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Abstract

Species introductions are considered one of the major drivers of biodiversity loss via
ecological interactions and genetic admixture with local fauna. We examined two well-
recognized fish species, native whitefish (Coregonus lavaretus) and introduced vendace
(Coregonus albula), as well as their morphological hybrids in a single lake to test for
selection against hybrids and backcrosses in the wild. A representative random
subsample of 693 individuals (27.8%) was taken from the total catch of coregonids. This
subsample was examined with the aim to select c. 50 individuals of pure whitefish
(n = 52), pure vendace (n = 55) and putative hybrid (n = 19) for genetic analyses. The
subsequent microsatellites and mitochondrial (mt) DNA analyses provided compelling
evidence of hybridization and introgression. Of the 126 fish examined, four were found to
be F;, 14 backcrosses to whitefish and seven backcrosses to vendace. The estimates of
historical gene flow suggested higher rates from introduced vendace into native whitefish
than vice versa, whereas estimates of contemporary gene flow were equal. Mitochondrial
introgression was skewed, with 18 backcrosses having vendace mtDNA and only three
with whitefish mtDNA. Hybrids and backcrosses had intermediate morphology and niche
utilization compared with parental species. No evidence of selection against hybrids or
backcrosses was apparent, as both hybrid and backcross growth rates and fecundities
were high. Hybrids (F;) were only detected in 2 year-classes, suggesting temporal
variability in mating between vendace and whitefish. However, our data show that
hybrids reached sexual maturity and reproduced actively, with backcrosses recorded from
six consecutive year-classes, whereas no F, individuals were found. The results indicate
widespread introgression, as 10.8% of coregonids were estimated to be backcrosses.
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Introduction
The traditional biological species concept states that a

species consists of actually, or potentially, inter-breed-
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ing populations, which are reproductively isolated from
other such populations and that interspecific mating
would lead to lowered reproductive success via hybrid
sterility and inviability (Mayr 1942). This traditional
viewpoint has been challenged by the frequent obser-
vations of natural hybridization, and in some cases,
genetic evidence indicates recent or past events of
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introgression (Mallet 2005). The lower fitness of hybrids
is generally related to the loss of advantageous adap-
tations via mixing with other species, which is an
especially common outcome during the introduction
or invasion by a new species (Rhymer & Simberloff
1996). Introductions are currently considered one of the
major drivers of biodiversity loss both via ecological
interactions and genetic admixture with local fauna
(Seehausen et al. 2008).

The frequency of human introduction and invasions
by new species has accelerated in an increasingly con-
nected world; this has resulted in frequent gene flow
with native taxa (Rahel 2002). The secondary contact
between closely related species via translocation is espe-
cially prone to promote hybridization and introgression
in plants and animals (Wilson & Bernatchez 1998; Blair
& Hufbauer 2010; Senn et al. 2010; Steeves et al. 2010).
In plants, such translocation could quickly promote
hybridization and introgression with native species that
may lead to complete admixture or in some cases, lead
to the formation of hybrid species (Arnold 2006; Zalapa
et al. 2010). The outcome of hybridization is highly
diverse and depends on both the invasive species and
receiving environments. According to Allendorf et al.
(2001), there are three general patterns in hybridization
between introduced and native species: i.e. hybridiza-
tion without introgression, widespread introgression
and complete admixture. Here, the last two patterns
provide pathways to genetic admixture with introduced
species that may potentially reduce phenotypic adapta-
tions and fitness in native species. Salmonids fisheries
have a long history of introductions with multiple
adverse ecological and evolutionary effects on native
species on a global scale (Crawford & Muir 2008; Korsu
et al. 2010). Hybridization and introgression have fre-
quently been detected, e.g. in the salmonid genera On-
corhynchus, Salvelinus and Coregonus across the Northern
Hemisphere (Rogers et al. 2001; Redenbach & Taylor
2002; Rubidge & Taylor 2004). However, detailed stud-
ies comparing the ecological performance of pure and
admixture individuals in the wild are surprisingly
scarce.

The Holarctic coregonid fishes are extremely diverse
in terms of behaviour, phenotypic traits and niche occu-
pation. These factors have led to repeated taxonomic re-
evaluation and an ongoing debate about the phyloge-
netic relationship between and within three recognized
genera (i.e. Coregonus, Prosophium and Stenodus; Bernat-
chez 2004). Diversity is especially evident within Euro-
pean whitefish (Coregonus lavaretus (L.); Svardson 1979;
Ostbye et al. 2005, Hudson et al. 2007). Coregonids
were among the first fishes to colonize the Northern
Hemisphere after the retreat of the last glacial ice sheets
and faced ecological opportunities promoting their
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adaptive radiation in newly formed lakes (Jstbye et al.
2006; Bernatchez et al. 2010; Siwertsson et al. 2010). The
adaptive radiation of Coregonus was rapid in northern
Fennoscandia where a single mtDNA ancestral lineage
probably radiated into sympatric morphs within a time
span of only c. 10 000 years (Jstbye et al. 2005, 2006).
Furthermore, whitefish have repeatedly diverged into
the two major niches in the pelagic-littoral axis of these
lakes, and in a few cases, also into a third major niche,
the profundal zone (Amundsen et al. 2004; Harrod
et al. 2010). In marked contrast, the highly specialized
zooplanktivore vendace [Coregonus albula (L.)] has not
diverged along these resource axes.

Whitefish and vendace are commonly found sympat-
rically in lakes in northern Europe. Although their
reproduction may overlap both in time and location,
size-assortative mating, among other prezygotic barri-
ers, is thought to generally prevent interspecific hybrid-
ization (Svdardson 1976, 1979). However, hybridization
between these taxa has been reported both in the wild
and in the experiments (Garside & Christie 1962; Pe-
thon 1974; Todd & Stedman 1989), indicating the lack
of complete intrinsic isolation barriers. In experimental
crossings between whitefish and vendace, there was no
indication of lowered fecundity in F; hybrids, whereas
some reduction of fecundity was observed in F, hybrids
(Svéardson 1965). However, some experimental crossings
of lake whitefish morphs (Coregonus clupeaformis, Mit-
chill) have reported reduced intrinsic F; hybrid viability
and markedly reduced backcross viability compared
with pure morphs (Rogers & Bernatchez 2006). Thus,
the combined evidence suggests that both intrinsic and
extrinsic isolation mechanisms are important to main-
tain the integrity of pure species. Here, we concentrate
on extrinsic isolation barriers to hybridization, defined
as the ecological factors following the successful hatch-
ing of eggs that could be related to niche utilization
reflecting life history traits, e.g. growth and fecundity.
Such detailed studies of putative selection against
hybrids and backcrosses in relation to the most closely
related resource competitors, namely their parental pure
species, are largely lacking in the literature.

Here, we conducted a field survey in a subarctic lake,
which harbours a natural whitefish population and an
introduced vendace population. We aimed to examine,
with the aid of morphology, mtDNA and microsatellite
data, whether these closely related taxa hybridize and
introgress in sympatry. To evaluate whether the taxo-
nomic/genetically defined groups had diverged in
terms of niche utilization, we compared both short-term
(habitat use and diet) and long-term (stable isotopes
and habitat-specific endoparasites) measurements.
Finally, we searched for apparent signs of selection
against hybrids and introgressed fish. We assumed that
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only two optimal and divergent niches exist in the lake
(viz. the pelagic and the benthic niche) and that ‘geneti-
cally pure’ vendace and whitefish will perform best in
their respective niches. If hybrids had an intermediate
morphology between the parental species, they would
be less adapted to either the benthic or pelagic niche
than the ‘genetically pure’ parental taxa (Hatfield &
Schluter 1999; Gow et al. 2007). This maladaptation
should be detectable in life history traits commonly
used as fitness proxies: hybrids should have slower
growth rates, rarely reach sexual maturity and have
lower fecundity compared with ‘genetically pure’” spe-
cies. The reduced fitness of hybrids should also be
detected as an overall lower abundance of hybrids and
the lack of backcrosses. Finally, we evaluate our results
in comparison to the alternative hypothesis that corego-
nids in this lake represent a hybrid swarm where
genetic mixing is not selected against.

Materials and methods

Study area and field sampling

Lake Rahajarvi (68°45'N, 27°17’E; L. Raha) is located in
the subarctic Paatsjoki watercourse in Finnish Lapland
at 132 m a.s.l. (Fig. S1, Supporting information). It is a
relatively large (23 km?) and deep (max 46 m, mean
depth 14.1 m) oligotrophic lake (totP 4 pg/L, totN
100 pg/L) with clear water (colour 8 Pmg/L, Secchi
depth 6.5 m, 1% of surface light left at depth of 9 m)
surrounded by rocky terrain, mainly scattered with
erratic boulders and pine (Pinus sylvestris) forest. The
shoreline is predominantly rocky with a few sandy
bays. The natural fish fauna is dominated by salmonids
including whitefish, arctic charr [Salvelinus alpinus (L.)],
brown trout [Salmo trutta (L.)] and grayling [Thymallus
thymallus (L.)]. Other species include perch (Perca fluvia-
tilis L.), pike (Esox lucius L.), burbot [Lota lota (L.)], min-
now [Phoxinus  phoxinus (L.)] and nine-spined
stickleback [Pungitius pungitius (L.)]. Whitefish naturally
occur as a monomorphic population.

To support local seine fisheries, vendace were intro-
duced into the Paatsjoki watercourse in the 1950s and
subsequently colonized the large Lake Inari (Fig. SI,
Supporting information) during the following decades
(Amundsen et al. 1999). In the late 1980s, vendace
stocks became extremely abundant in L. Inari and sub-
sequently invaded the lakes in the lower Paatsjoki
watercourse (Boehn & Amundsen 2001). At the same
time, it was also intentionally transferred as a potential
prey resource for piscivorous salmonids from L. Inari to
L. Raha on three occasions during late autumn and
winter. In 1987, 1989 and 1990, approximately 7000,
116 000 and 21 500 vendace were introduced to L. Raha

(M. Ahonen, personal communication). Vendace imme-
diately began to reproduce, resulting in a rapid increase
in population size. However, vendace experienced a
demographic collapse at the end of the 1990s, resulting
in a markedly low population size in the 2000s (M. Sep-
pénen, personal communication).

The fish samples for this study were collected in Sep-
tember 2005, 18 years after the first introduction of
vendace into L. Raha. Sampling was performed using a
combination of gill net series, pelagic trawling and ver-
tical echosounding (Kahilainen et al. 2004). We used a
240-m-long gill net series randomly combined of eight
individual nets with mesh sizes (knot to knot) 12, 15,
20, 25, 30, 35, 45 and 60 mm. The trawl was 4 m high,
8 m wide, and the mesh size of the cod end was 3 mm
(knot to knot). Trawl and gill net catches were divided
to species and all coregonids (1 = 2490) were measured
(total length +1 mm and mass +0.1 g). Random subsam-
ples from gill net and trawl catches (total of 693 corego-
nids) were frozen at —20 °C prior to morphological
classification and subsequent analyses. This random
sample was used also as a sampling population for the
genetic and morphological analyses.

Genetic analyses

Initially, we partitioned all individuals (n = 693) into
three a priori groups based on their external morphol-
ogy: putative ‘whitefish’ having a subterminal mouth
and the lowest number of short gill rakers; putative
‘vendace’ having a superior mouth and the highest num-
ber of long gill rakers; and putative ‘interspecific hybrids’
possessing intermediate characteristics. The initial aim
was to sample c. 50 specimens from each of the pure
species and their putative hybrids. As a result, all puta-
tive hybrids (n = 20), 53 putative whitefish and 56 puta-
tive vendace, were selected for genetic analyses. Three
fish were removed because of failures in amplification
(one putative vendace) and simultaneous amplification
of three alleles per locus at some microsatellite loci (one
putative whitefish and one putative hybrid). The ampli-
fication of three alleles was confirmed in three different
PCR with three independent DNA extractions per indi-
vidual. Thus, genetic assignments were conducted for
52 whitefish, 55 vendace and 19 putative hybrids. These
same individuals were used for all subsequent morpho-
logical, ecological and life historical analyses.

Total DNA was extracted from muscle with a silica-
fine-based purification method (Elphinstone et al. 2003)
following proteinase K digestion. A fragment of the
cytochrome b gene was amplified and sequenced using
a forward (5-GTTATTGCAGCTGCAACAGTCAT-3)
and a reverse (5-GGCTCATTCGAGGGCTTTAT-3") primer
(Ostbye et al. 2005). The forward primer was designed

© 2011 Blackwell Publishing Ltd



in a conserved region of published cytochrome b
sequences of salmonid species available at GenBank.
PCR amplification and sequencing reaction were per-
formed according to Shikano et al. (2010). The anneal-
ing temperature was set to 53 °C. Cycle-sequencing
products were purified by ethanol precipitation and
analysed on an ABI 3730x] DNA Analyzer (Applied
Biosystems). The sequences were edited in Meca 4
(Tamura et al. 2007). The best nucleotide substitution
model was found in MODELTEST 3.7 (Posada & Crandall
1998) after an initial analysis in paur 4.0b10 (Swofford
2001). Here, the TrN + G model (Tamura & Nei 1993)
fitted the data best using the hierarchical likelihood
ratio test (hLRT). A total of 26 characters were phyloge-
netically informative. We ran a maximum-likelihood
(ML) analysis in paur 4.0b10 with 10 random stepwise
addition replicates and tree-bisection-reconnection
swapping (TBR). Here, 100 bootstrap replicates were
used to assess the statistical support. Stenodus leucich-
thys (Genbank Accession no.: DQ185400) was used as
the genetic outgroup in the phylogenetic analysis.

Nuclear genetic variation was assessed at seven mi-
crosatellite loci: Bwf2 (Patton ef al. 1997), Cisco-90,
Cisco-126 (Turgeon et al. 1999), Cocl23, Cocl-Lav4,
Cocl-Lav27 and Cocl-Lav6l (Rogers et al. 2004). Each
forward primer was labelled with a fluorescent dye
(FAM, HEX or TET) and the 5-end of reverse primer
was modified with a GTTT-tail (Brownstein et al. 1996).
PCRs were performed using the Qiagen Multiplex PCR
Kit (Qiagen) arranging loci in two multiplex PCR panels
with nonoverlapping size ranges in each dye. The reac-
tions were carried out following Shikano et al. (2010).
The annealing temperature was set to 55 °C. PCR prod-
ucts were visualized on MegaBACE 1000 automated se-
quencers (Amersham Biosciences). The alleles were
scored using Fragment Profiler 1.2 (Amersham Bio-
sciences) with visual inspection and manual corrections
of alleles by Takahito Shikano.

Microsatellites were run in Micro-Checker 2.2.3 (Van
Oosterhout et al. 2004) on a priori groups (whitefish,
vendace, hybrids) by locus basis, where no discrepancy
was found regarding nonpositive integers, out-of-range
values or zero values, or values with inconsistent mod-
ulus based on repeat motifs. Moreover, no evidence
was found for scoring error because of stuttering, large
allele dropout or for the presence of null alleles.

The genetic relationship among three morphologically
determined groups was analysed using STRUCTURE 2.2.3
(Pritchard ef al. 2000). The most likely number of
genetic clusters was analysed using an admixture
model with 2500000 burn-in steps and 7 500 000
MCMC replicates, with 33 replicates for each of the
runs for K =1-3, (ie. putatively; ‘whitefish’, ‘vendace’
and ‘interspecific hybrids’) based on methods in Evanno
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et al. (2005) and Pritchard et al. (2000). We used a pos-
terior probability of >0.85 for each fish over runs to
denote a ‘significant’ assignment to either whitefish or
vendace. The choice of this value was based on the con-
cordance with the gill raker trait association as a highly
heritable trait (Svdardson 1970; Rogers & Bernatchez
2007; Bittner et al. 2010), which together can be viewed
as an evaluation of the biological reality of such theoret-
ical genetic assignments. Ideally, one should aim at the
highest value attainable in a given study or as a priori
value such as 0.95 as in statistics for P values. However,
an extensive diversity may exist in hybrid zones com-
prising older than two generation hybrids and thus we
argue that our choice of a cut-off value on 0.85 is justi-
fied. In addition, we performed similar analysis in BAPs
3.2 (Corander & Marttinen 2006). However, as results
were concordant between the two methods, only sTrRUC-
TURE data are presented.

To obtain more details with regard to the pattern of
gene flow between taxa, we used NewHybrids 1.0
(Anderson & Thompson 2002) to estimate the genotype
posterior probability that individual belonged to one of
the six a posteriori categories; ‘pure whitefish (hereafter
referred to as WF)', ‘pure vendace (V)', ‘Fy’, ‘F,’, ‘backcross
to whitefish (BCWF) and ‘backcross to vendace (BCV)'.
This program assumes that the sample consists of pure
individuals and recent hybrids of species (or popula-
tions). This may cause uncertain assignments of later
generation hybrids and backcrosses as whitefish and
vendace have been able to interbreed during 18 spawn-
ing seasons before our field sampling. However, in lack
of other available software that could cope with more
than two generations of hybridization and introgres-
sion, we used NewHybrids 1.0, despite shortcomings
and potential violation of assumptions. Here, a set of
five analyses was performed using 100 000, 115 000,
175 000, 390 000 and 1 000 000 burn-in steps followed
by an equal number of MCMC iterations, where a pos-
terior probability >0.85 for each fish was decided to
denote a ‘significant’ assignment to one of six catego-
ries. Moreover, we tested the ability of NewHybrids 1.0
to identify six categories by generating these events
from simulated mating between 30 WF and 30 V as
well as 30 of their offspring in each of the remaining
four categories using Hybridlab 1.0. (Nielsen et al.
2006). Here, we used 10 replicates of 20 000 burn-in
steps/MCMC iterations in NewHybrids. For ease of
graphical interpretation of the real data with regard to
the genetic admixture levels, we ran these simulated six
categories (WF, V, F;, F,, BCWF, BCV) in STRUCTURE and
plotted them (Fig. 1c). To evaluate these genetic assign-
ment probabilities and group adherence in terms of bio-
logical realism, we compared six categories from
NewHybrids (assignment as whitefish) and gill raker
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(a)

Whitefish

(b)

Vendace Hybrids

Whitefish

Vendace Hybrids

Whitefish Vendace F

1

F BC-Whitefish BC-Vendace

2

Fig. 1 Genetic classification of coregonid individuals. Genetic assignment based on STRUCTURE results (a). Probability of belonging to
six a posteriori genetic groups based on NewHybrids analyses (b). Genetic assignment in STRUCTURE for the simulated six a posteriori

groups using real parents as generated in Hybridlab (c). Colour codes are: orange = ‘whitefish’, blue = ‘vendace’, yellow = ‘Fy’,

’

pink = ‘F,’, green = ‘backcross to whitefish” and purple = ‘backcross to vendace’. In addition the a priori phenotypic/genetic groups

are displayed in text below each figure.

counts (which is a highly heritable trait in coregonids;
Svirdson 1970; Rogers & Bernatchez 2007) using Pear-
son correlation.

Observed heterozygosity (H,), expected heterozygos-
ity (Hg), allele counts, F-statistics and genotypic linkage
disequilibrium for the assigned microsatellite groups
detected in the NewHybrid analysis were estimated
with Genepop 4.0.10 (Raymond & Rousset 1995). Here,
deviations from Hardy-Weinberg equilibrium were
tested by the exact (probability) test for locus and
groups (Guo & Thompson 1992). Genetic differentiation
was estimated using the log-likelihood-based exact test
on the alleles. Tests were made across the groups and
combined across loci using Fisher’s combined probabili-
ties. Rarefaction of alleles (where N genes were set to
the lowest sample in the compared data set = 8 genes
in the F; population, ie. four fish) were performed
using HP-Rare (Kalinowski 2005).

To estimate gene flow between whitefish and vend-
ace, we combined backcrosses within their respective
morphological and microsatellite-assigned parental pure
species and removed all the F; individuals. The ratio-
nale for removing the four recognized F, individuals is
that they are first generation hybrids that belong to both
the ‘whitefish genetic cluster’ and the ‘vendace genetic

cluster’. In the analyses, one then would need to ran-
domly assign the F; individuals in the two groups.
Instead of performing this arbitrary allocation, we
choose to exclude the F; hybrids and obtain a more
conservative estimate of gene flow. We further com-
pared groups using Migrate-n version 3.0.3 (Beerli &
Felsenstein 1999, 2001), estimating historical gene flow
with the Brownian model on microsatellite repeat size,
default values and a ML strategy, where the mutation
rate was treated as constant for all the seven loci. Also,
we estimated contemporary gene flow using BAYESASS
1.3 (Wilson & Rannala 2003), which calculates migration
rates over the past two generations based on inferred
proportion of immigrants. Here, three independent runs
with 6 x 107 MCMC steps, where the first 10° steps
were burn-in, seemed sufficient to obtain sufficient con-
vergence (data not shown).

Morphological analyses

Body morphology was measured on the left side of
each fish using a dial calliper (+0.01 mm). The follow-
ing traits were measured: caudal peduncle depth, eye
diameter, pelvic fin length, pectoral fin length, head
length, snout length, upper jaw length and lower jaw
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length (see Kahilainen & Ostbye 2006 for details). In
addition, the first left gill arch was dissected out from
each fish to count the numbers of gill rakers and to
measure gill arch length, length of the middle raker
and width of middle raker under a microscope. A crude
estimate of the gill raker space was also calculated
dividing the gill arch length by the number of gill rak-
ers. The morphological traits measured from head and
gill rakers are strongly associated with foraging effi-
ciency, and these traits reflect the differences between
whitefish and vendace (Kahilainen et al. 2011). Gill
raker number is known to be a heritable trait in Coreg-
onus (Svdardson 1970; Rogers & Bernatchez 2007; Bittner
et al. 2010) and significant heritability of other foraging-
related head traits has been documented, for example
in cichlids (Parsons & Albertson 2009). Vendace have a
superior mouth and the highest number of gill rakers,
whereas whitefish have a subterminal mouth and the
lowest number of gill rakers. The morphological data
set was length-calibrated using the allometric method
(Thorpe 1975), which is an efficient way to remove size
effects in morphological data (Reist 1985, 1986) and
facilitates ~ comparisons of morphological/genetic
groups. This length-adjusted data set was analysed
using a stepwise discriminant function analysis (DFA),
where morphological traits were included in analysis
until the discriminant power was not further improved.
The selection threshold for traits to be included in
analysis was P < 0.05.

Niche occupation

The niche occupation of species represents the sum of
solutions in a given lake environment to avoid preda-
tors, and at the same time, to obtain food. As such, it
includes both habitat use and diet preferences, which
may also change during the ontogeny for a given fish.
The niche occupation of a fish, or a population, is thus
inherently difficult to delimit, as sample collection rep-
resents only a temporal snapshot. As an approximation,
one can compare short-time habitat use from capture
location, with measures of both short- and long-term
consumption patterns to obtain more representative
representation of individual niche occupation.

To obtain estimates of habitat use of a posteriori
genetic groups, we examined the presence-absence of
group-specific individuals in the different principal hab-
itat types based on total catch data. Here, the principal
habitat types (littoral, pelagic and profundal) were clas-
sified according to the 1% light level at 9 m (measured
using LI-1400, Li-Cor, Inc.,, USA, with a wavelength
range 400-700 nm), which defines the compensation
depth ie. at depth 0-9 m, the photosynthetic rate is
higher than the respiration rate (Lampert & Sommer
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2007). The littoral and pelagic zone (light level >1%)
are productive habitats providing photosynthetically
derived energy by algae and plants for higher trophic
organisms, whereas the dark and deep profundal zone
(light level <1%) relies on the settling subsidies (dead
organisms, particular organic matter) from overlaying
productive habitats. We used the measured compensa-
tion depth (9 m) and respective 9-m depth contour from
bathymetric map to calculate the proportions of prin-
cipal habitat types. In L. Raha, the littoral and
pelagic/profundal areas contribute to 42.6% and 57.4%
of the total surface area, respectively. The proportion of
group-specific individuals present in each habitat type
was calculated from catch data. The similarity of habitat
use in a posteriori genetic groups was then compared
using Schoener’s (1970) similarity index.

To illuminate the short-time dietary niche, we
removed the stomach and estimated fullness using the
points method (Hynes 1950) on a scale from 0 (empty)
to 10 (extended full stomach). We identified prey items
to family or higher levels and estimated their relative
contribution visually. The prey items were further
pooled into four categories: cladocerans (Bosmina, Daph-
nia, Holopedium), copepods (Cyclopoida, Calanoida), ter-
restrial insects (adults and pupae) and benthic prey
(Pisidium, Eurycercus, Trichoptera, chironomid larvae).
We compared overlap in the short-term diet of the a
posteriori genetic groups using the Schoener’s (1970)
similarity index, in which values >0.60 were considered
biologically significant (Wallace 1981). Prey size was
further measured from 10 randomly sampled zooplank-
ton specimens from each of the undigested stomach
content to compare how efficient foragers are in pure
species and admixture individuals. For copepods, body
length was estimated from the rostrum to the furca,
and for cladocerans, from the head to the root of the tail
spine (details in Kahilainen et al. 2005).

The long-term niche utilization of a posteriori groups
was estimated through stable isotope analysis (SIA) of
carbon (8'3C) and nitrogen (3'°N). Here, 8'3C indicates
the utilization of resources along the pelagic-littoral
resource axis and 8'°N refers to the trophic level of the
consumer (Post 2002). In subarctic lakes of this region,
the lower 8'°C values (c. =319, to —27%,) indicate pela-
gic habitat increasing towards littoral (c. =259, to —=20%,)
(Harrod et al. 2010). 8"°N values (c. 3-4%, per trophic
level) indicate trophic level of organisms, where primary
producers are c. 1-29,, primary consumers, zooplankton
and benthic macroinvertebrates c. 4-89,, and secondary
consumers e.g. planktivorous and benthivorous fish
c. 6-119, (Eloranta et al. 2010; Harrod et al. 2010). Both
3'3C and 5'°N were estimated from dorsal muscle. Sam-
ples were dried for 24 h at 60 °C, ground, weighed,
encapsulated in tin cups and analysed with a stable
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isotope ratio mass spectrometer (see Harrod et al. 2005
for details). Differences in C:N ratios among groups
(aNovA: Fy115 = 10.78, P < 0.001) indicated variation in
lipid concentrations and thus data were arithmetically
lipid-normalised (Kiljunen et al. 2006).

Selective endoparasite screening was used to detect
the long-term utilization of pelagic or benthic niches.
Icthyocotylurus erraticus flatworms transmitted through
the water column in littoral areas (Harrod & Griffiths
2005) and Diphyllobothrium sp. tapeworms transmitted
via pelagic copepods (Knudsen et al. 2003) were used
as habitat-specific indicators of benthic and pelagic
niche use, respectively. Coregonids encyst I. erraticus
on the heart surface and Diphyllobothrium sp. on the
stomach wall. Infection intensity (abundance per host)
of cysts of these parasite taxa was calculated for each
fish and prevalence (present or not present in the speci-
men) was estimated for each of a posteriori groups
(whitefish, vendace, F; hybrid, BCWF, BCV).

Life history traits

Age of each fish was determined using sagittal otoliths
and ventral scales collected from behind the pelvic fins
(details in Kahilainen et al. 2003). We used these data
to describe how many year classes of a posteriori
groups were detected in L. Raha. The growth pattern of
each a posteriori group was estimated using the Von
Bertalanffy (1938) nonlinear growth equation. Sex and
the maturation stage was recorded according to the
gonad stage (0 = immature, 1 = mature). Because of the
relatively low sample sizes, sexes were pooled in the
maturity analyses, estimating size and age, where 50%
of each of the a posteriori groups reached sexual matu-
rity. Pooling of the sexes in this case is justified as there
is little variation in maturation trajectories between the
sexes in both whitefish and vendace (Bohn & Amundsen
2004; Bohn et al. 2004). To obtain fecundity estimates,
mature female gonads were weighed and then c. 10
subsamples from different parts of the gonads were
weighed and eggs were counted (Bagenal 1978). In
addition, egg diameter was measured from 10 random
eggs. Because of differences in body size among popu-
lations, fecundity was presented as eggs per gram of
wet mass.

Population densities

Coregonid densities were estimated from areas deeper
than 5m wusing a SIMRAD EY-500 echosounder
equipped with a down-facing split-beam transducer
(120 kHz). Hydroacoustic data were sampled along 10
transects situated 0.5 km apart during darkness
(Fig. S1, Supporting information), which is a suitable

time frame for coregonid population estimation
(Kahilainen ef al. 2004; Jensen et al. 2008). Coregonids
were the main species captured in simultaneous trawl
catches: very small-bodied nine-spined sticklebacks
were also captured, but were excluded from hydro-
acoustic analyses using a target strength threshold of
—-53 dB. Hydroacoustic data were analysed using EP500
software (SIMRAD). Targets between 2 m from the sur-
face to 0.5 m above the bottom were used in the analy-
ses. The overall coregonid density (all Coregonus) was
calculated using the observed target strength distribu-
tions (see Kahilainen et al. 2004 for details). Then the
coregonid total density was first divided into each a
priori group (whitefish, hybrids, vendace) according to the
proportions in the random subsample (1 = 693). Then,
we used higher resolution from genetic data to calculate
the proportions for a posteriori group (WF, BCWF, F,
BCV, V) and finally densities for these groups.

Statistical analyses for the ecological data

We used anova to test differences between compared
groups, and Tukey’s HSD tests to reveal pairwise differ-
ences. Relevant transformations were undertaken if the
variables were not normally distributed. Analysis of
covariance (aNcova) using age as a covariate was
employed for the analysis of parasite infection intensity
and egg size. Regression analyses were used to calcu-
late the age and size at maturity for a posteriori popula-
tion. A DFA using a stepwise selection procedure was
used for the multivariate comparisons of morphological
data. An alpha value of 0.05 was used throughout to
represent statistical significance.

Results

Genetic analysis

In the following paragraphs of this section, we compare
the results between putative groupings based on mor-
phological analyses determined in the laboratory (52
whitefish, 55 vendace and 19 putative hybrids) and
genetic assignments described here. All genetic analyses
suggested that the three groupings reflecting labora-
tory-based morphological assignments were an over-
simplification. Here, the combined genetic results from
mtDNA and microsatellite data provided evidence for
the presence of five different groups: WF, V, F; hybrids,
BCWF and BCV. In more detail, the morphologically
determined groups were partitioned into the following
categories according to the combined evidence from the
morphological and genetic data sets: 52 morphologically
assigned whitefish (47 WF, 4 BCWF, 1 BCV), 55
morphologically assigned vendace (51 V, 4 BCV) and 19
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morphologically assigned hybrids (4 F;, 10 BCWF, 2
BCV, 3 WEF). The detailed genetic results for this a pos-
teriori grouping are presented later.

Ten haplotypes were observed from a total of 562 bp
scored cyt b sequences (Table 1). Of the 10 observed
haplotypes, five (h1-5) were found in the morphologi-
cally assigned whitefish, and five (h3, h5-h8) in the
morphologically assigned vendace, while seven haplo-
types were found in the morphologically assigned
hybrids (h1-h3, h5, h6, h9, h10; Table 1). Two haplo-
types (h9-10) were only observed in the morphologi-
cally assigned hybrids. Two haplotypes were shared
among three groups (h3, h5). Four haplotypes were
shared between whitefish and hybrids (h1-3, h5), while
three haplotypes (h3, h5, h6) were shared between
vendace and hybrids. Based on the bootstrap values of
mtDNA haplotypes (Fig. S2, Supporting information;
98% for the whitefish cluster and 100% for the vendace
cluster from outgroup Stenodus leucichthys), 49 of the 52
putative morphologically WF had whitefish mtDNA,
providing a 94% match between morphological and
mtDNA assignments. The remaining three fish had
vendace mtDNA. For the putative 55 morphologically
V, all had vendace mtDNA, giving a 100% match of
morphological and mtDNA assignment. Of 19 a priori
hybrids, only four had whitefish mtDNA, whereas 15
had vendace mtDNA.

The results from sTRUCTURE (see Fig. S3 and Table S1,
Supporting information) suggested that two genetic
clusters (K =2; Mean LnP(K)=-2168, Ln'(K) = 865)
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comprising whitefish and vendace were more likely
than either one (Mean LnP(K) = —3033, Ln'(K) = NA) or
three  genetic  clusters (Mean  LnP(K) = -2158,
Ln'(K) = 10) (Fig. 1la). The NewHybrids analyses
revealed that 47 of 52 a priori whitefish had genetic
assignment values >0.99 back to WF, giving an 84%
match between morphological and genetic assignments
(Fig. 1b, for data see Table S2, Supporting information).
Of the remaining five fish, two had assignment >0.97 to
BCWF, while two fish had assignment values 0.52-0.64
to WF and 0.36-048 to BCWF, suggesting they
belonged to a hybrid/backcross category not detected
by NewHybrids. We grouped these two fish into a new
category termed ‘uncertain backcross to whitefish’. The
remaining single fish had assignment 0.96 to BCV.

In 55 a priori vendace, 51 fish had assignment values
>0.99 to V, giving a 90.4% match of morphological and
genetic assignments (Fig. 1b). Of the remaining four
fish, two had an assignment 0.70-0.81 to V and 0.19-
0.30 to BCV, and two had an assignment of 0.67 to ‘F;’
and 0.30 to BCV, suggesting they belonged to a
hybrid/backcross category not detected by NewHy-
brids. We therefore grouped these four fish into a new
category termed ‘uncertain backcross to vendace’.

Of 19 a priori hybrids, three fish had assignment
>0.97 to WF, four an assignment >0.87 to ‘F;’, 10 an
assignment >0.86 to BCWF, while two had an assign-
ment >0.95 to BCV giving a 84.2% match between mor-
phological and genetic assignments (Fig. 1b). Thus, of
the 126 fish that were genetically classified, we found:

Table 1 Genetic and morphological assignments of coregonid individuals

Morphological assignment

Microsatellite assignment

Haplotype N WF H \% WF BCWF Fy BCV \Y%

Cluster 1
h1 15 14 1 — 13 2 — — —
h2 35 34 1 — 34 1 — — —
h4 1 1 — — 1 — — — —
h9 1 — 1 — 1 — — — —
h10 1 — 1 — 1 — — — —

Cluster 2
h3 20 1 3 16 — 3 1 — 16
h5 27 7 18 — 6 2 1 18
h6 24 — 5 19 — 3 1 5 15
h7 1 — — 1 — — — 1
h8 1 — — 1 — — — — 1
Sum 126 52 19 55 50 15 4 6 51

Abbreviations in a priori morphological assignment are whitefish (WF), hybrid (H) and vendace (V). The first two columns indicate
the number of cyt b haplotypes observed in the sample of 126 coregonids from L. Raha. Cluster 1 denotes a bootstrap cluster, which
includes mostly whitefish based on either a priori morphological assignment or a posteriori Bayesian microsatellite assignment
(BCWEF, backcross to whitefish, F;, hybrid, BCV, backcross to vendace) (Fig. S2, Supporting information). Similarly, Cluster 2 denotes
a bootstrap cluster including mostly vendace, but also hybrids (Fig. S2, Supporting information).
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50 WEF, 51V, 4F,, 12 BCWF, 2 ‘uncertain backcross to
whitefish’, 3 BCV and 4 ‘uncertain backcross to vendace’.
‘Uncertain backcrosses’” were grouped into their respective
backcross groups according to the strong and support-
ing morphological patterns (i.e. gill raker counts and
morphology).

The ability of NewHybrids 1.0 to identify six a poste-
riori categories in our simulated data set (Fig. 1c)
including real parents, resulted in the following poster-
ior probabilities (assignment range/mean assignment):
WEF (range 0.95-0.99/mean 0.98), V (0.97-0.99/0.99), F,
(0.81-0.97/0.95), F, (0.01-0.99/0.69), and BCWF (0.01-
0.96/0.78) and BCV (0.02-0.95/0.75) (see Fig. S4 and S5,
Table S3, Supporting information). We further evalu-
ated the power of NewHybrids to assign individuals
back to the six a posteriori categories, selecting only fish
with a lower assignment to its own group than 0.85
(see Fig. S6, Table S4, Supporting information). This
was performed as the same value was used in the
assignment of all real individuals. For the two catego-
ries WF and V, none of the fish had <0.85 assignment
to its own group.

In the F; group, only one fish had a mean assignment
value below this threshold (0.82), where the next high-
est assignment values were to BCV (0.09) and F, (0.07).
This suggests a slight overestimation of backcross and
hybrid frequency, a slight underestimation of F; values,
but would have little impact on the overall frequency of
hybrids in the real data set (but, a slight inaccuracy of
estimates for each group). For F,, in 16 fish, the mean
assignment was 0.45 to F,, 0.23 to BCWF and 0.21 to
BCV. The same argument holds as for F;, but the result
suggests that this effect was stronger for F, than for F.
For BCWF, the mean assignments for seven fish were
0.44 to W, 0.33 to BCWF and 0.13 to F,, whereas for
BCV, the mean assignments for 12 fish were 0.50 to
BCV, 0.42 to V and 0.08 to F,. These two backcross cate-
gories seem to have similar values regarding assign-
ment to their own group as well as their closest
backcross group and F,. The simulated backcrosses
were mostly misassigned to their closest parental group,
which further implies that the extent of hybridization
and introgression is actually underestimated in the real
data set (as well as a slight overestimation of the F,
assignment values).

Evidently, in retrospect, our capacity to satisfactorily
assign wild individuals into the six a posteriori genetic
categories in NewHybrids would have been much
improved by increasing the number of microsatellite
markers. Another issue relates to the violation of the
NewHybrid detection limitation that comprises only the
last two generations, where our real data comprise
more than these two generations. Here, we would
expect that NewHybrids have a low power to detect

the genetic groups extending these two generations.
However, the rather close association of our inferred
NewHybrid groups with the gill raker counts strongly
suggest that our classifications are meaningful as they
have a biological realism, as gill raker counts are
reflected in our expectations. Thus, in conclusion,
despite the inaccuracy regarding hybrid categorization
frequencies, our simulations imply an underestimation
of the extent of hybridization and introgression in the
wild. As such, our data provides a conservative esti-
mate of the degree of hybridization and introgression in
whitefish and vendace in L. Raha. A following up study
of this system using more genetic markers will reveal a
much finer resolution.

In the following section, we review the categories from
NewHybrids, comparing data with mtDNA haplotypes.
In WF (50 fish with assignment >0.97) and V (51 fish
with assignment >0.99), all had mtDNA from their own
species. In F; (four fish with assignment >0.87), all had
mtDNA from V suggesting female y x male g mating,.
F, hybrids were not found. In BCWF (14 fish with
assignment >0.36), two scenarios emerged. In three
cases, mtDNA originated from WF, implying: (i) the first
F; was produced by female wr X male y, and then
female F; subsequently mated with male wg, or (ii) that
the first F; was produced by female g X male v, or (iii)
by female y X male g, and then a male from either of
these F; generations mated with female . In the eleven
remaining cases, mtDNA came from V, suggesting that:
(iv) the first F; was produced by female y X male wg,
and then female F; subsequently mated with male wg. In
BCV (seven fish with assignment >0.19), all had mtDNA
from V suggesting: (v) the first female F; individuals
were produced by female y X male g, which subse-
quently mated with male y; or (vi) that the first male F;
individuals were produced by female y X male g, or
(vii) by female wg x male v, and then a male from either
of these F; generations further mated with female y.

No evidence (P > 0.05) for genotypic linkage disequi-
librium was found in any of the five groups using mi-
crosatellite loci: WF, V, BCWF, BCV and F,. Deviations
from Hardy—Weinberg equilibrium after Bonferroni
adjustment was evident only for the vendace locus
Cisco90 (heterozygote deficit; see Table S5, Supporting
information). Observed (H,) and expected heterozygosi-
ties (Hg), as well as allele counts, are shown in Table S5
(Supporting information). Genetic differentiation was
significant in all pairwise comparisons of the five
groups, except in the case of BCWF x F; (G-test:
P =0.514) and BCV x F; (P = 0.699). Statistically signifi-
cant Fgr-values ranged as follows: WF vs. V (0.495), WF
vs. BCWF (0.086), WF vs. BCV (0.385), WF vs. F;
(0.207), V vs. BCWF (0.286), V vs. BCV (0.050), V vs. F;
(0.155) and BCWF vs. BCV (0.132).
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The historical gene flow as estimated using Migrate
3.0.3 was significantly higher from vendace into white-
fish (maximum likelihood estimation (MLE); 5-95 per-
centiles = 1.18; 1.00-1.36) than from whitefish into
vendace (0.44; 0.37-0.51). However, the results (based
on three independent runs) from BAYEsass 1.3 suggested
that the direction of contemporary gene flow did not
differ significantly between the two species (i.e. from
vendace into whitefish; 0.0174; —0.002 to 0.0362 and
from whitefish into vendace; 0.0085; —0.0056 to 0.0236).
The reported values here are from one of the three runs
performed.

Morphology

The significant negative correlation between genetic
assignment as whitefish and gill raker count (Fig. 2a,
71124 = —0.94, P <0.01) suggested a continuum from
whitefish (the lowest number of gill rakers) towards
vendace (the highest number of gill rakers). The geneti-
cally WF and V groups had the most distinct gill raker
counts, whereas hybrids and backcrosses were interme-
diate between the pure parental species (Fig. 2a, b).
The mean gill raker counts of WF, BCWF, F,;, BCV and
V were 30, 34, 38, 40 and 43, respectively. Gill raker
count differed between groups (aNova, Fyi21 = 206.21,
P < 0.001), where parental groups differed from each
other, F; and backcrosses (Tukey’s HSD  tests,
P < 0.001). BCWF and BCV also differed (Tukey’s HSD
tests, P < 0.001); however F; and backcrosses were not
statistically different.

All morphological measurements were used in the
DFA, which classified different groups using two signif-
icant functions, function 1 (eigenvalue = 15.35) and
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function 2 (eigenvalue = 0.92; Fig. 2c). Altogether, eight
morphological traits minimizing Wilk’s Lambda were
included in the stepwise analysis. In order of decreasing
significance, these were as follows: gill raker count,
snout length, lower jaw length, gill raker space, gill arch
length, head length, gill raker length and gill raker
width. The stepwise DFA classified 94.4% of the indi-
viduals correctly according to their genetic assignment.
All V and F; specimens were correctly classified. One
WF was misclassified as BCWF, and two BCWF were
classified as WF. BCV were misclassified to V (three
individuals) or BCWF (one individual). In the scatter-
plot of the DFA scores (Fig. 2c), WF, F; and V represent
the endpoints, whereas backcrosses were morphologi-
cally intermediate or overlapping with parental species.
Some of the backcrosses had morphologies identical to
that of the pure species. There were significant differ-
ences in centroid values in function 1 (ANOva,
Fi120 = 460.75, P < 0.001), where all population types
differed (Tukey’s HSD tests, P < 0.05), except BCWF
and F;. There were differences also in function 2 (ANO-
VA, Fy120 = 27.67, P < 0.001). Here, the centroids of WF,
BCV and V did not differ (P > 0.05), but all other popu-
lation types differed (Tukey’s HSD tests, P < 0.05).

Niche dimensions

WEF and BCWF used all major habitat types (Fig. 3a).
The pelagic zone was the major habitat for all the
groups, except WF. The profundal zone was also uti-
lized by all the groups, whereas the littoral zone was
the least used habitat and was mainly restricted to indi-
viduals with the lowest gill raker counts observed in
WEF and BCWF. Estimates of niche overlap revealed that
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Fig. 2 The morphological characterization of genetically pure and admixed coregonid groups in L. Raha. Correlation between
genetic assignment and gill raker count (a), mean gill raker count (b) and combined morphology (c) of whitefish (1), backcross to
whitefish (2), F; hybrids (3), backcross to vendace (4) and vendace (5). In box-plot (b), the box indicates the range of central values
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individual using two functions explaining 98.6% of total variance. The convex hulls differentiate the populations whilst the larger
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WF and F; used generally similar habitats (D = 0.59),
whilst other groups used very similar habitats
(D = 0.69-0.92). The highest overlap (0.92) was observed
between BCV and V.

Pelagic prey dominated the diet of all groups, and
only WF had consumed benthic prey (Fig. 3b). Feeding
activity according to stomach fullness was roughly simi-
lar in all populations (Table 2, aNova, Fyip1 = 1.69,
P =0.15). In addition, diet was biologically similar
(D = 0.63-0.95) among all groups. Zooplankton was the
main prey consumed by all groups; however, the size
of consumed prey differed (aNova, Fyz03 =57.22,
P < 0.001). The mean prey size of WF, BCWF, F,;, BCV
and V was 1.77, 0.80, 2.18, 1.71 and 0.74 mm, respec-
tively. V. and BCWF used smaller prey than other
groups (Tukey’s HSD tests, P < 0.05).

Stable isotope data indicated that all groups utilized
pelagic habitats over the long-term. Hybrids and back-
crosses utilised the isotope niche space between that of
their pure parental species (Fig. 3c). The differences
among the average 8'°C values for the different groups
(Table 2, anova, F4139 = 7.90, P < 0.01) indicated that V
were more pelagic (i.e. 8'°C-depleted) than WF, F; and
BCV (Tukey’s HSD tests, P < 0.05), but no other com-
parisons were nonsignificant. There were also differ-
ences in the average 8°N wvalues (Table 2, aNOva,
Fa20 = 6.12, P < 0.01). In the pairwise comparisons, WF
and V had higher §"°N values than BCWF (Tukey’s
HSD tests, P < 0.05), whereas no other differences were
detected.

The evidence for the utilization of the pelagic habitat
was indirectly apparent from other long-term biological

Table 2 Niche utilization, life history and density indicators for different coregonid groups [whitefish (WF), backcross to whitefish
(BCWE), hybrids (F;), backcross to vendace (BCV) and vendace (V)] in L. Raha

Data WF BCWF F BCV A%
Stomach fullness 44 4.5 2.5 4.8 5.1

3'°C + 95% CI -28.1+0.2 -28.2 = 0.6 -272+1.6 -27.6 +1.3 -28.7 £ 0.2
3N + 95% CI 7.6 0.1 6.9 =04 73+03 70x03 75+02
Diphyllobothrium sp. 31.3 (92) 3.8 (71) 23 (100) 2 (42) 0.7 (31)
Ichthyocotylurus sp. 15.8 (62) 0.1 (14) 10 (50) 0 (0) 0.3 (17)
Growth rate (K) + 95% CI 0.18 + 0.01 0.12 = 0.03 — 0.32 £ 0.18 0.34 + 0.05
Asymptotic length (L..) = 95% CI 403 + 1.1 421 +6.0 — 21.6 +3.3 20.0 = 0.6
Model age at zero size (f) 0.01 -1.03 — -0.82 -0.76
Sexual maturity size (cm) 26.8 19.8 — 13-14 12.8
Sexual maturity age (years) 6+ 4+ — 2+ to 3+ 2+

Year class diversity (1) 10 5 2 6 9
Population density (ind./ha) 245 27 2 12 76
Proportion in lake (%) 67.7 7.5 0.5 3.3 21

Stomach fullness indicates short-term feeding activity (min 0, max 10), whereas mean stable isotope values (5"°C and 8'°N) and
parasite values (mean abundance and prevalence in the parenthesis) represent long-term niche use. Life history traits come from the
von Bertalanffy growth model estimates and probit regressions. Year class diversity indicates the number of observed year classes
based on age determinations. The density of coregonid groups was assessed through echosounding and trawling.
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indicators i.e. benthic and pelagic transmitted parasites.
The prevalence and infection intensity of Diphyllobothrium
sp. tapeworms (pelagic) was higher than Icthyocotylurus
sp. flatworms (benthic) in all population types
(Table 2). WF had the highest and V the lowest amount
of both parasite types. F; had an intermediate amount
of parasites (Table 2). Backcrosses had relatively low
parasite abundance and prevalence compared with F;.
Population type had an effect on Diphyllobothrium sp.
abundance after age correction (ANCOVA, Fy1p0 = 9.82,
P < 0.001). V had lower amount of Diphyllobothrium sp.
than WF (Tukey’s HSD test, P < 0.05), but other com-
parisons were not significant. Icthyocotylurus sp. abun-
dance had a large overall variance and differences were
not significant (ANcova, Fy 129 = 2.05, P = 0.091).

Life history

According to growth curves, WF and BCWF attained
the largest size and fastest growth, observed F; individ-
uals attained an almost similar size, whereas BCV and
V were the smallest (Fig. 4a, Table 2). There were dif-
ferences in the observed number of year classes
between six a posteriori groups (Table 2). The highest
number of year classes was observed for WF (years
1995-1999, 2001-2005) and V (1997-2005), whereas for
Fi, only individuals from 1994 to 1997 were found. The
observed number of year classes for BCWF was 1998,
2002-2005 and for BCV 2000-2005. The size at sexual
maturity at the population level (50% mature) closely
followed the order of growth variation, where WF,
BCWF and V reached sexual maturity at 26.8, 19.8 and
12.8 cm (Probit regression, length term, P < 0.10). For
BCV, our raw data indicated that at the population
level, individuals reached sexual maturity at lengths
13-14 cm, but statistical analyses did not support this
(P > 0.10). For F;, all individuals collected (range 31.3—
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35.5 cm) were sexually mature females, hence estima-
tion of age or length at sexual maturity was not possi-
ble. The age at sexual maturity for WF, BCWF and V
were 6+, 4+ and 2+ (Probit regression, age term,
P < 0.05). Probit regression suggests that BCV mature at
age 2+ to 3+, but there was no statistical support
(P > 0.05).

Mean egg diameters differed between the population
types (aNova, Fj4 = 68.62, P < 0.001) apart from BCV
and V (Tukey’s HSD tests, P > 0.05). WF had the largest
mean egg diameter (1.76, n = 10), F; were intermediate
(1.37, n =4), whereas BCV (1.07, n =3) and V (1.06,
n = 27) had the smallest eggs (Fig. 4b). Estimates of rel-
ative fecundity differed between population types (aNo-
VA, F349 = 60.48, P < 0.001), except BCV and V (Tukey’s
HSD tests, P > 0.05; Fig. 4c). Here, relative fecundity
was the lowest in whitefish (345 eggs/g), intermediate
in F; (694), and markedly high in both BCV (1851) and
V (1858). We were unable to provide estimates for
BCWEF because of a lack of mature females.

Coregonid density

According to the combined hydroacoustic and genetic
analyses, density was the highest for WF (245 ind./ha)
and V (76 ind./ha; Table 2). F; had the lowest density
(2 ind./ha) followed by BCV (12 ind./ha) and BCWF
(27 ind./ha). The estimated proportions of pure species,
F; hybrids and backcrosses, in L. Raha at the time of
sampling were 88.7%, 0.5% and 10.8%, respectively.
The genetic assignment increased the accuracy of esti-
mated proportions: according to the morphological
analysis only, the proportion of hybrids (including
backcrosses) was only 3.5%. The difference between
results reflects the fact that the abundant putative
whitefish and vendace groups actually included 9.6%
and 7.2% of backcrosses. The proportion of BCWF was
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Fig. 4 Life history data used as fitness proxies for different coregonid groups [whitefish (1), backcross to whitefish (2), F; hybrids
(3), backcross to vendace (4) and vendace (5)]. Growth curves (a) were calculated with the von Bertalanffy growth model, except for
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higher than BCV, closely following the abundances of
pure species in the lake at the sampling year.

Discussion

The genetic data confirmed the existence of hybridiza-
tion events between putative ‘good biological species’,
as well as introgression back to both parental species.
The occurrence of F; hybrids (c. 0.5%) and backcrosses
(10.8%) in the multiple year classes of coregonids indi-
cated widespread introgression and thus an apparent
lack of efficient reproductive isolation barriers between
these two well-recognised species. However, the biased
direction of gene flow could suggest a lower fitness of
hybrid males because of genomic maladaptation or
alternatively because of inferiority during mate choice.
Despite the fact that the ecomorphology of hybrids and
backcrosses was intermediate between their parental
species, there was no detectable evidence for reduced
fitness in these individuals.

Species introduction and hybridization

The results of the genetic assignment analyses con-
formed remarkably well to the a priori morphological
classifications of vendace and whitefish. However, some
of the morphologically classified whitefish and vendace
included backcrosses that could not be detected without
the use of genetic tools. These individuals had morpho-
logies typical of whitefish or vendace, but genetic
results indicated the presence of gene flow from the
other species. The morphological hybrid category
mainly contained backcrosses, as only four F; individu-
als were confirmed with the genetic analyses. The com-
bined use of mtDNA and microsatellites has proven to
be a powerful method not only to confirm or identify
hybrids but also to detect introgression in the wild
(e.g. Salzburger et al. 2002; Senn et al. 2010). The use of
mtDNA facilitated the identification of parental origin,
and we found that F; (four individuals) originated from
mating between female vendace and male whitefish.
Genetic data from backcrosses indicated bidirectional
gene flow, but in this case, the main direction of histori-
cal gene flow was from vendace to whitefish. Such uni-
directional gene flow from introduced to native species
or from abundant to rare species is typical (Rhymer &
Simberloff 1996; Fitzpatrick et al. 2010; Cabria et al.
2011). Observed hybrids came from 2 year classes (1994
and 1997), when the population density of vendace was
very high, and apparently enhanced hybridization, as
detected from gene flow calculations. However, poten-
tial hybridization between whitefish and vendace has
been possible since autumn 1987, and we can not
exclude the possibility that the pure species already

interbred during the year of introduction. Some support
was obtained for the presence of higher historical gene
flow from the introduced vendace to the native white-
fish. The first vendace invaders in a system can attain
considerably large sizes (>25 cm) via the consumption
of superabundant, underutilized pelagic resources
(Amundsen et al. 1999), that may further increase the
likelihood of hybridization with whitefish via size-
assortative mating. Apart from one individual that
hatched in 1998, backcrosses hatched from the year
2000 onwards. If the initial hybridization between
whitefish and vendace occurred already in autumn
1987, the first backcross generation might have already
hatched in the early 1990s. In autumn 2005, backcrosses
to whitefish were more abundant than backcrosses to
vendace, which may reflect the current numerical domi-
nance of whitefish over vendace (WF:V >3:1). The
probability of hybridization and introgression might
also be elevated because of habitat modification, as
L. Raha was dammed for hydroelectric power produc-
tion in 1957, and exhibits large seasonal fluctuations in
water level. Water level is elevated during the whitefish
spawning period in late autumn, but falls through the
winter: a practice likely to cause exposure and subse-
quent freezing of eggs laid on spawning sites located in
the shallow littoral zone. Furthermore, water level fluc-
tuations cause reduction of littoral-benthic macroinver-
tebrates, which may have subsequently forced whitefish
to switch to pelagic habitats and associated prey items.
The introduction of vendace, a superior pelagic compet-
itor (Svardson 1976; Behn & Amundsen 2001) to the
already heterogeneous environmental conditions of
L. Raha evidently promoted gene flow with native
whitefish. Hybridization and introgression have led to
both genetic and morphological shifts in the coregonid
populations.

Ecomorphological shifts of hybrids and backcrosses

The intermediate morphological traits of hybrids as
detected here between whitefish and vendace are com-
mon phenomena in fishes (Pethon 1974; Hatfield &
Schluter 1999; Taylor et al. 2006). Our results further
confirmed an apparently strong inheritance of gill raker
traits in hybrids and backcrosses in Coregonus (Svardson
1970; Rogers & Bernatchez 2007; Bittner et al. 2010). Gill
raker traits are especially important in the evolution of
polymorphic northern fish, where an increasing number
of long gill rakers are correlated with the utilization of
resources from pelagic habitats (Bernatchez et al. 1999;
Amundsen et al. 2004; Bolnick & Lau 2008) and facili-
tate the consumption of smaller prey items (Kahilainen
et al. 2007, 2011). However, the intermediate morphol-
ogy of hybrids and backcrosses was not associated with
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any evidence of the exploitation of new niches or any
improved foraging ability relative to that of the pure
parental species. Indeed, according to short-term
(observed diet and habitat use), and long-term (stable
isotope values and parasites) indicators of niche use,
both hybrids and backcrosses exclusively used pelagic
zooplankton prey, as did their parental species. The
pelagic zone is the most profitable niche in dammed
lakes, in which the strong seasonal water level fluctu-
ations reduce significantly the production of littoral
benthic prey (Haxton & Findlay 2008). The overlapping
niches of native whitefish and introduced vendace may
also have increased the overlap of spawning location
and time, with subsequent hybridization. Despite a
morphological continuum from whitefish to vendace,
there was no evidence of a lowered feeding activity in
neither hybrids nor backcrosses according to stomach
fullness and growth.

Selection against hybrids and backcrosses according to
life history traits

Heterosis is a general phenomenon observed in many
freshwater fishes (Hubbs 1955), and we found that back-
crosses grew longer and reached larger maximum sizes
(von Bertalanffy asymptotic lengths), relative to their
parental species. This has been observed in experimental
hybrids between whitefish and vendace (Svardson 1965),
but here, we have extended the comparisons to both F;
hybrids and backcrosses in the field, including the most
evident resource competitors; their own parental species.
Currently, a low total density of coregonids (362 ind./ha)
as compared with other lakes harbouring whitefish and
vendace (c. 2650 ind./ha) in this region (Jensen et al.
2008) suggests that the level of resource competition
might be reduced in L. Raha. At high population densi-
ties, vendace is a superior competitor for shared pelagic
resources compared with planktivorous whitefish,
through more efficient foraging for small zooplankton
(Bohn & Amundsen 1998; Kahilainen et al. 2011).

We found high proportion of backcrosses in L. Raha
that suggests frequent hybridization events and/or high
survival rates of hybrids in 1990s. However, we are
lacking data on embryonic mortality rates in hybrids
and backcrosses, which may be elevated relative to
parental species according to results from experimental
studies (see Lu & Bernatchez 1998; Rogers & Bernatchez
2006; Woods et al. 2009). Experimental evidence from
lake whitefish morphs indicated that genetic incompati-
bilities between the morphs increased posthatching
mortality (Rogers & Bernatchez 2006). The same study
also indicated that the severe reduction in survival may
arise in backcrosses, because their hatching times differ
from the pure morphs. Although we found gene flow
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in neutral loci, and patterns of Mendelian heritability of
many adaptive morphological traits, there might be
underlying physiological traits such as respiration
metabolism and growth that could affect negatively the
survival of admixture individuals (Renaut et al. 2011).
There might be also genetic barriers in nonneutral loci
that are highly resistant to gene flow (Via & West 2008;
White ef al. 2010). Vendace and whitefish have been
differentiated as species for a sufficient time period to
accumulate strong genomic barriers in nonneutral loci.
However, it is impossible to further evaluate the direc-
tion of the gene flow and the effects of selection on
such genomic regions with the current data set. It is evi-
dent though that there are most likely both intrinsic
and extrinsic barriers to gene flow, as year classes of F;
were not observed annually.

Frequency of hybridization and introgression between
species

The occurrence of F; hybrids in only 2 year classes sug-
gests that either hybridization is an occasional phenom-
enon, or that hybrid mortality, because of genetic
incompatibilities and selection pressures, is generally
greater than that seen in pure species. An interesting
contrast was the frequent introgression in both direc-
tions (altogether seen in seven different year classes)
that also suggests the existence of F, hybrids. A lack of
F, hybrids in our data set may further support the exis-
tence of elevated hybrid mortality rates (Svardson
1965), or may simply reflect a very low natural density
of F, hybrids in the lake. Alternatively, the number of
microsatellite markers used here may limit the probabil-
ity of detection of F, hybrids (Gow et al. 2006; Vahd &
Primmer 2006; Sanz et al. 2009). As our simulation data
shows, there were some inaccuracies in the six genetic
class assignments in NewHybrids, which may have
affected our estimates. This could partly explain the
low amount of F; and F, individuals, as well as a slight
overestimation of backcross frequencies. However, in
general, the results seems to suggest an underestima-
tion of the degree of hybridization and introgression,
and therefore, the estimated frequency of these events
should be viewed as conservative. In a follow-up study,
next generation sequencing techniques would provide
far increased resolution to hybrid detection, as well as
our capacity to reveal the genomic level admixture in
hybrids and backcrosses (e.g. Bernatchez et al. 2010;
Wolf et al. 2010). The current conditions in L. Raha may
be especially favourable for the survival of hybrids and
backcrosses; however, this may not be maintained
through time. Long-term studies of Darwin’s finches
have demonstrated that the fitness of hybrids fluctuates
temporally (Grant & Grant 2008). Along the evolution-
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ary history of coregonids, fusion and fission of gene
pools may have been important for their highly success-
ful adaptive radiations throughout Holarctic freshwater
lakes (Bittner et al. 2010; Hudson et al. 2011).

In conclusion, we found strong evidence of hybridiza-
tion and introgression between two well-recognized
‘good biological species’, whitefish and vendace, which
dominate many lakes across northern Europe. Hybrids
and backcrossed individuals had morphologies interme-
diate between parent species, but utilized the same
niches, with no apparent signs of selection against
them. Thus, under such labile environmental conditions
as documented here, widespread introgression between
native whitefish and introduced vendace was evident.
Future studies should focus on the generality of hybrid-
ization and introgression between these species both in
introduced and natural systems. In addition, more
detailed approach to the genomic level admixture of
hybrids and backcrosses would be needed to deeper
understanding of mechanisms maintaining the separa-
tion between the pure species.
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