Received: 4 July 2017

Revised: 30 November 2017

Accepted: 6 December 2017

DOI: 10.1002/ece3.3828

ORIGINAL RESEARCH

Wl LEY Ecology and Evolution

Life histories and ecotype conservation in an adaptive
vertebrate: Genetic constitution of piscivorous brown trout
covaries with habitat stability

Jens Wollebaek?!

1Department of Natural Sciences and
Environmental Health, The University College
of Southeast Norway, Bg i Telemark, Norway

2Department of Basic Science & Aquatic
Medicine, The Norwegian University of Life
Science, Oslo, Norway

Correspondence

Jens Wollebaek, Department of Natural
Sciences and Environmental Health, The
University College of Southeast Norway, Bg i
Telemark, Norway.

Email: jens.wollebak@usn.no

Funding information

The Laboratory of Freshwater Ecology and
Inland fisheries (LFI), University of Oslo, is
acknowledged for assistance in sampling and
age analyses. Part of this work was funded by
the University College of Southeast Norway.

1 | INTRODUCTION

| Jan Heggenes®

| Knut H. Roed?

Abstract

Ecotype variation in species exhibiting different life history strategies may reflect her-
itable adaptations to optimize reproductive success, and potential for speciation.
Traditionally, ecotypes have, however, been defined by morphometrics and life history
characteristics, which may be confounded with individual plasticity. Here, we use the
widely distributed and polytypic freshwater fish species brown trout (Salmo trutta) as
a model to study piscivorous life history and its genetic characteristics in environmen-
tally contrasting habitats; a large lake ecosystem with one major large and stable tribu-
tary, and several small tributaries. Data from 550 fish and 13 polymorphic microsatellites
(H, = 0.67) indicated ecotype-specific genetic differentiation (6 = 0.0170, p <.0001)
among Bayesian assigned small riverine resident and large, lake migrating brown trout
(>35 cm), but only in the large tributary. In contrast, large trout did not constitute a
distinct genetic group in small tributaries, or across riverine sites. Whereas life history
data suggest a small, river resident and a large migratory piscivorous ecotype in all
studied tributaries, genetic data indicated that a genetically distinct piscivorous
ecotype is more likely to evolve in the large and relatively more stable river habitat. In
the smaller tributaries, ecotypes apparently resulted from individual plasticity.
Whether different life histories and ecotypes result from individual plasticity or define

different genetic types, have important consequence for conservation strategies.
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management (Couturier, Otto, Cote, Luther, & Mahoney, 2010;
Foote, Newton, Piertney, Willerslev, & Gilbert, 2009; Segura,

Ecotypes are unique populations that are adapted to their local en-
vironment (Turesson, 1922). Adaptations to optimize reproductive
success promote different life history strategies (Cole, 1954), but to
what extent different life histories evolve into separate gene pools
is less known (Pelletier, Garant, & Hendry, 2009). Recognition of
sympatric life history variants as genetically structured ecotypes
is critical for developing proactive conservation strategies and

Rocha-Olivares, Flores-Ramirez, & Rojas-Bracho, 2006; Wood,
Bickham, Nelson, Foote, & Patton, 2008). Environmental charac-
teristics promoting adaptation manifested in genetic structure are
fundamental in evolutionary biology, for example, the continuous
process of ecological speciation (Hendry, 2009), and in a popula-
tion conservation perspective to maintain intraspecific diversity
(Heywood, 1995).
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Freshwater fishes are vertebrates that may be morphologically and
genetically variable with considerable genetic structuring related to
local adaptation (Carvalho, 1993; Carvalho & Hauser, 1994; Heggenes,
Roed, Jorde, & Brabrand, 2009; Koskinen, Haugen, & Primmer, 2002;
Seehausen & Wagner, 2014). For example, salmonids display a wide
variety of life history strategies (Hendry & Stearns, 2003), presum-
ably often representing sympatric ecotypes (Adams etal., 2016;
Goetz et al., 2010; Ramstad, Woody, & Allendorf, 2010; Taylor, 1999).
Traditionally, however, ecotypes have been defined based on life his-
tory characteristics rather than genetic studies, potentially confound-
ing individual plasticity with genetic structures (Crispo, 2008). In highly
exploited species in particular, monitoring neutral or putative adaptive
genetic divergence across environmental gradients is critical to estab-
lish conservation measures that ensure population survival and evo-
lutionary potential (Baillie, Muir, Hansen, Krueger, & Bentzen, 2016).

The common and geographically widespread brown trout (Salmo
trutta L.) is a polytypic species (Elliot, 1994) that exhibits a wide range
of life history strategies, exemplified by 4-year-old wild trout varying
in size from 20 to 1 kg (Klemetsen et al., 2003). Body size is a key fea-
ture that will influence population structure (Werner & Gilliam, 1984),
and species with large variation in size are of particular interest. The
causes of size variation in populations are complex, but differentiated
resource exploitation (i.e., foraging specializations) could drive popu-
lation divergence (Foote et al., 2009; Kume, Kitano, Mori, & Shibuya,
2010; Segura et al., 2006; Taylor, 2015; Werner & Gilliam, 1984).
Ontogenetic habitat shifts toward environments promoting growth
are often found in fish (Northcote, 1978).

Piscivory as part of a life history is required for many fish species
like brown trout to grow large (Mittelbach & Persson, 1998). In brown
trout, it is common and typically involving migrations, and habitat
shifts from riverine recruitment to lacustrine feeding habitat with con-
comitant shifts in growth (Aass, Nielsen, & Brabrand, 1989; Jonsson,
Naesje, Jonsson, Saksgard, & Sandlund, 1999). The timing and ex-
tent of piscivory onset vary with community configurations, resulting
in distinct shifts within populations (Jensen, Kiljunen, & Amundsen,
2012; Sanchez-Hernandez, Eloranta, Finstad, & Amundsen, 2017).
Empirical evidence for piscivory representing genetically distinct trout
ecotypes is, however, generally lacking. Exceptions are unusually large
and long-lived ferox brown trout (Campbell, 1979; Mangel, 1996) and
lake trout (Salvelinus namaycush W.) (Bernatchez, Laporte, Perrier,
Sirois, & Bernatchez, 2016; Marin, Coon, Carson, Debes, & Fraser,
2016; Perreault-Payette et al., 2017). Ferox trout initially follow the
same growth pattern as other brown trout, but shift toward piscivory
at total length (L;) 35-40 cm, resulting in sudden rapid growth as a
function of size rather than age (Campbell, 1979). Ferox trout appear
to be reproductively isolated (i.e., genetically distinct, from sympatric
population pairs of trout both in time and space) (Duguid, Ferguson, &
Prodohl, 2006; Ferguson, 2004; Ferguson & Taggart, 1991), spawning
earlier in lower and deeper sections of large rivers. Individual-based
models suggest that piscivorous individuals are rare and found when
mortality rates are intermediate and littoral volumes are large (Mangel
& Abrahams, 2001). Thus, the growth rate required to become piscivo-
rous is only achieved when fish densities and intraspecific competition

are restricted. However, survival to an age for sufficient growth to be-
come piscivorous is needed, and the abundance of these piscivorous
fish covaries with littoral feeding habitats that favor territorial behav-
ior and growth. Similarly, in lake trout within the highly diverse genus
Salvelinus, habitat size and depth are positively associated with both
growth and longevity (Baillie, Muir, Hansen, et al., 2016; McDermid,
Shuter, & Lester, 2010). Thus, selection toward piscivory and large size
may be favored in spatially large and presumably stable environments,
and retained by size-assortative mating per se. In contrast, in environ-
mentally unstable habitats, the expression of a phenotype may depend
on population density (Simpson, McCaffery, & Hagele, 1999) and op-
timal life time strategies that vary in time. Large size is often advanta-
geous for survival, but is environmentally dependent (Carlson, Olsen, &
Vollestad, 2008; Wilson, Hutchings, & Ferguson, 2003). Disentangling
genetic differentiation (i.e., heritable adaptation) from environmental
effects (i.e., individual plasticity) in ecotype variation (e.g., size) is chal-
lenging and potentially habitat-specific (Crispo, 2008; de Jong, 2005;
Langerhans, 2008). Moreover, empirical evidence exists for increased
phenotypic plasticity in fluctuating environments (Niehaus, Wilson, &
Franklin, 2006), highlighting the importance of ecotype studies in con-
trasting environments.

North temperate freshwater fish communities and environments
appear to promote sympatric ecotypes, due to depauperate envi-
ronments, repeated vicariance and dispersal events, environmen-
tal heterogeneity, adaptive flexibility of morphological features, and
the occurrence of genome duplications (Taylor, 1999). Indeed, the
presence of ferox trout correlates with northern oligotrophic waters
(Campbell, 1979). Northern alpine low-density communities thus rep-
resent natural systems where piscivorous ecotypes may evolve. We
surveyed one such ecosystem with big lakes and several environmen-
tally contrasting tributaries, where consistently rapid growth and large
size in piscivorous individuals may indicate genetic fixation of piscivory
(LAbée-Lund, Aass, & Saegrov, 2002; Tysse, Skaala, & Jenssen, 2004).
If present, ecotype variation is an important conservation issue that
should be considered when defining management units (Moritz, 1994;
Paetkau, 1999), for example, in the context of sport fishing regula-
tion, stocking programs and habitat fragmentation to conserve highly
valued and threatened genetic partitions (Allendorf, England, Luikart,
Ritchie, & Ryman, 2008; Baillie, Muir, Scribner, Bentzen, & Krueger,
2016; Valiquette, Perrier, Thibault, & Bernatchez, 2014).

Studies of genetic cryptic structures, for example, involving sam-
pling of rare types of highly mobile species in less accessible (i.e., fast
flowing and deep) reproduction habitats, bring along logistical and
methodological difficulties (Palme, Laikre, & Ryman, 2013). Our study
design consequently used wild brown trout in their shared habitat to
approximate a common garden experiment in situ. We implemented
genetic frequentist assignment and Bayesian clustering approaches
to delineate tentative population structures of the piscivorous unit,
preselected by life history characteristics to increase potential effect
size (loannidis, 2005). The objective was to test whether piscivorous
large brown trout, a typical life history in many lakes, including the
studied ecosystem, also may constitute an ecotype with a genetic
signature. Therefore, we test whether brown trout allele frequencies
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FIGURE 1 Lake Palsbufjord and the
downstream Lake Tunhovdfjord with
sample locations. Minimum water level is
indicated by gray line, and the six riverine
sites are marked with capital abbreviations.
Solid bar indicates semibarrier, broken
bars indicate partial restriction to up- and
downstream migration, and asterisks
indicate mean flow (million m3 year 1.
Population clusters p12, p3, and t23,
inferred from major STRUCTURE
assignment per site are highlighted with
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differ between population partitions of typically riverine resident (i.e.,
small) and large (>35 cm) brown trout within and across environmen-

tally contrasting recruitment and growth habitats.

2 | MATERIALS AND METHODS

2.1 | Studysite

Lake Tunhovdfjord (TUN) and Lake Palsbufjord (PAL) are part of a
35 km long sub alpine hydroelectric reservoir, located in south-central
Norway (48°E, 67°N, Figure 1), regulated first in year 1919 by an out-
flow dam. A hydropower dam separating the two lakes was erected in
1946, restricting the previously free migration between the lakes, to
migration through bottom gatesinthe damanda 7 m? large and 1.2 km
long subterranean anthropogenic channel. Extensive mark-recapture
and genetic studies have, however, revealed continued and substan-
tial migration between the lakes (Aass, 1973; Brabrand et al., 2008;
Wollebaek, Heggenes, & Roed, 2011). Lake PAL now has a surface
area of 5.3-19.5 km? with maximum depth 25 m, 725.5-749.0 m a.s.l.
Lake TUN, located immediately downstream, has a surface area of
14.0-25.0 km? and maximum depth 70 m, 718.0-736.0 m a.s..
Three contrasting tributaries in each of the two lakes (Figure 1)
are potential recruitment areas for the brown trout, making up >99%
of available lotic spawning and rearing habitat in the system. In Lake
PAL, the largest tributary, River Numedalslagen (P3), has a mean flow
(1961-1990) of 930 million m® year™}, representing 87% of the total
inflow to the lake. The inflow to PAL is an approximately 80 m wide,
deep (>2 m) run. Available river habitat for spawning is restricted to
the lower 300 m of the river by an upstream waterfall (Figure 1), and
about 2,400 m? is available as recruitment habitat. The much smaller
River Rambergsi (P2), mean flow (1961-1990) 83 million m® year™,
is about 5m wide and 1.5km long up to Lake Rambergvatnet

(756 m a.s.l.), providing an estimated rearing area of 7500 m?. River
Halldalsai (P1), the second small tributary, mean flow (1961-1990)
29 million m® year™, is a 4.5 km long and about 4 m wide stream up
to a dam at the outlet of Lake Halldalsvatnet (846 m a.s.l.). It pro-
vides an estimated rearing area of 18,000 m2. Mean annual water
runoff (1987-2007) in two locations within the PALs watershed is
26.7 Ls*m™2 (min 17.8, max 36.5, SD + 5.6) and 15.4 L s> m™2 (min
7.3, max 22.9, SD + 3.8), indicating a twofold to threefold variation in
annual flow within the alpine watershed. Recruits from all tributaries
typically migrate downstream to the common feeding habitat in Lake
PAL and TUN at age 2+ or 3+ (Brabrand et al., 2008). In Lake TUN, the
former lotic recruitment habitat, also connecting the two lakes, has
disappeared because of the dam. Trout now only have an estimated
2,000 m? suitable spawning habitat (at flow 1,064 million m® year™?
[1961-1990]) at water depth 5-23 m (T1), immediately downstream
the subterranean anthropogenic channel. Available spawning and re-
cruitment habitat size and associated hydraulics fluctuate substantially
with water regulations in Lake PAL and TUN. An additional two small
tributaries make up the majority of the remaining spawning and re-
cruitment habitat in TUN. In River Rgdungselva (T2; mean flow 8 mil-
lion m® year™? [1961-1990]), upstream migration is restricted by a
natural barrier 1.5 km up the about 6 m wide river, resulting in roughly
9,000 m? of available rearing habitat. The small River Tunhovdbekken
(T3), mean flow <4 million m® year‘1 and located close to T2, is 1 km
long and about 2 m wide, providing about 2,000 m? of recruitment
habitat. Upstream migration access to T3 varies with annual variations
in TUN water level.

Brown trout have probably been allopatric native for more than
6,000 years in both lakes (Huitfeldt-Kaas, 1918; Indrelid, 1985), and
sympatric with Arctic char (Salvelinus alpinus L.) and European min-
now (Phoxinus phoxinus L.), both since the two latter were introduced

around 1920. No other forage fish species occur, and diets of adult
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trout in both lakes often consist of terrestrial insects and a variety
of zooplankton and zoobenthos. Crustaceans like Gammarus pulex
and Lepidurus arcticus, known to favor growth, are present in limited
amounts (Brabrand et al., 2008; LAbée-Lund et al., 2002). Piscivory
is now common, with approximately 15% of the adults in TUN in
the 1990s being piscivorous. Brown trout in the two lakes may start
preying on minnow and char at trout size 15 and 22 cm, respectively
(Brabrand et al., 2008; LU'Abée-Lund et al., 2002). Maximum age and
weight of wild-born trout in PAL and TUN exceed 25 years and 15 kg,
respectively. It has been thought that mainly the deep habitat in P3
can hold trout of these sizes (Aass, 1973). Fishing pressure on brown
trout is low. The annual catch of brown trout in TUN has decreased
since the late 1960s and was estimated to 0.3 kg/ha in 1990 (Aass,
1990). Supportive breeding has been implemented since 1970, and
approximately 1 million adipose fin-clipped trout have been released
directly in the lakes thereafter. At present, 13,000 1-year-old trout
are released annually, but mark-recapture and genetic studies indi-
cate lack of reproduction of these stocked fish (Brabrand et al., 2008;
Wollebaek, Heggenes, & Rged, 2010; Wollebaek, Roed, Brabrand, &
Heggenes, 2012). Progeny of larger fish (>35 cm total length) from
these two lakes have also been used for stocking in other reservoirs
in Norway, as they were thought to be genetically adapted to fast
growth and piscivory (Aass, 1973). Results have revealed that some of
these transferred trout become piscivorous and surpass native trout in
growth (Aass, 1984).

2.2 | Sampling

The study complies with the current laws in Norway; ethical con-
cerns on sampling were followed under permission (2003/9267)
from the County Governor of Buskerud. All efforts were made to
ameliorate suffering of animals. Fin clips of 30-40 wild riverine resi-
dent trout (R) across year classes were sampled after electroshock-
ing (type FA3, exponential pulses 1,200 V, frequency 86 Hz, made
by Geomega a/s, Trondheim, Norway) at each of the six recruitment
sites (Figure 1, n = 324) during 2005-2007. Samples were collected
from the highest regulated water level to 300-800 m upstream, and
represent 3- to 7-year classes within sites (age O+ to 7+, as verified
by length measures and aging of a sample), but only age classes
0+ to 2+ in P3. The majority of fish from all sites were nonmature.
Wild trout (verified by present adipose fin) from both lakes (L, puta-
tive piscivorous and nonpiscivorous ecotypes) were caught annu-
ally 2006-2008, by beach seines and gillnets throughout both lakes.
Resampled individuals were excluded from further analysis, based
on genetic composition (n = 14). Sample L consisted of 324 trout
(200 trout >350 mm), mean total length (L;) 404 mm (min 137 mm,
max 770 mm, SD + 157), 122 males and 202 females, determined
from physical characteristics, gonads and presence of running
egg/milt in ripe trout, and across 14-year classes (age 3+ to 16+).
Individual ages of a random sample of riverine resident fish and all
lake caught fish were determined by scale and otolith readings, fol-
lowed by back calculation of age, assuming proportionality among
fish length and age structure (Lea, 1910).

2.3 | Genetic diversity

Genetic variation was analyzed using 13 microsatellite loci (Table A1),
following the procedure described in Wollebaek etal. (2010).
Temporally resampled trout were identified with CERVUS v.3.0
(Kalinowski, Taper, & Marshall, 2007), and 14 lakes caught trout were
excluded based on a full match criteria. Tests for null alleles, large allele
dropouts, and scoring errors were performed in MICRO-CHECKER
v.2.2.3 after 10,000 iterations (Van Oosterhout, Hutchinson, Wills,
& Shipley, 2004). The program TFPGA v.1.3 (Miller, 1997) was used
for descriptive statistics (number of alleles, observed, and expected
heterozygosity [H, and H,]). Allelic richness (A)) among samples was
estimated in FSTAT v.2.9.3.2 (Goudet, 1995), and riverine differences
in H and A, were tested across loci with ANOVA. Possible departure
from Hardy-Weinberg (HW) equilibrium for all loci within riverine
sites and globally across loci within sites, as well as tests for linkage
disequilibrium across sites, were performed in FSTAT, after 104,000
and 780,000 permutations, respectively. The program BOTTLENECK
v.1.2.2 (Cornuet & Luikart, 1996) was used to assess possible recolo-
nization or strong genetic drift between age classes within sites, with a
Wilcoxon test assuming a two-phased model with 90% stepwise mu-
tations after 10,000 iterations.

2.4 | Life history and ecotype variation

Genetic structuring of river and lake caught trout was evaluated with
Weir and Cockerham’s (1984) pairwise F; (0) estimate with >15,000
permutations, calculated in FSTAT (Goudet, 1995). Genetic relation-
ships among samples were visualized with PCoA plots of standard-
ized covariance matrixes of genetic distance, estimated in GENALEX
v.6.502 (Peakall & Smouse, 2006). Statistical support for observed
genetic structures, not possible from PCoA plots, was addressed
by bootstrap evaluations of Nei, Maruyama, and Wu's Da (1983) in
a neighbor-joining model after 10,000 iterations, in POPULATIONS
v.1.2.3 (Langella, 1999) and TreeView v.1.6.6 (Page, 1996).

Ecotype constitution was tested by comparing pairwise Fq; be-
tween partitions of riverine resident trout and lake caught trout
>35 cm assigning to rivers/populations, as stomach analyses generally
indicate an upper size limit of approximately 35 cm for nonpiscivo-
rous fish in these lakes (Aass, 1990; Brabrand et al., 2008; LAbée-Lund
et al,, 2002).

Two common assignment procedures for testing the hypothesis
were implemented. A frequentist approach first compared all riv-
erine resident fish from sample sites to putative piscivorous trout
(L; > 35 cm) that assigned to the riverine sites in GENECLASS2 (Piry
et al., 2004) with default settings of the frequencies-based sampling
algorithm of Paetkau, Calvert, Stirling, and Strobeck (1995). Straying
will decrease self-assignment of river samples and may cause eco-
type hybridization that decreases the power of ecotype constitution
tests. Moreover, river sites as a baseline for assignment of lake caught
trout will be less adequate if genetic population structure contrasts
with geographic structure, for example, in a meta-population struc-

ture where fluctuating niche opportunities determine the extent of
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population admixture (Hanski & Gilpin, 1997; Wood et al., 2008).
First-generation immigration rates for R-partitions were therefore cal-
culated from individuals self-assignment in GENECLASS2 with above
settings, and thereafter in the Bayesian STRUCTURE v.2.2 (Falush,
Stephens, & Pritchard, 2003; Pritchard, Stephens, & Donnelly, 2000)
after 200,000 replications of burn-in, 500,000 MCMC replicates, pop-
ulation information, and 0.05 prior migration rate. Individuals were
treated as migrants in both the frequentist and Bayesian approach
when they assigned strongest to a site where it had not been sampled,
in GENECLASS2 only when self-assignment was below 5%.

Migration estimates corroborated previous observations of high
straying among sites and a tripartite structure (Wollebaek et al.,
2012) that may bias assignment of lake caught trout and interpre-
tation of genetic partitions based on river sites. Bayesian clustering
in STRUCTURE was accordingly used to infer a more biological rele-
vant population composition in samples pooled (including small-sized
trout caught in the lake to maximize Bayesian power), and within
riverine sites, using 10 iterations of 1-15 population clusters (K),
200,000 replications of burn-in, 500,000 MCMC replicates, and ad-
mixture model with correlated allele frequencies. The number of pop-
ulation clusters (K) was estimated by maximum-likelihood measures
(Ln P(D)) and their variance and by AK (Evanno, Regnaut, & Goudet,
2005). All trout (n = 550) were assigned to riverine (R) and lake (L)
partitions of population clusters identified by STRUCTURE, based
on individual membership coefficients (q). Population hybrids as in
the studied lakes (Wollebaek et al., 2012) and ecotype hybrids, both
potentially characterized by low g-values, may represent temporary
components of long-term population units (Edmands, 2007), which
reduce power of testing for population structures. The power for
testing for piscivory as a genetically defined ecotype also increases
with effect size, that is, comparing contrasting size subsamples. For
hypothesis testing, we define tentative ecotype populations follow-
ing size (L. > 35 cm) and assignment criteria. A stringency level of
g = 0.8 from the STRUCTURE analyses was implemented in assigning
individuals, excluding trout with lower assignment from populations.
The conservative low-assignment threshold (Vaha & Primmer, 2006)
was preferred since this and earlier studies (Wollebaek et al., 2010,
2012) indicated considerable straying and hybridization among riv-
erine sites, and since the sample covered 16 years (back-calculated
age) with possible drift among year classes, not covering the entire
available habitat within streams. Based on documented positive co-
variation between size and extent of piscivory, ecotype testing was
performed on length-defined subsamples of lake caught fish. Genetic
relationship among partitions was visualized using PCoA and Nei
et al’s Da (above). A hierarchical AMOVA was used to quantify the al-
lelic variance of R and L within and across populations in ARLEQUIN
v.3.1 (Excoffier, Laval, & Schneider, 2005).

The sequential Bonferroni correction procedure (Rice, 1989) was
used to reduce Type 1 errors for multiple genetic tests. ANOVA and
Tukey-Kramer HSD compared means of length (L;) and assignment (q)
of population partitions in R v.3.3.2 (http:/www.R-project.org), only
considering comparisons of samples with n > 5. Tests implementing all
sizes (L; > 13.7 cm) and L; of 40-50 cm in the lake sample L evaluated
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the robustness of the defined size limit for F¢; differentiation in the
Bayesian design. The suitability of the implemented threshold for as-
signment in this design was tested by running additional F; tests im-

plementing g-levels from 0.7 to 0.9.

3 | RESULTS

3.1 | Genetic composition

Amplification and allele calling were obtained in 99.2% of the cases,
and consistent with secondary amplification, and controls. Number
of alleles per locus averaged 14.1 (range 2-35, SD + 11.7, Table A1).
Quality control screening did not reveal indications of scoring error
due to stuttering, large allele dropouts, or null alleles. After correc-
tion for multiple tests, no deviations from HW were found within
recruitment sites (p > .012 within loci, p > .346 across loci), and non-
random associations of alleles among loci were not found across sam-
ples (p >.0008). No significant differentiation in H, or A_ was found
among riverine sites (Table A1, ANOVA, F < 0.495, p > .779). The test
for bottlenecks within sites did not indicate recolonization or strong

genetic drift between age classes (p > .271).

3.2 | Genetic structure

Allele frequencies of all riverine sites were significantly differenti-
ated (mean 0: 0.0332, SD + 0.0184, p < .0001, Table A2). Lake caught
trout assigned to the six riverine sites in GENECLASS2 were differ-
entiated similarly (mean 0: 0.0211, SD + 0.0089, p < .0089). Pairwise
Fr estimates were somewhat larger among R and L in P3 (6: 0.0088,
p =.0429), compared to other sites (mean 0: 0.0027, SD + 0.0022,
p >.1501), but did not indicate ecotype variation within any of the
six sites after correction for multiple tests (Table A2). The frequentist
assignment however, only correctly traced 64% (P1:73, P2:60, P3:87,
T1:44,T2:53, T3:70) of the riverine resident fish to their sampled site.
Estimates of straying varied considerably among sites and approach,
from 7 to 40 first-generation migrants in total, in STRUCTURE and
GENECLASS2, respectively (Figure 2). A superior tripartite genetic
structure was supported by PCoA plots and estimated genetic dis-
tances (Da) among sampled sites, that is, forming only three clades
(Figure 3; 71.8% of the total variation explained by the first two
components, Figure Al; >90% bootstrap support for clustering of
geographically close rivers within lakes). This potentially confounded
sitewise interpretation of genetic partitioning, but fitted overall bio-
logical expectations.

STRUCTURE analyses provided strongest support for a tripar-
tite partition, considering both the diminishing probability of K > 3
and the estimated AK (Figure A2). A main structure of K =3 was
assumed despite a somewhat larger AK for nine population clusters,
as the model used in STRUCTURE easily overestimates K (Falush
et al., 2003), and as AK = 9 was highly dependent on reduced Ln
P(D) for K = 10. The population clusters were named p12, t23, and
p3, named according to their most likely origin. Clusters p12 and
t23 corresponded mainly to the two smaller tributaries in PAL (P1
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FIGURE 3 Principal coordinates analysis of geographic samples.
Multivariate variation among trout (n = 550) from river sites (P/T in
black) and lakes (L in gray), from standardized covariance matrixes of
genetic distance

and P2) and the small tributaries in TUN (T2 and T3), respectively,
whereas population cluster p3 corresponded to the large river (P3)
in PAL. Sample T1 and L had a more mixed genetic origin, with the
latter assigning slightly less to the population cluster correspond-
ing to the small tributaries in TUN (Table 1, Figure A3). Sample L
assigned equally in numbers to the three population clusters in all
three years (data not shown). STRUCTURE analyses did not identify
any substructure within river samples. Population clusters include
riverine (R) and lake (L) partitions (Figure 4). Following the Bayesian
assignment- and size criteria, these are referred to as partitions
within populations (e.g., riverine sample of population cluster p12
is named Rp12).

3.3 | Population and ecotype partition

Mean size (L;) of lake caught trout differed among population clus-
ters (p < .001, Figure A4) and were considerably larger in Lp3 (mean
470, SD £ 165), than in Lp12 (mean 377, SD + 145) and Lt23 (mean
339, SD + 121). Pairwise comparisons indicated no size difference
between Lp12 and Lt23 (p =.198). Ages were similarly differenti-
ated (p <.001) among population clusters, considerably larger in
Lp3 (mean 7.94, SD + 2.92), but no difference (p = .536) between
Lp12 (mean 6.72, SD + 2.79) and Lt23 (mean 6.30, SD + 2.25))
(Figure A4). Self-assignments (q) were highest in the two ecotype
partitions in p3 (Figure A4) and differed among population cluster
partitions in total (p <.013). With respect to ecotype partitioning

-1 SP1 GP2 SP2 GP3 SP3 GT1 ST1 GT2

aT3

7
FIGURE 2 Migration among riverine
sites. First-generation (FO) immigrants to
riverine sites estimated in GENECLASS2
ﬁ 5 (G) and STRUCTURE (S). Proportion of

dispersed fish (%) are divided into source of
origin (six sites, total n = 226, total number
dispersed within sites on top of bars)

5T2 GT3 ST3

TABLE 1 Sample contributions to the three population clusters,
estimated without prior population information in STRUCTURE.
Cluster assignment (highest g) marked with asterisks

Population cluster

Sample site n pl2 p3 t23

P1 40 0.461* 0.124 0.415
P2 40 0.664* 0.127 0.209
P3 30 0.105 0.767* 0.128
T1 36 0.253 0.366 0.381*
T2 40 0.166 0.132 0.701*
T3 40 0.162 0.205 0.633*
L 324 0.373* 0.364 0.263

within population clusters, g only differed among partitions in t23
(p =.020).

The two exclusion criteria (L; < 35 cm and g < 0.8), respectively,
excluded 124 and 295 trout, combined retaining 208 trout across
population partitions (Table 2). Lake caught trout size still differed
among populations (p < .001, Figure 5) and were considerably larger
in Lp3 (mean 576, SD + 109), than in Lp12 (mean 481, SD + 131) and
Lt23 (mean 409, SD + 63). Pairwise comparisons indicated similar
size (p =.185) in Lp12 and Lt23. Ages were less differentiated for this
subsample (p =.059 among populations, still largest in Lp3, Figure 5).
Population self-assignments (q) were still highest in the two ecotype
partitions in p3 and differed among population partitions in total
(p <.001, Figure 5). No differences in q were found among partitions
within populations (p > .355).

Pairwise Fq; estimates indicated that ecotype large lake caught
trout (>35 cm) were significantly different from ecotype riverine res-
ident trout in population p3 (Table 2, 6 =0.017, p <.001), that is, in
the large tributary P3. In contrast, lake and river caught trout were
genetically similar in the two other populations (0 < 0.006, p > .054),
corresponding to the smaller tributaries. Consequently, PCoA plots of
clusters with subsets of population partitions based on size- and as-
signment criteria, where 82.9% of the genetic variation was captured
by the first two components, visualized contrasting ecotypes in p3
only (Figure 6). Furthermore, testing of riverine residents and small lake

caught trout (<35 cm) did not indicate any genetically differentiated
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FIQl.JRE 4 Popula}tlon cIu.sFers. q 509%
Individual membership coefficients (q) of
riverine resident trout (a, n = 226) and
lake caught trout (b, n = 324) divided into
three population clusters (p12: black, p3: 0%

Rp12

Rp3 Rt23

dark gray, t23: light gray) without prior
information in STRUCTURE

Lp12

Lt23

Lp3

TABLE 2 Weir and Cockerham’s (1984) pairwise F¢; (0) estimate among river resident (R, n = 113) and large (L, >35 cm, n = 95) lake caught
trout above the diagonal and among riverine resident (R, n = 113) and small (L, <35 cm, n = 47) lake caught trout below the diagonal, all

assigned (g > 0.8) to STRUCTURE population clusters p12, p3, and t23. Nonsignificant (ns) and significant tests (*,

Bonferroni correction according to a = 5%, 1%, and 0.1%, respectively

Population partition

*kok ***)
)

after sequential

(n) Rp12 Rp3 Rt23 Lp12 Lp3 Lt23
Rp12 (33) 0.0748*** 0.0419*** 0.0019 ™ 0.0482*** 0.0383***
Rp3 (29) 0.0748*** 0.0897*** 0.0853*** 0.0170*** 0.0802***
Rt23 (51) 0.0419*** 0.0897*** 0.0442*** 0.0665*** 0.0064 "™
Lp12 (34/23) -0.0010 ™ 0.0760*** 0.0492*** 0.0495*** 0.0335***
Lp3 (50/14) 0.0670*** 0.0312 "™ 0.0808*** 0.0631*** 0.0567***
Lt23 (11/10) 0.0385*** 0.0994*** -0.0036 ™ 0.0409*** 0.0767***
(a) [} ] (b) - (C) = A =
1 1) R R 0954 T i : R
- o0 . | 1
o . : sl
4 : A _. B0 1 0.90
g it | B ;
= 104 ; S o :
Q . H
FIGURE 5 Age, length, and assignment 2 8 - 50 Poa 0.854 ; H
variation among population partitions. ‘ 3 ; 1 :
Tukey box plots of age (a, years), total al B4 %5 o Q P L 3 B T
length (b, L;), and assignment (c, q) of lake i T = o O I 5
caught (L, n = 95) and riverine resident (R, 1 T 1 y T T | T ! ' !
n = 113) partitions of populations, post Lp12 Lt23 Lp12 Lt23 Lp12 Lt23 Rp3
Lp3 Lp3 Lp3 Rp12 Rt23

exclusion of lake caught fish <35 cm and
fish with assumed hybrid origin (q < 0.8)

ecotypes in any populations (Table 2, 0 < 0.031, p > .029). Lake caught
trout were genetically different across populations for both large
(>35cm, 0 >0.034, p <.001) and small (<35 cm, 06 >0.041, p <.001)
fish, corroborating the absence of evidence for a common piscivorous
ecotype across populations, as indicated by PCoA plots (Figure 6), es-
timated Da (Figure A5), and the Bayesian tripartite structure without a

superior large trout cluster.

Population partitions

AMOVA results attributed the majority of allelic variation to in-
dividuals (94.1%, p < .001), and greater, but not significant variance
to differences among ecotype partitions across the tripartite popula-
tion structure (5.1%, p = .069) than among R and L within populations
(0.8%, p =.001). Excluding populations one by one only changed the
pattern of low but significant variation among partitions within popu-

lations when removing p3 (0.3%, p = .150), suggesting the significant
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FIGURE 6 Genetic distance of population partitions. Multivariate
variation (principal coordinates analysis) among all riverine resident
(R) and lake caught trout (L) assigned to STRUCTURE population
clusters (p12, p3, and t23). Markers in black represent population
partitions after exclusion criteria (q > 0.8, L; lake caught trout

>35 cm, n = 208), and markers in gray represent individuals excluded
by these criteria (n = 342)

difference among R and L was caused by population p3-specific eco-
type differentiation.

Implementing size limits of 40, 45, and 50 cm for lake caught
trout did not change the pattern of size- or assignment differentiation
among population partitions (data not shown). Gene frequencies of
partitions within populations were also consistently differentiated in
p3 (0 > 0.016, p < .001), but not within other populations, for these
size limits. Fy; test implementing g-level 0.7 indicated partition dif-
ferentiation in p3 and t23 (0 > 0.007, p < .015), whereas a g-level of
0.9 only differentiated partitions in p3 (6 = 0.021, p < .001). Thus, the
exclusion criteria of g = 0.8 seemed appropriate for hypothesis testing
in this system, characterized by high straying rates and occasionally
environmental obstacles for spawning migration, as often evident in

northern alpine communities of piscivorous trout.

4 | DISCUSSION

The present study indicated that, in stable environments, large piscivo-
rous trout may be genetically distinct from generally smaller nonpis-
civorous conspecifics. Frequentist and Bayesian clustering approaches
differed somewhat in their feasibility to test the hypothesis regard-
ing genetically defined ecotype variation. The frequentist approach
first suggested more differentiation between population partitions in
large stable habitat, but this result was not significant after sequen-
tial Bonferroni correction. The Bayesian approach, however, with its
increased power of detecting temporal relevant population structure,
documents that large piscivorous trout were significantly genetically
differentiated from smaller riverine resident trout within one of the
studied populations, that is, the large tributary population. The analysis
did not, however, find evidence for common piscivorous trout ecotypes
with a genetic signature across populations. Therefore, results indicate
that the genetically distinct piscivorous ecotype has evolved within the
one river with large water flow and environmentally stable habitat, but
not within the smaller tributaries providing less and less stable habitat.

Life history strategies manifested as ecotypes are fundamental in

evolutionary biology (Turesson, 1922). The diversity of fish life histories

has received special interest (Ciannelli, Bailey, & Olsen, 2015; Mehner,
Freyhof, & Reichard, 2011; Taylor, 1999). Genetically distinct ecotypes
of fish are often documented between migratory and resident life his-
tories (Lin, Quinn, Hilborn, & Hauser, 2008; Pearse et al., 2009; Taylor,
1999), but only sparsely so in brown trout, possibly in part as a result
of sample bias (Hindar, Jonsson, Ryman, & Stahl, 1991; Krueger & May,
1987; Skaala & Naevdal, 1989). As in the present investigation, an eco-
type signal may be less pronounced than genetic differentiation among
geographically defined populations, and studies may give ambiguous
results, often related to the different populations studied (Bernatchez
et al., 2016; Docker & Heath, 2003; Heath, Bettles, Jamieson, Stasiak, &
Docker, 2008; Marin et al., 2016; Olsen, Wuttig, Fleming, Kretschmer,
& Wenburg, 2006; Wilson et al., 2008). Sympatric populations with
different life history strategies are typically more similar to each other,
than to geographically separated populations (Aykanat et al., 2015;
Bernatchez et al., 2016; Docker & Heath, 2003; Hindar et al., 1991;
Narum, Contor, Talbot, & Powell, 2004; Perreault-Payette et al., 2017).
Therefore, some a posteriori approaches may be insufficient for empir-
ical identification of cryptic genetic structures needed for conservation
measures (Palme et al., 2013). The present study demonstrated the
increased power of combined genetic approaches to detect weak but
biological relevant structures. Designing and implementing studies of
tentative populations also across environmentally contrasting habitats
and population segments, as in our study, are likely to help unveil pos-
sible habitat-induced ecotype variation.

Although piscivorous life histories are found across a range of taxa
(Mittelbach & Persson, 1998), we are aware of few studies comparable
to the present where piscivory potentially manifested as a genetically
distinct ecotype has been investigated (Bernatchez et al., 2016; Duguid
et al., 2006; Ferguson & Taggart, 1991; Perreault-Payette et al., 2017).
This is surprising, considering the ecological importance of top pred-
ators in aquatic ecosystems and the structuring of fish communities
(Jackson, Peres-Neto, & Olden, 2001; Kitchell, Eby, He, Schindler, &
Wright, 1994). The previous studies of ferox trout considered delayed
sexual maturation and longevity as prerequisites for evolution of pisciv-
orous populations. They did not find evidence for a piscivorous ecotype
across populations, although the authors stated that this was likely.
However, they did find an association between genetically defined
large ferox trout and large river habitats, and possible evolution of spa-
tially and temporally separated size-based sympatric ecotypes within
lakes (Duguid et al., 2006). Moreover, using a subset of SNP-markers,
Bernatchez et al. (2016) demonstrated the possible contemporary evo-
lution of both sympatric and allopatric piscivorous lake trout.

Interpretation of ecotype variation may be confounded by random
effects of isolation by distance, similar to homing in salmonids (Quinn
& Tallman, 1987; Stuart, 1957) which may cause population differenti-
ation even within tributaries as a function of distance (Carlsson, Olsen,
Nilsson, Overli, & Stabell, 1999; Vaha, Erkinaro, Niemela, & Primmer,
2007), rather than adaptation. Here, we designed and implemented a
study that demonstrated ecotypes have evolved within the large, but
short (300 m) river representing a restricted spawning and recruitment
habitat area, thus most likely reflecting ecological and behavioral inter-
actions constituting ecotype variation in close proximity.
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Random genetic drift is unlikely as an explanatory factor for the ob-
served differentiation of riverine resident and piscivorous trout, due to
high longevity and iteroparity, and no more than two generations sepa-
rate the samples of the two ecotypes. Genetic partition in brown trout
is thought to be relatively stable across decades (Palme et al., 2013).
Neither is population replacement by neighboring populations likely,
as indicated by the lack of bottleneck signals. Meta-population struc-
tures are more likely to occur in small unstable tributaries (Ostergaard,
Hansen, Loeschcke, & Nielsen, 2003), and riverine resident trout in the
large tributary (P3) were significantly different from all other popula-
tions. Founding effects caused by stocking may be excluded as only
supportive breeding is implemented. Besides, previous studies indi-
cate no or only marginal reproduction in stocked fish (Wollebaek et al.,
2010, 2012). The aforementioned studies of ferox trout and lake trout
attributed the genetic differentiation to reproductive isolation both
in time and space (Duguid et al., 2006; Ferguson, 2004; Ferguson &
Taggart, 1991) and presence of large and deep habitat with the as-
sociated potential for spatial separation (Baillie, Muir, Hansen, et al.,
2016; Mangel & Abrahams, 2001; McDermid et al., 2010). In our study,
large trout in the large tributary (P3) also spawn around the same time
as trout in the other tributaries, and temporal variation in spawning
(Aykanat et al., 2015; Gharrett, Joyce, & Smoker, 2013), as Duguid et al.
(2006) found, is not known. Divergent habitat use by trout with differ-
ent life histories (McLaughlin, Ferguson, & Noakes, 1999; Morinville &
Rasmussen, 2006) or limited sample sizes, inadvertently resulting in se-
lective sampling, could explain why differentiated ecotypes were found
only for the largest site here, despite a considerable number of large
trout assigning to the smaller tributaries. Whereas trout were sampled
across the entire habitat width in the smaller tributaries, electroshock-
ing was feasible only along the stream banks for the large river. Thus,
ecotype variation may remain hidden within the smaller sites studied,
where the riverine sample possibly constitutes a mixture of both eco-
types. Hence, detecting ecotype variation may be sensitive to both
sample locations and size (Palme et al., 2013). A possible alternative
scenario is that the large river sample in P3 primarily represents a resi-
dent, as opposed to a nonpiscivorous, ecotype. However, the total ab-
sence of larger trout caught by electroshocking in the large river P3
weakens this hypothesis. Thus, we find it likely that the two ecotypes
observed represent alternative feeding strategies.

The riverine habitat of the piscivorous ecotype in P3 differs from
the other sites. River size (including water flow and depth) is large, and
river length is short. Although several exceptions exist, fish are generally
larger bodied in large and fast flowing rivers (Langerhans, 2008; Quinn,
2005), and body length of returning salmonids may increase with both
water discharge and spawning migration length (Power, 1981; Schaffer &
Elson, 1975), possibly more so for discharge (Jonsson, Hansen, & Jonsson,
1991). Genetically, distinct ferox trout spawn in lower and deeper sec-
tions of large rivers (Duguid et al., 2006; Ferguson, 2004; Ferguson &
Taggart, 1991), and large brown trout typically utilize fast and deep
water with coarser substrate for spawning (Ottaway, Carling, Clarke, &
Reader, 1981; Wollebaek, Thue, & Heggenes, 2008). Theoretical models
also predict that water flow influences phenotypic outcomes (i.e., pisciv-
orous phenotypes). Experiments by Keeley, Parkinson, and Taylor (2007)

Fcology and Evolution o 2737
& WILEY- 27

indicated that the majority of morphological variation in rainbow trout
(Oncorhynchus mykiss W.) was explained by ecotypes (i.e., piscivory), to
a minor extent also water flow. Thus, evolution of large piscivorous eco-
types is most likely positively correlated with water flow. Longevity may
also induce self-energizing effects of ecotype differentiation. Achieved
length and age of trout in our studied populations equal or even sur-
pass that from other populations defined as large piscivorous brown
trout (Campbell, 1979; Jensen et al., 2008; Mangel, 1996). Selection for
size is reinforced because females prefer mating with even larger males
(Labonne et al., 2009), promoting assortative mating in suitable habitat,
that is, larger fish require larger habitats. Although the low-genetic differ-
entiation among ecotypes in P3 indicates that the reproductive barrier
is not absolute, alternative reproductive strategies (i.e., sneaking, Avise,
Jones, Walker, & DeWoody, 2002), likely have limited impact on genetic
structure. Thus, reproductive isolation may be size- and habitat-specific
(Perez-Figueroa, Cruz, Carvajal-Rodriguez, Rolan-Alvarez, & Caballero,
2005), supporting the observed modest gene flow among the sympatric
ecotypes in the particularly large and high flow P3 habitat. In this habitat
only, long-term survival of ecotype hybrids, even among small piscivo-
rous and large nonpiscivorous individuals, seems to be limited. Also, in
this habitat, both sympatric ecotypes seem to be genetically resilient to
gene flow from other tributaries, despite a long history of supportive
breeding and a considerable straying among tributaries. We may further
speculate that the short spawning run distance additionally increases
postspawning survival, iteroparity rates and longevity, favoring evolu-
tion of a large-sized piscivorous ecotype given high water flow.

In contrast, in smaller habitats selection for large size, as a repro-
ductive strategy may be traded off against harsh climatic conditions
(Borgstrom & Museth, 2005; Crecco & Savoy, 1985) and predator
dilution effects (Brannas, 1995). Carlson et al. (2008) reviewed size
dependency of survival, finding that bigger is not always better. Both
phenotypic plasticity and genetic variance may increase as a response
to fluctuating selection (Crispo, 2008; Rueffler, Van Dooren, Leimar,
& Abrams, 2006). In the smaller tributaries, our results support the
bet-hedging theory, suggesting that variation in size is higher in un-
predictable environment (Marshall, Bonduriansky, & Bussiere, 2008;
Olofsson, Ripa, & Jonzen, 2009). Relatively, large trout will only have
a fitness advantage if homing and spawning are in sufficient water
volumes and flows. Life history plasticity (i.e., growth and reproduc-
tion) in less stable environments (Langerhans, 2008) is also supported
by the increased genetic diversity among the smaller tributaries, and
higher migration rates among these sites (Wollebaek et al., 2010; this
study [F;]) may hamper evolution of locally adapted habitat specialists
(Crispo, 2008; Sultan & Spencer, 2002).

5 | CONCLUSIONS

The study demonstrated genetic differentiation of large individuals in
a large, stable river habitat. A piscivorous life history did not, however,
involve a genetic signature within more unstable habitats or across
populations. Rather, it results from individual plasticity. Available river
habitat for spawning and recruitment varied considerably among
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sites, and also indicated a larger proportion of large piscivorous trout
in stable habitat. The study corroborates the accumulating evidence
that genetic constitution and heritability of life history traits are influ-
enced by environmental stability (Charmantier & Garant, 2005; Sgro &
Hoffmann, 2004). Environmental gradients may retain ecotype varia-
tion (Perez-Figueroa et al., 2005), and adaptations to divergent habitat
use may cause ecotype variation as a by-product of divergence (Kume
et al., 2010). Conservation of ecotypes to ensure evolutionary poten-
tial of populations should therefore rest upon conserving key habitats.
Large rivers, regardless of their length, may be key habitats for geneti-
cally distinct piscivorous trout. Moreover, piscivorous ecotypes may
contribute to population genetic structure and may be a valuable evo-
lutionary resource for future management and supportive breeding.
Further studies that assess population dynamics, life history traits, and
genomics of piscivory across environmental gradients are warranted
to address evolution and conservation of intraspecific diversity.

ACKNOWLEDGMENTS

The Laboratory of Freshwater Ecology and Inland fisheries (LFI),
University of Oslo, is acknowledged for assistance in sampling and
age analyses. Part of this work was funded by the University College
of Southeast Norway.

CONFLICT OF INTEREST

None declared.

AUTHOR CONTRIBUTIONS

All authors; JW, JH, and KH conceived the study and participated in the
project design. JW conducted the field and laboratory work, and did the

genetic analyses. All authors wrote and approved the final manuscript.

ORCID

Jens Wollebaek http://orcid.org/0000-0001-8466-2236

Jan Heggenes http:/orcid.org/0000-0003-4080-6896

REFERENCES

Aass, P. (1973). Some effects of lake impoundments on salmonids in
Norwegian hydroelectric reservoirs. Ph.D. dissertation, University of
Uppsala, Faculty of Science, Uppsala, Sweden.

Aass, P. (1984). Management and utilization of Arctic charr in Norwegian
hydroelectric reservoirs. In L. Johnson & B. Burns (Eds), Biology of the
Arctic charr. Proceedings of the International Symposium on Arctic charr
(pp. 277-291). Winnipeg, MB: University of Manitoba Press.

Aass, P.(1990). Management of Arctic charr (Salvelinus alpinus L.) and brown
trout (Salmo trutta L.) fisheries in Lake Tunhovdfjord, a Norwegian
hydroelectric reservoir. In W. L. T. van Densen, B. Steinmetz, & R.
H. Hughes (Eds.), Management of freshwater fisheries (pp. 382-389).
Ggteborg, Sweden: European Inland Fisheries Advisory Commission.

Aass, P, Nielsen, P. S., & Brabrand, A. (1989). Effects of river regulation on
the structure of a fast-growing brown trout (Salmo trutta L.) population.

Regulated Rivers Research and Management, 3, 255-266. https://doi.
org/10.1002/(ISSN)1099-1646

Adams, C. E., Bean, C. W., Dodd, J. A., Down, A., Etheridge, E. C., Gowans,
A. R. D,, ... Praebel, K. (2016). Inter and intra-population phenotypic
and genotypic structuring in the European whitefish Coregonus la-
varetus, a rare freshwater fish in Scotland. Journal of Fish Biology, 88,
580-594. https:/doi.org/10.1111/jfb.12855

Allendorf, F. W., England, P. R., Luikart, G., Ritchie, P. A., & Ryman, N. (2008).
Genetic effects of harvest on wild animal populations. Trends in Ecology
& Evolution, 23, 327-337. https://doi.org/10.1016/j.tree.2008.02.008

Avise, J. C., Jones, A. G., Walker, D., & DeWoody, J. A. (2002). Genetic mat-
ing systems and reproductive natural histories of fishes: Lessons for
ecology and evolution. Annual Review of Genetics, 36, 19-45. https:/
doi.org/10.1146/annurev.genet.36.030602.090831

Aykanat, T., Johnston, S. E., Orell, P,, Niemela, E., Erkinaro, J., & Primmer, C. R.
(2015). Low but significant genetic differentiation underlies biologically
meaningful phenotypic divergence in a large Atlantic salmon population.
Molecular Ecology, 24, 5158-5174. https:/doi.org/10.1111/mec.13383

Baillie, S. M., Muir, A. M., Hansen, M. J,, Krueger, C. C., & Bentzen, P. (2016).
Genetic and phenotypic variation along an ecological gradient in lake
trout Salvelinus namaycush. BMC Evolutionary Biology, 16, 16.

Baillie, S. M., Muir, A. M., Scribner, K., Bentzen, P., & Krueger, C. C. (2016).
Loss of genetic diversity and reduction of genetic distance among lake
trout Salvelinus namaycush ecomorphs, Lake Superior 1959 to 2013.
Journal of Great Lakes Research, 42, 204-216. https://doi.org/10.1016/j.
jglr.2016.02.001

Bernatchez, S., Laporte, M., Perrier, C., Sirois, P., & Bernatchez, L. (2016).
Investigating genomic and phenotypic parallelism between piscivorous
and planktivorous lake trout (Salvelinus namaycush) ecotypes by means
of RADseq and morphometrics analyses. Molecular Ecology, 25, 4773-
4792. https://doi.org/10.1111/mec.13795

Borgstrom, R., & Museth, J. (2005). Accumulated snow and summer tem-
perature—Critical factors for recruitment to high mountain populations
of brown trout (Salmo trutta L.). Ecology of Freshwater Fish, 14, 375-
384. https://doi.org/10.1111/j.1600-0633.2005.00112.x

Brabrand, A., Bremnes, T., Saltveit, S. J., Aass, P., Wollebaek, J., Heggenes,
J., & Rged, K. (2008). Fiskeribiologiske undersgkelser i Pdlsbufjorden.
Hovedrapport 260. University of Oslo, Oslo, Norway.

Brannas, E. (1995). First access to territorial space and exposure to strong
predation pressure: A conflict in early emerging Atlantic salmon (Salmo
salar L.) fry. Evolutionary Ecology, 9, 411-420. https://doi.org/10.1007/
BF01237763

Campbell, R. N. (1979). Ferox trout, Salmo trutta L., and charr, Salvelinus
alpinus L., in Scottish lochs. Journal of Fish Biology, 14, 1-29.

Carlson, S. M., Olsen, E. M., & Vollestad, L. A. (2008). Seasonal mortality
and the effect of body size: A review and an empirical test using indi-
vidual data on brown trout. Functional Ecology, 22, 663-673. https:/
doi.org/10.1111/j.1365-2435.2008.01416.x

Carlsson, J., Olsen, K. H., Nilsson, J., Overli, O., & Stabell, O. B. (1999).
Microsatellites reveal fine-scale genetic structure in stream-living
brown trout. Journal of Fish Biology, 55, 1290-1303. https:/doi.
org/10.1111/j.1095-8649.1999.tb02076.x

Carvalho, G. R. (1993). Evolutionary aspects of fish distribution—Genetic
variability and adaptation. Journal of Fish Biology, 43, 53-73. https:/doi.
org/10.1111/j.1095-8649.1993.tb01179.x

Carvalho, G. R, & Hauser, L. (1994). Molecular genetics and the stock
concept in fisheries. Reviews in Fish Biology and Fisheries, 4, 326-350.
https://doi.org/10.1007/BF00042908

Charmantier, A., & Garant, D. (2005). Environmental quality and evolu-
tionary potential: Lessons from wild populations. Proceedings of the
Royal Society B—Biological Sciences, 272, 1415-1425. https:/doi.
org/10.1098/rspbh.2005.3117

Ciannelli, L., Bailey, K., & Olsen, E. M. (2015). Evolutionary and ecological
constraints of fish spawning habitats. Ices Journal of Marine Science, 72,
285-296.


http://orcid.org/0000-0001-8466-2236
http://orcid.org/0000-0001-8466-2236
http://orcid.org/0000-0003-4080-6896
http://orcid.org/0000-0003-4080-6896
https://doi.org/10.1002/(ISSN)1099-1646
https://doi.org/10.1002/(ISSN)1099-1646
https://doi.org/10.1111/jfb.12855
https://doi.org/10.1016/j.tree.2008.02.008
https://doi.org/10.1146/annurev.genet.36.030602.090831
https://doi.org/10.1146/annurev.genet.36.030602.090831
https://doi.org/10.1111/mec.13383
https://doi.org/10.1016/j.jglr.2016.02.001
https://doi.org/10.1016/j.jglr.2016.02.001
https://doi.org/10.1111/mec.13795
https://doi.org/10.1111/j.1600-0633.2005.00112.x
https://doi.org/10.1007/BF01237763
https://doi.org/10.1007/BF01237763
https://doi.org/10.1111/j.1365-2435.2008.01416.x
https://doi.org/10.1111/j.1365-2435.2008.01416.x
https://doi.org/10.1111/j.1095-8649.1999.tb02076.x
https://doi.org/10.1111/j.1095-8649.1999.tb02076.x
https://doi.org/10.1111/j.1095-8649.1993.tb01179.x
https://doi.org/10.1111/j.1095-8649.1993.tb01179.x
https://doi.org/10.1007/BF00042908
https://doi.org/10.1098/rspb.2005.3117
https://doi.org/10.1098/rspb.2005.3117

WOLLEBAEK ET AL.

Cole, L. C. (1954). The population consequences of life history phenomena. The
Quarterly Review of Biology, 29, 103. https://doi.org/10.1086/400074

Cornuet, J. M., & Luikart, G. (1996). Description and power analysis of two
tests for detecting recent population bottlenecks from allele frequency
data. Genetics, 144, 2001-2014.

Couturier, S., Otto, R. D., Cote, S. D., Luther, G., & Mahoney, S. P. (2010).
Body size variations in caribou ecotypes and relationships with de-
mography. Journal of Wildlife Management, 74, 395-404. https://doi.
org/10.2193/2008-384

Crecco, V. A, & Savoy, T. F. (1985). Effects of biotic and abiotic factors
on growth and relative survival of young American shad, Alosa sapidis-
sima, in the Connecticut River. Canadian Journal of Fisheries and Aquatic
Sciences, 42, 1640-1648. https://doi.org/10.1139/f85-205

Crispo, E. (2008). Modifying effects of phenotypic plasticity on interactions among
natural selection, adaptation and gene flow. Journal of Evolutionary Biology,
21,1460-1469. https:/doi.org/10.1111/j.1420-9101.2008.01592.x

de Jong, G. (2005). Evolution of phenotypic plasticity: Patterns of plas-
ticity and the emergence of ecotypes. New Phytologist, 166, 101-117.
https:/doi.org/10.1111/j.1469-8137.2005.01322.x

Docker, M. F.,, & Heath, D. D. (2003). Genetic comparison between sym-
patric anadromous steelhead and freshwater resident rainbow trout in
British Columbia, Canada. Conservation Genetics, 4, 227-231. https:/
doi.org/10.1023/A:1023355114612

Duguid, R. A., Ferguson, A., & Prodohl, 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

Edmands, S. (2007). Between a rock and a hard place: Evaluating the rela-
tive risks of inbreeding and outbreeding for conservation and manage-
ment. Molecular Ecology, 16, 463-475.

Elliot, J. M. (1994). Quantitative ecology and the brown trout. Oxford, UK:
Oxford University Press.

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

Excoffier, L., Laval, G., & Schneider, S. (2005). Arlequin ver. 3.0: An in-
tegrated software package for population genetics data analyses.
Evolutionary Bioinformatics Online, 1, 47-50.

Falush, D., Stephens, M., & Pritchard, J. K. (2003). Inference of population
structure using multilocus genotype data: Linked loci and correlated
allele frequencies. Genetics, 164, 1567-1587.

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, 104B, 33-41.

Ferguson, A., & Taggart, J. B. (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.tb00595.x

Foote, A. D., Newton, J., Piertney, S. B., Willerslev, E., & Gilbert, M. T. P.
(2009). Ecological, morphological and genetic divergence of sympatric
North Atlantic killer whale populations. Molecular Ecology, 18, 5207~
5217. https://doi.org/10.1111/j.1365-294X.2009.04407 .x

Gharrett, A. J., Joyce, J., & Smoker, W. W. (2013). Fine-scale temporal ad-
aptation within a salmonid population: Mechanism and consequences.
Molecular Ecology, 22, 4457 -4469. https:/doi.org/10.1111/mec.12400

Goetz,F.,Rosauer,D.,Sitar,S.,Goetz,G.,Simchick, C.,Roberts,S.,...Mackenzie,
S. (2010). A genetic basis for the phenotypic differentiation between
siscowet and lean lake trout (Salvelinus namaycush). Molecular Ecology,
19,176-196. https://doi.org/10.1111/j.1365-294X.2009.04481.x

Goudet, J. (1995). FSTAT (Version 1.2): A computer program to calculate
F-statistics. Journal of Heredity, 86, 485-486. https://doi.org/10.1093/
oxfordjournals.jhered.a111627

Hanski, I. A., & Gilpin, M. E. (1997). Metapopulation biology: Ecology, genet-
ics, and evolution. San Diego, CA: Academic Press.

Fcology and Evolution o 2739
& WILEY- 2%

Heath, D. D., Bettles, C. M., Jamieson, S., Stasiak, I., & Docker, M. F. (2008).
Genetic differentiation among sympatric migratory and resident life
history forms of rainbow trout in British Columbia. Transactions of the
American Fisheries Society, 137, 1268-1278. https://doi.org/10.1577/
T05-278.1

Heggenes, J., Roed, K. H., Jorde, P. E., & Brabrand, A. (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.2009.04101.x

Hendry, A. P. (2009). Ecological speciation! Or the lack thereof? Canadian
Journal of Fisheries and Aquatic Sciences, 66, 1383-1398. https:/doi.
org/10.1139/F09-074

Hendry, A. P, & Stearns, S. C. (2003). Evolution illuminated: Salmon and their
relatives. New York, NY: Oxford University Press.

Heywood, V. H. (1995). Global biodiversity assessment. Cambridge, UK:
UNEP, Cambridge University Press.

Hindar, K., Jonsson, B., Ryman, N., & Stahl, G. (1991). Genetic relationships
among landlocked, resident and anadromous brown trout, Salmo trutta
L. Heredity, 66, 83-91. https://doi.org/10.1038/hdy.1991.11

Huitfeldt-Kaas, H. (1918). Ferskvandsfiskens utbredelse og indvandring i
Norge med et tillaeg om krebsen. Kristiania, Norway: Centraltrykkeriet.

Indrelid, S. (1985). De farste bosetterne. In E. K. Barth (Ed.), Hardangervidda
(pp. 97-111). Oslo, Norway: Luther forlag.

loannidis, J. P. A. (2005). Why most published research findings are false.
Plos Medicine, 2, 696-701.

Jackson, D. A., Peres-Neto, P. R., & Olden, J. D. (2001). What controls who
is where in freshwater fish communities—The roles of biotic, abiotic,
and spatial factors. Canadian Journal of Fisheries and Aquatic Sciences,
58,157-170.

Jensen, H., Kahilainen, K. K., Amundsen, P. A, Gjelland, K. O., Tuomaala,
A., Malinen, T., & Bohn, T. (2008). Predation by brown trout (Salmo
trutta) along a diversifying prey community gradient. Canadian
Journal of Fisheries and Aquatic Sciences, 65, 1831-1841. https://doi.
org/10.1139/F08-096

Jensen, H., Kiljunen, M., & Amundsen, P. A. (2012). Dietary ontogeny 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

Jonsson, N., Hansen, L. P., & Jonsson, B. (1991). Variation in age, size and
repeat spawning of adult Atlantic salmon in relation to river discharge.
Journal of Animal Ecology, 60, 937-947. https://doi.org/10.2307/5423

Jonsson, N., Naesje, T. F, Jonsson, B. Saksgard, 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.tb02064 .x

Kalinowski, S. T., Taper, M. L., & Marshall, T. C. (2007). Revising how the
computer program CERVUS accommodates genotyping error increases
success in paternity assignment. Molecular Ecology, 16, 1099-1106.
https:/doi.org/10.1111/j.1365-294X.2007.03089.x

Keeley, E. R., Parkinson, E. A., & Taylor, E. B. (2007). The origins of eco-
typic variation of rainbow trout: A test of environmental vs. genetically
based differences in morphology. Journal of Evolutionary Biology, 20,
725-736. https://doi.org/10.1111/j.1420-9101.2006.01240.x

Kitchell, J. F, Eby, L. A., He, X., Schindler, D. E., & Wright, R. A. (1994).
Predator-prey dynamics in an ecosystem context. Journal of Fish Biology,
45,209-226. https://doi.org/10.1111/j.1095-8649.1994.tb01094.x

Klemetsen, A., Amundsen, P. A., Dempson, J. B., Jonsson, B., Jonsson, N.,
QO’Connell, M. F,, & Mortensen, E. (2003). Atlantic salmon Salmo salar
L., brown trout Salmo trutta L. and Arctic charr Salvelinus alpinus L.: A
review of aspects of their life histories. Ecology of Freshwater Fish, 12,
1-59. https://doi.org/10.1034/j.1600-0633.2003.00010.x

Koskinen, M. T., Haugen, T. O., & Primmer, C. R. (2002). Contemporary
fisherian life-history evolution in small salmonid populations. Nature,
419, 826-830. https:/doi.org/10.1038/nature01029


https://doi.org/10.1086/400074
https://doi.org/10.2193/2008-384
https://doi.org/10.2193/2008-384
https://doi.org/10.1139/f85-205
https://doi.org/10.1111/j.1420-9101.2008.01592.x
https://doi.org/10.1111/j.1469-8137.2005.01322.x
https://doi.org/10.1023/A:1023355114612
https://doi.org/10.1023/A:1023355114612
https://doi.org/10.1111/j.1095-8649.2006.01118.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/10.1111/j.1095-8312.1991.tb00595.x
https://doi.org/10.1111/j.1095-8312.1991.tb00595.x
https://doi.org/10.1111/j.1365-294X.2009.04407.x
https://doi.org/10.1111/mec.12400
https://doi.org/10.1111/j.1365-294X.2009.04481.x
https://doi.org/10.1093/oxfordjournals.jhered.a111627
https://doi.org/10.1093/oxfordjournals.jhered.a111627
https://doi.org/10.1577/T05-278.1
https://doi.org/10.1577/T05-278.1
https://doi.org/10.1111/j.1365-294X.2009.04101.x
https://doi.org/10.1111/j.1365-294X.2009.04101.x
https://doi.org/10.1139/F09-074
https://doi.org/10.1139/F09-074
https://doi.org/10.1038/hdy.1991.11
https://doi.org/10.1139/F08-096
https://doi.org/10.1139/F08-096
https://doi.org/10.1111/j.1095-8649.2012.03294.x
https://doi.org/10.2307/5423
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/j.1365-294X.2007.03089.x
https://doi.org/10.1111/j.1420-9101.2006.01240.x
https://doi.org/10.1111/j.1095-8649.1994.tb01094.x
https://doi.org/10.1034/j.1600-0633.2003.00010.x
https://doi.org/10.1038/nature01029

WOLLEBAEK ET AL.

2740 WI LEY—ECOlOgy and Evolution

Open Access,

Krueger, C. C., & May, B. (1987). Stock identification of naturalized
brown trout in Lake Superior tributaries: Differentiation based
on allozyme data. Transactions of the American Fisheries Society,
116, 785-794. https://doi.org/10.1577/1548-8659(1987)116
&lt;785:SIONBT&gt;2.0.CO;2

Kume, M., Kitano, J., Mori, S., & Shibuya, T. (2010). Ecological divergence and
habitat isolation between two migratory forms of Japanese threespine
stickleback (Gasterosteus aculeatus). Journal of Evolutionary Biology, 23,
1436-1446. https://doi.org/10.1111/j.1420-9101.2010.02009.x

L'Abée-Lund, J. H., Aass, P., & Saegrov, 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

Labonne, J., Augery, M., Parade, M., Brinkert, S., Prevost, E., Heland, M., &
Beall, E. (2009). Female preference for male body size in brown trout,
Salmo trutta: Is big still fashionable? Animal Behaviour, 77, 129-137.
https:/doi.org/10.1016/j.anbehav.2008.09.018

Langella, O. (1999). Populations 1.2.30. Population genetic software: individu-
als or populations distances based on allelic frequencies, phylogenetic trees,
file conversions. Retrieved from http:/bioinformatics.org/~tryphon/
populations/

Langerhans, R. B. (2008). Predictability of phenotypic differentiation across
flow regimes in fishes. Integrative and Comparative Biology, 48, 750-
768. https://doi.org/10.1093/icb/icn092

Lea, E. (1910). On the methods used in herring investigations. ICES
Publications du Circonstance Conseil Permanent International Pour I'Ex-
ploration de la Mer, 53, 5-174.

Lin, J., Quinn, T. P,, Hilborn, R., & Hauser, L. (2008). Fine-scale differen-
tiation between sockeye salmon ecotypes and the effect of pheno-
type on straying. Heredity, 101, 341-350. https://doi.org/10.1038/
hdy.2008.59

Mangel, M. (1996). Life history invariants, age at maturity and the ferox
trout. Evolutionary Ecology, 10, 249-263. https://doi.org/10.1007/
BF01237683

Mangel, M., & Abrahams, M. V. (2001). Age and longevity in fish, with con-
sideration of the ferox trout. Experimental Gerontology, 36, 765-790.
https://doi.org/10.1016/50531-5565(00)00240-0

Marin, K., Coon, A., Carson, R., Debes, P. V., & Fraser, D. J. (2016). Striking
phenotypic variation yet low genetic differentiation in sympatric Lake
Trout (Salvelinus namaycush). PLoS ONE, 11, 23.

Marshall, D. J., Bonduriansky, R., & Bussiere, L. F. (2008). Offspring size vari-
ation within broods as a bet-hedging strategy in unpredictable environ-
ments. Ecology, 89, 2506-2517. https:/doi.org/10.1890/07-0267.1

McDermid, J. L., Shuter, B. J., & Lester, N. P. (2010). Life history differences
parallel environmental differences among North American lake trout
(Salvelinus namaycush) populations. Canadian Journal of Fisheries and
Aquatic Sciences, 67, 314-325. https://doi.org/10.1139/F09-183

McLaughlin, R. L., Ferguson, M. M., & Noakes, D. L. G. (1999). Adaptive
peaks and alternative foraging tactics in brook charr: Evidence of
short-term divergent selection for sitting-and-waiting and actively
searching. Behavioral Ecology and Sociobiology, 45, 386-395. https:/
doi.org/10.1007/s002650050575

Mehner, T., Freyhof, J., & Reichard, M. (2011). Summary and perspective
on evolutionary ecology of fishes. Evolutionary Ecology, 25, 547-556.
https://doi.org/10.1007/s10682-011-9468-8

Miller, M. P. (1997). Tools for population genetic analyses (TFPGA) ver. 1.3.
Flagstaff, AZ: Department of Biological Sciences, Northern Arizona
University. Retrieved from http:/www.marksgeneticsoftware.net/

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

Morinville, G. R., & Rasmussen, J. B. (2006). Does life-history variability in
salmonids affect habitat use by juveniles? A comparison among streams
open and closed to anadromy. Journal of Animal Ecology, 75, 693-704.
https://doi.org/10.1111/j.1365-2656.2006.01090.x

Moritz, C. (1994). Defining evolutionarily-significant-units for con-
servation. Trends in Ecology & Evolution, 9, 373-375. https:/doi.
org/10.1016/0169-5347(94)90057-4

Narum, S. R., Contor, C., Talbot, A., & Powell, M. S. (2004). Genetic diver-
gence of sympatric resident and anadromous forms of Oncorhynchus
mykiss in the Walla Walla River, USA. Journal of Fish Biology, 65, 471-
488. https:/doi.org/10.1111/j.0022-1112.2004.00461.x

Nei, M., Maruyama, T., & Wu, C. I. (1983). Models of evolution of reproduc-
tive isolation. Genetics, 103, 557-579.

Niehaus, A. C., Wilson, R. S., & Franklin, C. E. (2006). Short- and long-
term consequences of thermal variation in the larval environment
of anurans. Journal of Animal Ecology, 75, 686-692. https:/doi.
org/10.1111/j.1365-2656.2006.01089.x

Northcote, T. G. (1978). Migratory strategies and production in freshwater
fishes. In S. D. Gerking (Ed.), Ecology of freshwater fish production (pp.
326-359). Oxford, UK: Blackwell Scientific.

Olofsson, H., Ripa, J., & Jonzen, N. (2009). Bet-hedging as an evolution-
ary game: The trade-off between egg size and number. Proceedings of
the Royal Society B—Biological Sciences, 276, 2963-2969. https://doi.
org/10.1098/rspb.2009.0500

Olsen, J. B., Wuttig, K., Fleming, D., Kretschmer, E. J., & Wenburg, J. K.
(2006). Evidence of partial anadromy and resident-form dispersal bias
on a fine scale in populations of Oncorhynchus mykiss. Conservation
Genetics, 7, 613-619. https://doi.org/10.1007/5s10592-005-9099-0

Ostergaard, S., Hansen, M. M., Loeschcke, V., & Nielsen, E. E. (2003). Long-
term temporal changes of genetic composition in brown trout (Salmo
trutta L.) populations inhabiting an unstable environment. Molecular
Ecology, 12, 3123-3135.

Ottaway, E. M., Carling, P. A,, Clarke, A., & Reader, N. A. (1981). Observations
on the structure of brown trout, Salmo trutta Linnaeus, redds. Journal of
Fish Biology, 19, 593-607. https://doi.org/10.1111/j.1095-8649.1981.
tb03825.x

Paetkau, D. (1999). Using genetics to identify intraspecific conservation
units: A critique of current methods. Conservation Biology, 13, 1507 -
1509. https://doi.org/10.1046/j.1523-1739.1999.98507 .x

Paetkau, D., Calvert, W., Stirling, I., & Strobeck, C. (1995). Microsatellite
analyses of population structure in Canadian polar bears. Molecular
Ecology, 4, 347-354. https:/doi.org/10.1111/j.1365-294X.1995.
tb00227.x

Page, R. D. M. (1996). TreeView: An application to display phylogenetic
trees on personal computers. Computer Applications in the Biosciences,
12,357-358.

Palme, A., Laikre, L., & Ryman, N. (2013). Monitoring reveals two genet-
ically distinct brown trout populations remaining in stable sympatry
over 20 years in tiny mountain lakes. Conservation Genetics, 14, 795-
808. https://doi.org/10.1007/510592-013-0475-x

Peakall, R.,, & Smouse, P. E. (2006). GENALEX 6: Genetic analy-
sis in Excel. Population genetic software for teaching and re-
search. Molecular Ecology Notes, 6, 288-295. https:/doi.
org/10.1111/j.1471-8286.2005.01155.x

Pearse, D. E., Hayes, S. A., Bond, M. H., Hanson, C. V., Anderson, E. C,,
Macfarlane, R. B., & Garza, J. C. (2009). Over the falls? Rapid evolution
of ecotypic differentiation in steelhead/rainbow trout (Oncorhynchus
mykiss). Journal of Heredity, 100, 515-525. https://doi.org/10.1093/
jhered/esp040

Pelletier, F., Garant, D., & Hendry, A. P. (2009). Eco-evolutionary dynamics.
Philosophical Transactions of the Royal Society B-Biological Sciences, 364,
1483-1489. https:/doi.org/10.1098/rsth.2009.0027

Perez-Figueroa, A., Cruz, F., Carvajal-Rodriguez, A., Rolan-Alvarez, E.,
& Caballero, A. (2005). The evolutionary forces maintaining a wild
polymorphism of Littorina saxatilis: Model selection by computer
simulations. Journal of Evolutionary Biology, 18, 191-202. https://doi.
org/10.1111/j.1420-9101.2004.00773.x

Perreault-Payette, A., Muir, A. M., Goetz, F., Perrier, C., Normandeau,
E., Sirois, P, & Bernatchez, L. (2017). Investigating the extent of


https://doi.org/10.1577/1548-8659(1987)116%3c785:SIONBT%3e2.0.CO;2
https://doi.org/10.1577/1548-8659(1987)116%3c785:SIONBT%3e2.0.CO;2
https://doi.org/10.1111/j.1420-9101.2010.02009.x
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/10.1016/j.anbehav.2008.09.018
http://bioinformatics.org/~tryphon/populations/
http://bioinformatics.org/~tryphon/populations/
https://doi.org/10.1093/icb/icn092
https://doi.org/10.1038/hdy.2008.59
https://doi.org/10.1038/hdy.2008.59
https://doi.org/10.1007/BF01237683
https://doi.org/10.1007/BF01237683
https://doi.org/10.1016/S0531-5565(00)00240-0
https://doi.org/10.1890/07-0267.1
https://doi.org/10.1139/F09-183
https://doi.org/10.1007/s002650050575
https://doi.org/10.1007/s002650050575
https://doi.org/10.1007/s10682-011-9468-8
http://www.marksgeneticsoftware.net/
https://doi.org/10.1139/f98-041
https://doi.org/10.1111/j.1365-2656.2006.01090.x
https://doi.org/10.1016/0169-5347(94)90057-4
https://doi.org/10.1016/0169-5347(94)90057-4
https://doi.org/10.1111/j.0022-1112.2004.00461.x
https://doi.org/10.1111/j.1365-2656.2006.01089.x
https://doi.org/10.1111/j.1365-2656.2006.01089.x
https://doi.org/10.1098/rspb.2009.0500
https://doi.org/10.1098/rspb.2009.0500
https://doi.org/10.1007/s10592-005-9099-0
https://doi.org/10.1111/j.1095-8649.1981.tb03825.x
https://doi.org/10.1111/j.1095-8649.1981.tb03825.x
https://doi.org/10.1046/j.1523-1739.1999.98507.x
https://doi.org/10.1111/j.1365-294X.1995.tb00227.x
https://doi.org/10.1111/j.1365-294X.1995.tb00227.x
https://doi.org/10.1007/s10592-013-0475-x
https://doi.org/10.1111/j.1471-8286.2005.01155.x
https://doi.org/10.1111/j.1471-8286.2005.01155.x
https://doi.org/10.1093/jhered/esp040
https://doi.org/10.1093/jhered/esp040
https://doi.org/10.1098/rstb.2009.0027
https://doi.org/10.1111/j.1420-9101.2004.00773.x
https://doi.org/10.1111/j.1420-9101.2004.00773.x

WOLLEBAEK ET AL.

parallelism in morphological and genomic divergence among lake trout
ecotypes in Lake Superior. Molecular Ecology, 26, 1477-1497. https:/
doi.org/10.1111/mec.14018

Piry, S., Alapetite, A., Cornuet, J. M., Paetkau, D., Baudouin, L., & Estoup,
A. (2004). GENECLASS2: A software for genetic assignment and first-
generation migrant detection. Journal of Heredity, 95, 536-539. https:/
doi.org/10.1093/jhered/esh074

Power, G. (1981). Stock characteristics and catches of Atlantic salmon
(Salmo salar) in Quebec, and Newfoundland and Labrador in relation
to environmental variables. Canadian Journal of Fisheries and Aquatic
Sciences, 38, 1601-1611. https://doi.org/10.1139/f81-210

Pritchard, J. K., Stephens, M., & Donnelly, P. (2000). Inference of population
structure using multilocus genotype data. Genetics, 155, 945-959.

Quinn, T. P. (2005). The behaviour and ecology of pacific salmon and trout.
Seattle, WA: University of Washington Press.

Quinn, T. P, & Tallman, R. F. (1987). Seasonal environmental predictabil-
ity and homing in riverine fishes. Environmental Biology of Fishes, 18,
155-159. https://doi.org/10.1007/BF00002604

Ramstad, K. M., Woody, C. A., & Allendorf, F. W. (2010). Recent
local adaptation of sockeye salmon to glacial spawning habi-
tats. Evolutionary Ecology, 24, 391-411. https://doi.org/10.1007/
s10682-009-9313-5

Rice, W. R. (1989). Analyzing tables of statistical tests. Evolution, 43, 223~
225. https://doi.org/10.1111/j.1558-5646.1989.tb04220.x

Rueffler, C., Van Dooren, T. J. M., Leimar, O., & Abrams, P. A. (2006).
Disruptive selection and then what? Trends in Ecology & Evolution, 21,
238-245. https://doi.org/10.1016/j.tree.2006.03.003

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

Schaffer, W. M., & Elson, P. F. (1975). Adaptive significance of variations
in life history among local populations of Atlantic salmon in North
America. Ecology, 56, 577-590. https://doi.org/10.2307/1935492

Seehausen, O., & Wagner, C. E. (2014). Speciation in freshwater fishes. In
D. J. Futuyma (Ed.), Annual review of ecology, evolution, and systematics
(Vol. 45, pp. 621-651). Palo Alto, CA: Annual Reviews.

Segura, |, Rocha-Olivares, A., Flores-Ramirez, S., & Rojas-Bracho, L.
(2006). Conservation implications of the genetic and ecological dis-
tinction of Tursiops truncatus ecotypes in the Gulf of California.
Biological Conservation, 133, 336-346. https://doi.org/10.1016/j.
biocon.2006.06.017

Sgro, C. M., & Hoffmann, A. A. (2004). Genetic correlations, tradeoffs
and environmental variation. Heredity, 93, 241-248. https:/doi.
org/10.1038/sj.hdy.6800532

Simpson, S. J., McCaffery, A. R., & Hagele, B. F. (1999). A behavioural
analysis of phase change in the desert locust. Biological Reviews of the
Cambridge Philosophical Society, 74, 461-480. https://doi.org/10.1017/
S000632319900540X

Skaala, O., & Naevdal, G. (1989). Genetic differentiation between fresh-
water resident and anadromous brown trout, Salmo trutta, within
watercourses. Journal of Fish Biology, 34, 597-605. https:/doi.
org/10.1111/j.1095-8649.1989.tb03338.x

Stuart, T. A. (1957). The migration and homing behaviour of brown trout
(Salmo trutta L.). Freshwater Salmon Fisheries Research, 18, 1-27.

Sultan, S. E., & Spencer, H. G. (2002). Metapopulation structure favors plas-
ticity over local adaptation. American Naturalist, 160, 271-283. https:/
doi.org/10.1086/341015

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:1008955
229420

Taylor, E. B. (2015). The Arctic char (Salvelinus alpinus) “complex” in North
America revisited. Hydrobiologia, 783, 283-293.

Fcology and Evolution o 2741
& WILEY- 274

Turesson, G. (1922). The genotypical response of the plant species to the
habitat. Hereditas, 3, 211-350.

Tysse, A., Skaala, @., & Jenssen, R. Y. (2004). Har langvarig fiskeutsetjing
paverka auren i Halne og Bjornesfjorden? Fisken og havet, 7, 1-31.
Vaha, J. P, Erkinaro, J., Niemela, E., & Primmer, C. R. (2007). Life-history
and habitat features influence the within-river genetic structure
of Atlantic salmon. Molecular Ecology, 16, 2638-2654. https:/doi.

org/10.1111/j.1365-294X.2007.03329.x

Vaha, J. P, & Primmer, C. R. (2006). Efficiency of model-based Bayesian meth-
ods for detecting hybrid individuals under different hybridization scenar-
ios and with different numbers of loci. Molecular Ecology, 15, 63-72.

Valiquette, E., Perrier, C., Thibault, I., & Bernatchez, L. (2014). Loss of genetic
integrity in wild lake trout populations following stocking: Insights from
an exhaustive study of 72 lakes from Quebec, Canada. Evolutionary
Applications, 7, 625-644. https://doi.org/10.1111/eva.12160

Van Oosterhout, C., Hutchinson, W. F., Wills, D. P. M., & Shipley, P. (2004).
MICRO-CHECKER: Software for identifying and correcting genotyp-
ing errors in microsatellite data. Molecular Ecology Notes, 4, 535-538.
https://doi.org/10.1111/j.1471-8286.2004.00684.x

Weir, B. S., & Cockerham, C. C. (1984). Estimating F-statistics for the analy-
sis of population structure. Evolution, 38, 1358-1370.

Werner, E. E., & Gilliam, J. F. (1984). The ontogenetic niche and species
interactions in size structured populations. Annual Review of Ecology
and Systematics, 15, 393-425. https:/doi.org/10.1146/annurev.
es.15.110184.002141

Wilson, A. J., Hutchings, J. A., & Ferguson, M. M. (2003). Selective and ge-
netic constraints on the evolution of body size in a stream-dwelling
salmonid fish. Journal of Evolutionary Biology, 16, 584-594. https://doi.
org/10.1046/j.1420-9101.2003.00563.x

Wilson, C. C., Stott, W., Miller, L., D'’Amelio, S., Jennings, M. J., & Cooper,
A. M. (2008). Conservation genetics of Lake Superior brook trout:
Issues, questions, and directions. North American Journal of Fisheries
Management, 28, 1307-1320. https:/doi.org/10.1577/M05-190.1

Wollebaek, J., Heggenes, J., & Roed, K. H. (2011). Population connec-
tivity: Dam migration mitigations and contemporary site fidel-
ity in arctic char. BMC Evolutionary Biology, 11, 207. https:/doi.
org/10.1186/1471-2148-11-207

Wollebaek, J., Heggenes, J., & Roed, K. H. (2010). Disentangling po-
tential stocking introgression and natural migration in brown trout:
Survival success and recruitment failure in populations with semi-
supportive breeding. Freshwater Biology, 55, 2626-2638. https://doi.
org/10.1111/j.1365-2427.2010.02485.x

Wollebaek, J., Roed, K. H., Brabrand, A., & Heggenes, J. (2012). Interbreeding
of genetically distinct native brown trout (Salmo trutta) populations
designates offspring fitness. Aquaculture, 356, 158-168. https:/doi.
org/10.1016/j.aquaculture.2012.05.020

Wollebaek, J., Thue, R., & Heggenes, J. (2008). Redd site microhabitat utili-
zation and quantitative models for wild large brown trout in three con-
trasting boreal rivers. North American Journal of Fisheries Management,
28, 1249-1258. https:/doi.org/10.1577/M07-069.1

Wood, C. C,, Bickham, J. W., Nelson, R. J., Foote, C. J., & Patton, J. C. (2008).
Recurrent evolution of life history ecotypes in sockeye salmon: Implications
for conservation and future evolution. Evolutionary Applications, 1, 207-
221. https://doi.org/10.1111/j.1752-4571.2008.00028.x

How to cite this article: Wollebaek J, Heggenes J, Roed KH. Life
histories and ecotype conservation in an adaptive vertebrate:
Genetic constitution of piscivorous brown trout covaries with
habitat stability. Ecol Evol. 2018;8:2729-2745. https://doi.
org/10.1002/ece3.3828



https://doi.org/10.1111/mec.14018
https://doi.org/10.1111/mec.14018
https://doi.org/10.1093/jhered/esh074
https://doi.org/10.1093/jhered/esh074
https://doi.org/10.1139/f81-210
https://doi.org/10.1007/BF00002604
https://doi.org/10.1007/s10682-009-9313-5
https://doi.org/10.1007/s10682-009-9313-5
https://doi.org/10.1111/j.1558-5646.1989.tb04220.x
https://doi.org/10.1016/j.tree.2006.03.003
https://doi.org/10.1002/ece3.2600
https://doi.org/10.1002/ece3.2600
https://doi.org/10.2307/1935492
https://doi.org/10.1016/j.biocon.2006.06.017
https://doi.org/10.1016/j.biocon.2006.06.017
https://doi.org/10.1038/sj.hdy.6800532
https://doi.org/10.1038/sj.hdy.6800532
https://doi.org/10.1017/S000632319900540X
https://doi.org/10.1017/S000632319900540X
https://doi.org/10.1111/j.1095-8649.1989.tb03338.x
https://doi.org/10.1111/j.1095-8649.1989.tb03338.x
https://doi.org/10.1086/341015
https://doi.org/10.1086/341015
https://doi.org/10.1023/A:1008955229420
https://doi.org/10.1023/A:1008955229420
https://doi.org/10.1111/j.1365-294X.2007.03329.x
https://doi.org/10.1111/j.1365-294X.2007.03329.x
https://doi.org/10.1111/eva.12160
https://doi.org/10.1111/j.1471-8286.2004.00684.x
https://doi.org/10.1146/annurev.es.15.110184.002141
https://doi.org/10.1146/annurev.es.15.110184.002141
https://doi.org/10.1046/j.1420-9101.2003.00563.x
https://doi.org/10.1046/j.1420-9101.2003.00563.x
https://doi.org/10.1577/M05-190.1
https://doi.org/10.1186/1471-2148-11-207
https://doi.org/10.1186/1471-2148-11-207
https://doi.org/10.1111/j.1365-2427.2010.02485.x
https://doi.org/10.1111/j.1365-2427.2010.02485.x
https://doi.org/10.1016/j.aquaculture.2012.05.020
https://doi.org/10.1016/j.aquaculture.2012.05.020
https://doi.org/10.1577/M07-069.1
https://doi.org/10.1111/j.1752-4571.2008.00028.x
https://doi.org/10.1002/ece3.3828
https://doi.org/10.1002/ece3.3828

WOLLEBAEK ET AL.

WI LEy_Ecology and Evolution S

2742

56 05280 8€£8°0 o1 or z6 05280 60180 ot or L6 95080 88%8°0 ot 9¢
LTV 0050 $2SL0 vT o 81T 05280 £518°0 et oy SeT 8L/L°0 8110 ST 9
LS 0520 8€TL°0 9 or 6S 0S/L°0 90%L°0 9 oy 69 £6€8°0 88EL°0 L 9¢
aq’ 0S/8°0 00880 ST o zst 00580 00980 LT o 8T ££€8°0 82060 LT 9
0T 05210 ZLIT0 z or 0 12820 81170 z 6¢ 0T 65020 L6220 z ve
L€ 0S/Z°0 Y610 % o 6€ 000%°0 8E0Y'0 % o 8'c 9500 ¥2L20 % 9
ar 05260 8/58°0 14 or 971 50280 v¥8L°0 e1 6¢ 011l ¥288°0 95%8°0 T ve
LT 005£°0 608E0 g o 0c 000%°0 L8YE€0 z o 8¢ 8LT0 £SEE0 £ 9
£01 00060 L¥S8°0 T or v'eT 81/8°0 25980 ST 6¢ 6T L9160 1£68°0 L1 9¢
0's 26910 TYELO S 6¢ 09 05280 958£°0 9 o 0's 68880 18920 S 9
zstT V1680 90980 L1 6¢ zet 05280 61180 1 or 8'€T L9160 68480 ST 9¢
v °H °H "N N v °H °H "N N v °H °H "N N
(0P =N) €L (ob=N)zL (9€=N)TL

LS 60090 $8/5°0 LS v'6C 9/ 95690 EVL9°0 T8 86 VL 8£99°0 8959'0 T8 z6¢
o€ L99V'0 19840 £ 0 6 05290 82610 £ or o€ 0S/5°0 99950 £ or
o€ 000Z°0 0S81°0 £ 0 L€ 005€°0 69S€0 % or o€ £0TH0 ST9%0 g 68
69 £€€L0 0500 L oc 68 05280 95280 6 o L 00580 zL28°0 8 oy
0's 62%9°0 EV610 S 8T 6T 9£vL°0 89/L°0 91 68 LTT Y1450 02090 1 sg
0's £998°0 8T¥L'0 S oe 09 00080 5/08°0 9 oy 9'9 00580 69%L°0 L or
811 00060 68580 z1 o 6v1 05260 L¥88°0 91 oy YT 05280 91980 91 oy
0c £YOY°0 7260 z 8T 0T 005€£°0 00Z€0 z o 0T 12820 S£6£°0 z 6€
6€ L9910 6£12°0 ¥ (of3 6€ 00550 99510 ¥ oy oY 0S/t°0 TYIP0 ¥ o
0L 00520 Z60L°0 L 8T L'6 0S/8°0 £598°0 o1 o 611 L8Y6°0 LS/8°0 1 6¢
0 £€€£°0 00870 z 0 0 000%'0 88910 z or 0T 0SZt'0 22980 z o
66 £€£8°0 829L°0 o1 o v'Tl [8Y6°0 78880 et 6¢ 9Z1 12480 ¥858°0 1 8¢
0§ £€€9°0 TTTL0 S 0 LS 0S/L°0 91EL0 9 o 09 05280 8/9L°0 9 or
06 ¥128°0 £6LL°0 6 8T o€l 0S.L°0 91680 vl o 1A 0050 £008°0 1 o
v °H °H "N N ‘v °H °H "N N v °H °H "N N
(0g=N) ed (0¥ =N) zd (0¥ =N) 1d

LT1¥ISOSS
60nig
L0nig
genig
cenig
y1nig
grnig

094s
8GeNNAIS
STAS
Z1ennis

1207

93esony
€41S
8EY|SOSS
LTYIS0SS
60nig
L0nig
genig
cenig
Inig
€rnig
09415
8GeERNNS
STAS
crennis

1007

('v) sssuyou

J19)je pue ‘(°H pue °H) AlIso8Azous38Y (3UN02 10341p) paAIasqo pue pajdadxa (I°N) saja|ie Jo Jaquinu ‘() S|enpIAIpul palyljdWwe O JaquInu ‘InNoJ} JO Jaquinu yym suoijedol sjdwes Ty 374VL

X1AN3ddV



2743

Ecology and Evolution
& ez YWILEY

WOLLEBAEK ET AL.

" een POYJBW SI UOIID24I0D UOLIBJUOG [elIUSNDSS Ja1se (SO° > d) MH WoJy aaniedap juediiusis

T8 6190 89990 YT S5 6L Z1E9°0 22990 5ZT L7728
0 $505°0 Z€55°0 £ 8Ys o€ 88610 95550 £ zee
6€ 88EY0 019¥°0 5 LYS 6€ L2970 82/°0 S zee
68 68180 L9280 1 8Ys 9'8 $/080 £Y180 o1 zee

87T 69690 9820 s TS 611 08£9°0 £52L0 74 £z
€9 LTLL0 LL8LO 6 0SS z9 005£°0 60610 8 vee
9'9T L9V80 £868°0 ve 8YS z91 £2€8°0 91680 € zze
0C 9520 ¥652°0 z s 0 T6£20 LEETO z zee
A% STSE0 £99€°0 9 65 X4 SLEE0 089€°0 9 gze
44 £L£80 60580 %4 1243 €1 1£180 L6ES0 (074 %43
ze 5Z9€0 £188°0 v 65 €2 T65E0 LE9E0 v £ze
zel $698°0 L0680 %4 ] 61 14580 59880 81 zee
8’ Z8vL0 0690 L vrSs 65 6LTL0 699L0 L 61¢
oYl £9%8°0 ¥568°0 14 ors g€l 08580 66680 vT L1€
v °H °H "*N N v °H °H "*N N
(0SS = N) 11V (Fze =N)1

9L v6v9°0 SL¥9°0 z8 86 8/ ££99°0 §2590 '8 86 z8 00590 £6£90 L8 L'SE

o€ 0SZ¥'0 60250 € or o€ 00050 0STS0 g or 8 zeLY0 Z1150 g 9

6€ 00090 91650 % o 6€ 0SL¥°0 82910 % oy oY £€EE0 8€/E0 % 9

v °H °H "N N v °H °H "N N v °H °H "N N
(0¥ =N) €L (ov=N)ZL (9 =N)TL

E-{IEYNV
€L1S
8EY|SOSS
L1¥1S0SS
60n4g
L0on4g
genig
z¢enig
y1nig
€1nig
094s
8GENNAS
STAS
[

1207

98esany
€LN1S
8EISOSS

1207

(penunuod) TV 319V1



27i|_Wl LE Y—Ecology and Evolution

WOLLEBAEK ET AL.

Open Access,

TABLE A2 Weir and Cockerham’s (1984) pairwise F; (6) estimate among trout from riverine sites (R) and lake caught trout >35 cm (L)
assigned to riverine sites in GENECLASS2

Site/Assigned
site (n) RP1 RP2 RP3 RT1 RT2 RT3 LP1 LP2 LP3 LT1 LT2 LT3
RP1 (40) 0.0201 0.0549 0.0228 0.0341 0.0305 0.0039 0.0189 0.0444 0.0261 0.0302 0.0305
RP2 (40) - 0.0618 0.0125 0.0224 0.0250 0.0224 -0.0045 0.0435 0.0210 0.0170 0.0255
RP3 (30) v v 0.0394 00651 0.0626  0.0580 0.0565  0.0088 0.0379 00520 0.0511
RT1 (36) - - - 0.0157 00176  0.0204 00128 00205 -0.0023 0.0107 0.0139
RT2 (40) v v - v 0.0132  0.0310 0.0238  0.0514 0.0306 0.0046  0.0243
RT3 (40) - - - ’ - 0.0254 0.0272  0.0434 0.0277 0.0200  0.0048
LP1 (32) ns v " v v " 0.0178  0.0410 0.0183 00201  0.0179
LP2 (45) - ns - ’ - h v 0.0369 00151 00141 0.0196
LP3 (36) v v ns v v " " v 0.0154 0.0308  0.0306
LT1 (54) - - - ns - - - - - 0.0149  0.0103
LT2(15) v v " ' ns " v v " v 0.0144
LT3 (18) * = = = ns = ey ns
Nonsignificant (ns) and significant test (*, **, ***) after sequential Bonferroni correction according to 5%, 1%, and 0.1%, respectively.
T3
T2
T1
L,>35cm
L,<35cm
P3 P1
P2
FIGURE A1 Neighbor-joining tree of all trout (n = 550) from river
sites (P/T) and lakes (L). Based on Nei et al’s (1983) genetic distance
Da. Bootstrap support based on 10,000 replicates is shown when
>50. See section 2.2 and Table 1 for sample sizes
—20000 80
—20500 + *
—21000 + [
—-21500 +
@ —22000 +
E e | FIGURE A2 Bayesian support for
—23000 + a tripartite structure. Mean posterior
—23500 | probability Ln P(D) with standard deviance
-24000 + (bars) and delta K, after 10 runs for K
—24500 1+ population clusters in STRUCTURE. The
_25000 analysis is for all fish (n = 550), without

10 M

12 13

14 15

prior sample information and with an
admixture model
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100 %
FIGURE A3 Individual membership 80 %
coefficients of the tripartite structure. 60 %
Bars indicate individual membership q 0%
coefficients, from river sites (P/T, n = 226) S
and lakes (L, n = 324), of the three cluster
populations (K = 3), denoted by the three 0%
colors L
(@ (b) = © ==
S 700 4 4 09 I 7T i i
FIGURE A4 Age, length, and ol T 1 RN = aﬂ : HHH
assignment variation among population g Pl - . - '
v g 104 i : £ 509 i 0.7 :
cluster partitions. Tukey box plots of age (a, _E sl E' ; S 40l S H T
years), total length (b, L), and assignment » gl E\ : H =¥ 304 B : ﬁ . i
(c, q) of all lake caught (L, n = 324) and al=" 1 g 1 1 — al 0% & & i
riverine resident (R, n = 226) partitions of 9k £ L ¥ T T ‘ ; b s 2
population clusters. Only maximum age lpl2 Lt23 Rp3 lpl2 Lt23  Rp3 lpl2z Lt23  Rp3
and length of riverine resident fish are Lp3 Rpl2z Rt23 Lp3  Rpl2 Rt23 Lp3  Rpl2 Rt23

measured, and thus presented

FIGURE A5 Genetic distance of
partitions. Neighbor-joining tree of all
riverine resident (R) and lake caught trout
(L) assigned to STRUCTURE population
clusters (p12, p3, and t23, gray-dashed
circles), and to populations after exclusion
criteria (g > 0.8, L; lake caught trout

>35 c¢m, black solid circles). Based on

Nei et al’s (1983) genetic distance Da,
with bootstrap support based on 10,000
replicates shown when >50

Population cluster partitions




