Turner, G. F., & Miska, E. A. (2021). 

Mapping epigenetic divergence in the massive radiation of Lake 
Malawi cichlid fishes. Nature Communications, 12, 5870. https://doi.
org/10.1038/s4146 7- 021- 26166 - 2

Verspoor, E., Coulson, M. W., Greer, R. B., & Knox, D. (2019). Unique sym-
patric quartet of limnetic, benthic, profundal and piscivorous brown 
trout populations resolved by 3- D sampling and focused molecu-
lar marker selection. Freshwater Biology, 64, 121– 137. https://doi.
org/10.1111/fwb.13199

Wallace, R. K. (1981). An assessment of diet- overlap indexes. 
Transactions of the American Fisheries Society, 110, 72– 76. https://
doi.org/10.1577/1548- 8659

Wallis, G. P., Cameron- Christie, S. R., Kennedy, H. L., Palmer, G., Sanders, 
T. R., & Winter, D. J. (2017). Interspecific hybridization causes long- 
term phylogenetic discordance between nuclear and mitochondrial 
genomes in freshwater fishes. Molecular Ecology, 26, 3116– 3127. 
https://doi.org/10.1111/mec.14096

Waples, R. S. (1991). Pacific salmon, Oncorhynchus spp., and the defi-
nition of “species” under the Endangered Species Act. Marine 
Fisheries Review, 53, 11– 22.

Waples, R. S., Nammack, M., Cochrane, J. F., & Hutchings, J. A. (2013). 
A tale of two acts: Endangered species listing practices in Canada 
and the United States. BioScience, 63, 723– 734. https://doi.
org/10.1525/bio.2013.63.9.8

Weir, B. S., & Cockerham, C. C. (1984). Estimating f- statistics for the anal-
ysis of population structure. Evolution, 38, 1358– 1370. https://doi.
org/10.2307/2408641

Wellenreuther, M., Mérot, C., Berdan, E., & Bernatchez, L. (2019). Going 
beyond SNPs: The role of structural genomic variants in adaptive 
evolution and species diversification. Molecular Ecology, 28, 1203– 
1209. https://doi.org/10.1111/mec.15066

Went, A. E. J. (1951). The ‘Red Fellow'. The Salmon and Trout Magazine, 
133, 203– 210.

Went, A. E. J. (1952). Lough Melvin Trout. The Salmon and Trout Magazine, 
136, 216– 222.

Westley, P. A. H., Ward, E. J., & Fleming, I. A. (2013). Fine- scale local 
adaptation in an invasive freshwater fish has evolved in contempo-
rary time. Proceedings of the Royal Society B: Biological Sciences, 280, 
20122327. https://doi.org/10.1098/rspb.2012.2327

Whiteley, A. R., Penaluna, B. E., Taylor, E. B., Weiss, S., Anadia- Cardoso, 
A., Gomez- Uchida, D., Koizumi, I., & Trotter, P. (2019). Trout and 
char: Taxonomy, systematics, and phylogeography. In J. Kershner, 
J. Williams, J. Lobón- Cerviá, & B. Gresswell (Eds.), Trout and char of 
the world. (pp. 95– 140). American Fisheries Society.

Wiley, E. O. (1978). The evolutionary species concept reconsidered. 
Systematic Biology, 27, 17– 26. https://doi.org/10.2307/2412809

Williams, P. (2020). The post glacial relict salmonids: Charr, schelly and ferox 
trout in UK waters. Self- published. ISBN 978- 0- 9957216- 8- 5.

Wilson, A. J., Gíslason, D., Skúlason, S., Snorrason, S., Adams, C. E., 
Alexander, G., Danzmann, R. G., & Ferguson, M. M. (2004). Population 
genetic structure of Arctic charr, Salvelinus alpinus from northwest 
Europe on large and small spatial scales. Molecular Ecology, 13, 
1129– 1142. https://doi.org/10.1111/j.1365- 294X.2004.02149.x

Winfield, I. J., van Rijn, J., & Valley, R. D. (2015). Hydroacoustic quanti-
fication and assessment of spawning grounds of a lake salmonid 
in a eutrophicated water body. Ecological Informatics, 30, 235– 240. 
https://doi.org/10.1016/j.ecoinf.2015.05.009

Wold, J., Koepfli, K.- P., Galla, S. J., Eccles, D., Hogg, C. J., Le Lec, M. F., 
Guhlin, J., Santure, A. W., & Steeves, T. E. (2021). Expanding the 
conservation genomics toolbox: Incorporating structural variants 
to enhance genomic studies for species of conservation con-
cern. Molecular Ecology, 30, 5949– 5965. https://doi.org/10.1111/
mec.16141

Woods, P. J., Skúlason, S., Snorrason, S. S., Kristjánsson, B. K., Malmquist, 
H. J., & Quinn, T. P. (2012a). Intraspecific diversity in Arctic charr, 

https://doi.org/10.1080/24750263.2019.1686544
https://doi.org/10.1080/24750263.2019.1686544
http://gateway.snh.gov.uk/pls/apex_cagdb2/f?p=111:1000
http://gateway.snh.gov.uk/pls/apex_cagdb2/f?p=111:1000
https://doi.org/10.1111/j.1095-8649.2005.00902.x
https://doi.org/10.1111/j.1095-8649.2005.00902.x
https://doi.org/10.1016/j.ympev.2006.08.021
https://doi.org/10.1016/j.ympev.2006.08.021
https://doi.org/10.1111/j.1095-8649.2010.02784.x
https://doi.org/10.1111/j.1095-8649.2010.02784.x
https://doi.org/10.1111/jfb.12199
https://doi.org/10.1023/A:1008955229420
https://doi.org/10.1007/s10750-015-2613-6
https://doi.org/10.1007/s10750-015-2613-6
https://doi.org/10.1007/s10592-019-01182-4
https://doi.org/10.1007/s10592-019-01182-4
https://doi.org/10.1038/s41598-017-08263-9
https://doi.org/10.7717/peerj.2646
https://doi.org/10.1101/2020.07.23.217109
https://doi.org/10.1101/2020.07.23.217109
https://doi.org/10.1038/s41467-021-26166-2
https://doi.org/10.1038/s41467-021-26166-2
https://doi.org/10.1111/fwb.13199
https://doi.org/10.1111/fwb.13199
https://doi.org/10.1577/1548-8659
https://doi.org/10.1577/1548-8659
https://doi.org/10.1111/mec.14096
https://doi.org/10.1525/bio.2013.63.9.8
https://doi.org/10.1525/bio.2013.63.9.8
https://doi.org/10.2307/2408641
https://doi.org/10.2307/2408641
https://doi.org/10.1111/mec.15066
https://doi.org/10.1098/rspb.2012.2327
https://doi.org/10.2307/2412809
https://doi.org/10.1111/j.1365-294X.2004.02149.x
https://doi.org/10.1016/j.ecoinf.2015.05.009
https://doi.org/10.1111/mec.16141
https://doi.org/10.1111/mec.16141


    |  31FERGUSON aNd PROdÖHL

Salvelinus alpinus, in Iceland: I. Detection using mixture models. 
Evolutionary Ecology Research, 14, 973– 992.

Woods, P. J., Skúlason, S., Snorrason, S. S., Kristjánsson, B. K., Malmquist, 
H. J., & Quinn, T. P. (2012b). Intraspecific diversity in Arctic charr, 
Salvelinus alpinus, in Iceland: II. Evolutionary Ecology Research, 14, 
993– 1013.

Yaripour, S., Kekäläinen, J., Hyvärinen, P., Kaunisto, S., Piironen, J., 
Vainikka, A., Koljonen, M.- L., Koskiniemi, J., & Kortet, R. (2020). 
Does enriched rearing during early life affect sperm quality or skin 
colouration in the adult brown trout? Aquaculture, 529, 735648. 
https://doi.org/10.1016/j.aquac ulture.2020.735648

Yarrell, W. (1841). A history of British fishes, vol. 2. van Voorst.

Zachos, F. E. (2018). Mammals and meaningful taxonomic units: The de-
bate about species concepts and conservation. Mammal Review, 48, 
153– 159. https://doi.org/10.1111/mam.12121

How to cite this article: Ferguson, A., & Prodöhl, P. A. (2022). 
Identifying and conserving sympatric diversity in trout of the 
genus Salmo, with particular reference to Lough Melvin, 
Ireland. Ecology of Freshwater Fish, 00, 1– 31. https://doi.
org/10.1111/eff.12651

https://doi.org/10.1016/j.aquaculture.2020.735648
https://doi.org/10.1111/mam.12121
https://doi.org/10.1111/eff.12651
https://doi.org/10.1111/eff.12651

