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Abstract Very few studies have investigated the effect of
genetic diversity on the behavioral and phenotypic traits
linked to the competitive ability of individuals. In this
study, we reared juvenile Atlantic salmon (Salmo salar)
alone or with the competitive rainbow trout (Oncorhynchus
mykiss) in order to: (1) to assess correlations between
heterozygosity and traits related to individual competitive
ability [i.e., heterozygosity—fitness correlations (HFCs)] in
Atlantic salmon, and (2) to evaluate the effect of the
competitive rainbow trout on any such HFCs. We also
tested whether a few loci had a disproportionately large
effect (i.e., the local effect hypothesis) or, on the contrary, if
all loci contributed equally (i.e., the global effect hypoth-
esis) in explaining the observed HFCs. We found signifi-
cant HFCs for phenotypic traits related to the competitive
ability of juvenile Atlantic salmon, i.e., the growth rate and
the distance to the feeding source. Some HFCs were
nonlinear, suggesting that individuals with intermediate
levels of heterozygosity were favored. In addition, we found
that the competition exerted by rainbow trout only weakly
modified these HFCs as the relationships were highly
consistent across treatments. We demonstrated that the
local-effect hypothesis best explained both linear and
nonlinear HFCs. Overall, our results illustrated the impor-
tance of genetic diversity in explaining the behavioral
variability observed within populations. Moreover, we pro-
vide evidence that, even if a competitive species can have
strong ecological effects, the relationships between genetic
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Introduction

Among biotic interactions, competition is a selective force
that can drive both intra- and interspecific phenotypic
differentiation (Connell 1980; Bolnick et al. 2003). The
ability of an individual to out-compete others influences its
survival and the life-history strategies adopted during its
lifetime (Connell 1980; Gurevitch et al. 1992). Some
behavioral aptitudes (or “personality”, Sih et al. 2004) are
fitness-favoring in certain environments and are generally
associated with a high competitive ability. For instance, in
territorial animals, highly aggressive individuals are
thought to be better at defending a territory and thus more
successful in exploiting harsh environments (e.g., Nakano
1995; Coté and Festa-Bianchet 2001; Vollestad and Quinn
2003). Yet, the genetic and physiological traits that make an
individual a better competitor than another are currently
poorly understood (Meffert et al. 2002; Boake et al. 2002;
Owens 2006; Vilimiki et al. 2007).

Recently, several studies have highlighted strong links
between genetic diversity and individual fitness (Keller and
Waller 2002; DeSalle and Amato 2004). Classically,
pedigree analyses are performed to evaluate the degree of
inbreeding depression in a given population and used to
establish genetic diversity—fitness relationships (e.g., Kruuk
et al. 2002). Researchers have also used molecular markers
to determine the degree of inbreeding (Zouros et al. 1980;
David 1998; Hansson and Westerberg 2002), whereby
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heterozygosity measured at a set of loci is expected to
reflect genome-wide heterozygosity and thus the inbreeding
level of a given individual. Significant correlations between
heterozygosity and fitness (general HFCs) have been
reported in a large number of taxa and based on a diversity
of fitness traits such as lifetime reproductive success,
parasitic load, and growth rate (see David 1998; Hansson
and Westerberg 2002; Coltman and Slate 2003; Rijks et al.
2008). Hence, this latter approach offers a solid base to
assess the genetic causality of interindividual variation in
behaviors and phenotypic traits linked to the competitive
ability of individuals (Tiira et al. 2003, 2006).

To date, the demonstration of HFCs has been limited to
single populations observed in single environments. Indeed,
few studies have attempted to infer the role of environmental
variability in shaping the relationships between individual
genetic diversity and fitness components (but see Tiira et al.
2006). However, there is strong theoretical evidence that, by
changing population structure, changes in the environment
could affect the strength and the shape of HFCs (Balloux
et al. 2004). In the laboratory, Lesbarréres et al. (2005)
demonstrated that for the common frog (Rana temporaria),
the strength of HFCs was strongly dependent upon the
evolutionary history of the population and upon the
physical characteristics of the rearing environment. Indi-
vidual competitive ability is also known to be highly context-
dependent (Hojesjo et al. 2002; Blanchet et al. 2007). For
instance, juveniles of Atlantic salmon (Salmo salar) that
performed well in an intraspecific context were not neces-
sarily good competitors when an exotic competitor (i.e., the
rainbow trout, Oncorhynchis mykiss) was present (Blanchet
et al. 2007; Roberge et al. 2008). Thus, the simultaneous
analysis of several competitive contexts might be highly
informative for assessing the generality of the effect of
heterozygosity on traits related to the individual competitive
ability.

Most studies reporting significant general HFCs have
demonstrated a positive linear association between hetero-
zygosity and a given fitness trait (e.g., Slate et al. 2000;
MacDougall-Shackelton et al. 2005). This result supports
the assertion that more inbred individuals (i.e., less
heterozygous) are less fit. However, the assumption that
heterozygosity calculated at a set of loci is a surrogate of
the inbreeding coefficient has been challenged by several
studies (Houle 1994; David 1997; Balloux et al. 2004;
Markert et al. 2004; Slate et al. 2004). Using both
theoretical and empirical approaches, these studies revealed
a weak association between heterozygosity and inbreeding
coefficient. It has been proposed that general HFCs may be
better explained by associations at the level of individual
markers (i.e., the direct effect hypothesis in the case of
markers under selection) or of genes closely linked to them
(i.e., the local effect hypothesis in the case of neutral
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markers) rather than global inbreeding depression (Balloux
et al. 2004). Concomitantly, for neutral markers such as
microsatellites, recent studies have reported strong and
significant HFCs at the scale of a single locus (i.e., single-
locus HFCs), thus, supporting the hypothesis that general
HFCs were more prone to be explained by the local effect
hypothesis rather than reflecting global inbreeding depres-
sion (e.g., Markert et al. 2004; Lieutenant-Gosselin and
Bernatchez 2006). Mechanistically, for the local effect
hypothesis, it has been proposed that overdominant effect
(s) of allele(s) at the locus level improves the performance
of heterozygous individuals (i.e., nonadditive genetic
effects; Neff and Pitcher 2005; Lieutenant-Gosselin and
Bernatchez 2006). However, the local (i.e. the overdomi-
nance hypothesis) vs. global (i.e. the inbreeding hypothesis)
effect’s debate remains open.

The primary objective of this study was to evaluate the
relationship between individual heterozygosity and several
phenotypic traits associated with the competitive ability of
an individual. Specifically, we compared the shape and the
significance of the general HFCs of a species reared alone
or in the presence of an interspecific competitor. Further,
we explored the occurrence and magnitude of single-locus
HFCs to gain insight into the processes driving general
HFCs. To address these issues, we reared juvenile Atlantic
salmon in the laboratory in the absence or the presence of
an exotic competitive species, the rainbow trout. In fish, as
in many animals, the short-term competitive ability of an
individual can be measured as its ability to acquire and
defend nutritive resources (Hoffmann et al. 1999; Klemetsen
et al. 2003). The successful defence of nutritive resources
contributes to improving growth rate (along with physio-
logical and genetic contributions) and hence individual
fitness (Pujolar et al. 2005). Thus, behavior contributing to
maximizing growth rate (e.g., territory defence, feeding
rate; Klemetsen et al. 2003; Tiira et al. 2003) can be
considered as important fitness-related traits indicative of
the competitive ability of an individual. We calculated
HFCs for Atlantic salmon growth rate and behaviors
associated with competitive ability to test three hypotheses;
(1) a positive linear association exists between heterozy-
gosity and these traits in Atlantic salmon, (2) this
relationship is explained by the local effect hypothesis,
and (3) the heterozygosity—fitness relationship is affected
by the presence of an interspecific competitor.

Materials and Methods
Biological materials

Wild young-of-the-year (YOY) Atlantic salmon and rain-
bow trout were caught by electrofishing in the Malbaie
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River in September 2005 (Québec, Canada, 47°67" N; 70°
16" W). Rainbow trout have established a self-sustaining
population in the downstream part of the Malbaie River
since the early 1970s. The origin of this population is not
certain, but rainbow trout appear to have emigrated from
the Great Lakes to the Malbaie River through the Saint-
Lawrence River corridor (I. Thibault, L. Bernatchez, and
J.J. Dodson, personal communication). Juveniles of both
species display high niche overlap in the Malbaie River,
and it has recently been demonstrated that rainbow trout
had strong effects on the growth rate and the social hierarchy
of Atlantic salmon (Blanchet et al. 2007; Roberge et al.
2008).

YOY Atlantic salmon were sampled in two locations
(125-140 fish per location) along a 2-km stretch of river
located upstream of a fish ladder. Migrating rainbow trout
are actively excluded from the fish ladder, and the sampled
YOY salmon were thus considered to have had no previous
experience with rainbow trout. There was no significant
genetic differentiation between the two samples (Fisher’s
exact test, x>=44.72, df=30, p=0.10). YOY rainbow trout
were sampled in several locations distributed along a river
transect of 9 km. All the fish were transferred to the
laboratory, where they were reared in three separate tanks
and fed ad libitum with fish food pellets for 2 months
before experiments began. Very few fish died during the
rearing period (10 to 20 fish per species) so that roughly
250 and 150 salmon and trout, respectively, were available
for the experiment. The two groups of Atlantic salmon were
pooled during the experiment.

Laboratory experiments

Experiments were conducted using the 12 artificial chan-
nels described in Blanchet et al. (2007). Briefly, each channel
was made of Plexiglas and was 1.90-m long, 0.30-m wide,
and 0.30 m deep. The water depth in each channel was
12 cm, and average current velocity was 8 cm s '. A single
layer of river cobbles covered the entire floor of the arena.
Two half-bricks (12x5x0.8 cm) were added to serve as
refuges. Light/dark cycle was 9:14 h plus 30 min of dawn
and dusk. Water temperature was 14+1°C during the
experiment. The values of the abiotic parameters controlled
in this experiment were in the range of the habitat require-
ments of both species (see Blanchet et al. 2007). Daily food
ration (a mix of frozen chironomid larvae and fish food
pellets; in total 4% of the initial total wet fish biomass per
channel) was dispensed in an unpredictable manner at the
upstream end of the channel (see Volpe et al. 2001). The
inner side of all channels was marked to define 15 equal
zones to allow recording of horizontal distribution.

The experiment consisted of two treatments. In the first
treatment, five salmon per channel were maintained in

allopatry. In the second treatment, five salmon per channel
were maintained together with five rainbow trout (i.e.,
additive design). Such densities were chosen according to a
previous study on the same system (see Blanchet et al.
2007). Each treatment lasted 15 days and was replicated 18
times (n=90 salmon per treatment) for a total of 36
observations. As we were limited to 12 channels, the 36
observations were run over three consecutive trials. Each
trial included six replicates of each treatment. The weight of
the salmon [mean (xSD)=1.56 g. (£0.02)] did not vary
among trials [nested analysis of variance (ANOVA), F, 14;=
2.19, p=0.11] or between treatments (nested ANOVA,
treatment nested within trials, F3; 141=0.68, p=0.90).
Rainbow trout [mean (£SD)=1.79 g (x0.05)] were bigger
than Atlantic salmon in all the trials (nested ANOVA,
species effect, F'; ,43=14.76, p<0.01; species within trials,
Fz) 243:1.53, p:022)

Before experiments, salmon were anesthetized and
individually marked (Visible Implant Elastomer tags,
Northwest Marine Technology, Shaw Island, Washington).
They were measured (£0.01 mm) and weighed (£ 0.01 g)
both before and after the experiments.

To ensure that the social hierarchy was stable in each
tank, behavioral observation were carried out following
3 days of acclimatization. Each channel was observed for
15 min at four different occasions within the 15-day
treatment period (i.e., an observation the morning of each
3 days experiment). We measured three behavioral varia-
bles related to the competitive ability of Atlantic salmon
(Blanchet et al. 2007): (1) the position of each fish relative
to the food source, (2) the number of feeding attempts,
and (3) the number of aggressive interactions (chase,
displays, and nips) initiated and received by each fish.
We noted the donor and the recipient involved in each
aggressive interaction to calculate the David’s index of
dominance for each fish (Gammell et al. 2003). This index
allows ranking each individual along a social hierarchy
while dealing with repeated interactions between group
members (see Gammell et al. 2003 for details on the
calculation).

At the end of the experiment, we calculated the growth
rate (G) of salmon using the following formula:

ln(Wi,z) — 11‘1(W,’t1)
(b —1)

Where Gj; is the daily growth rate of individual i in the
channel j, W;;; is the mass of the individual at the beginning
of the growth period, W, is the mass of the individual at
the end of the experiment. (1,—1;) is the period of growth,
i.e., 15 days in this experiment.

We also calculated a residual growth rate (resG) by
extracting the residuals of the multiple regression linking G

Gy =
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(dependent factor) and the three behaviors (the distance to the
feeding source, the feeding rate, and the dominance score).
The growth of an individual not only depends on its behavioral
ability to defend a territory that provides enough energy, but
also on its physiological ability to allocate resources to somatic
growth. In our case, resG was used as a surrogate measure of
this physiological ability. Moreover, some of the dependent
variables showed significant dependency (—0.44<r<0.37);
resG thus allowed us to take into account the possible
associations between growth and behaviors.

Genetic analysis

Total DNA was extracted from white muscle tissue as
described in Aljanabi and Martinez (1997). The DNA was
used in polymerase chain reaction (PCR) to amplify 15
microsatellite loci (see Table 1 for more details on the loci).
Out of these 15 microsatellites, ten were mapped to linkage
groups in the Atlantic salmon genome using information
available online by the GRASP (Genomic Research on
Atlantic Salmon Project, http://grasp.mbb.sfu.ca/). These
ten loci belonged to nine different linkage groups (see
Table 1). Moreover, two out of these 15 loci (Ssa 401UOS
and Ssa 417UOS, Table 1) are linked to quantitative traits
loci (QTL) associated with body weight in Atlantic salmon
(Reid et al. 2005), and two others (CA 054978 and CA
054565, Table 1) are linked to expressed sequence tags
(ESTs, Vasemagi et al. 2005). PCR products were run on
an ABI™ 3100 automated capillary sequencer (Applied
Biosystems). Allelic sizes were scored using GENESCAN™
analysis v.3.7 and GENOTYPER™ v.3.7 NT software.
Fourteen out of the 15 loci were in Hardy—Weinberg
equilibrium, whereas a slight deficit in heterozygotes was
observed for one loci (SsaD 144, see Table 1). Such relatively
small departures from HW expectations are unlikely to
impact the outcomes of general HFC analyses (Lieutenant-
Gosselin and Bernatchez 2006). After correction for multiple
tests, no pair of loci was found to display significant linkage

Table 2 P values (and slope estimates under brackets for continuous
factors) of generalized mixed linear models used to evaluate the
effects of individual heterozygosity (MLH), its quadratic term (MLH?)
and competitive treatment on the growth rate, the residual growth rate

disequilibrium. Several metrics have been developed to
evaluate heterozygosity [i.e., mean ¢°, Coltman et al. 1998;
standardized heterozygosity (Hs), Coltman et al. 1999;
internal relatedness (IR), Amos et al. 2001; homozygosity
by loci (HL), Aparicio et al. 2001). With the exception of the
mean d” (see Coltman and Slate 2003), all these metrics were
highly correlated in our dataset (#>0.90) and provided
similar information. We preferred using the classical multi-
locus heterozygosity (MLH; calculated as the proportion of
the 15 loci at which an individual was heterozygous, see
Lieutenant-Gosselin and Bernatchez 2006) as it offered the
advantage of being constrained between 0 and 1, which
facilitates comparisons across taxa and studies.

Statistics

We assessed the general HFCs between the five traits (G,
resG, distance to the food source, feeding attempts, and
dominance score) and MLH calculated at the 15 loci using
general linear mixed models (GLMMs). GLMMs allow
analyses of data where the response variable is determined
by both random and fixed effects. For each model, MLH
and competitive treatments were the fixed factors. We also
included a quadratic term (MLH?) to test for the nonlinearity
of the relationship (Neff 2004; Faraway 2006). The
interaction terms between MLH and competitive treatments
and between MLH? and competitive treatments were tested
to quantify the effect of rainbow trout on the slope of the
relationships. A significant interaction would indicate that
the presence of the rainbow trout modified the slopes of
HFCs. Initially, trial was included as a fixed effect, but it
was excluded from the final models as it was not a
significant source of variation. Channels were included as
random factors, to control for potential non-independence
of fish behavior and growth within a channel (Faraway
2006). We used the mean value of the four behavioral
trials as an individual behavioral score to avoid pseudo-
replication due to repeated measurements (i.e., the sample

(see the text), the distance to the food source, the feeding rate, and the
David’s index of dominance of Atlantic salmon reared alone or with
the rainbow trout

Response variables

Growth rate Growth rate (residuals)

Distance to the feeding source

Feeding rate Dominance Index

Source of variation

MLH 0.001 (0.12) 0.023 (0.17)
MLH? 0.014 (-0.10) 0.213 (—0.01)
Treatment <0.001 0.002

MLH x Treatment 0.741 0.802

MLH? x Treatment 0.579 0.203

0.013 (~0.12) 0.583 (-0.96)  0.638 (1.56)
0.047 (0.15) 0.462 (0.83) 0.066 (~1.59)
<0.001 <0.001 0.957
0.826 0.141 0.391
0.619 0.254 0915

Significant p values (p<0.05) are in bold
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unit was a fish’s identity). Quasi-Poisson error distribution
was assumed for the number of feeding attempts, whereas
Gaussian error distributions were assumed for the other
traits. Shapiro tests for normality on the residuals of each
model were all nonsignificant (p>0.05, results not
detailed), thus justifying the choice of the error distribu-
tions (Sokal and Rohlf 1995). The explanatory power of
each model was calculated as the percentage of explained
deviance, which is an equivalent of the percentage of
explained variance but applied to general linear models
(Faraway 2000).

To verify whether the general HFCs were due to general
or local effects, we followed the methods developed for
microsatellites data by Balloux et al. (2004) and Lieutenant-
Gosselin and Bernatchez (2006). We first tested for
evidence of a global inbreeding effect by (1) subdividing
our loci into two groups, (2) recalculating individual MLH
for the two groups, and (3) measuring the correlation
between those measures (this procedure was repeated
10,000 times; Balloux et al. 2004). Secondly, for the traits
that showed significant general HFCs, and for the two
treatments independently, we calculated single-locus HFCs
for each locus individually using GLMMs (each trait was
the dependent variable and the locus under consideration
was the categorical predictor). In this case, heterozygosity
at each locus was coded as 0 when an individual was
homozygous and as 1 when it was heterozygous for the
considered locus. We assessed the global occurrence of
positive versus negative single-locus HFCs using the
cumulative binomial exact probability test. We investigated
the stability of the response (positive or negative) among
traits and between treatments using GLMs with a binomial
error distribution. Finally, we investigated whether some
loci demonstrated significant associations with a given trait.
For the traits that showed significant general HFCs, we
computed GLMMs with a given locus and treatments as
fixed factors. The interaction term allowed testing whether
rainbow trout altered the slope of the association. We
corrected for multiple tests by calculating the number of false-
positive associations expected at a=0.05 (see Lieutenant-
Gosselin and Bernatchez 2006). We also tested whether the
combination of loci falling into one of the two categories
(positive or negative single-locus HFC) had a significant
impact on each trait using the Fisher method combining
probabilities of independent tests (i.e., loci were independent
of each other, Sokal and Rohlf 1995; see also Lieutenant-
Gosselin and Bernatchez 2006 for more details).

Results

For all dependent variables except the index of dominance,
we found a significant effect of rainbow trout on Atlantic

@ Springer
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Fig. 1 Effects of the competitive treatment (intraspecific vs. interspe-
cific competition) on a the growth rate, b the residual growth rate, ¢
the distance to the food source, d the dominance index, and e the
feeding rate of Atlantic salmon
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Fig. 2 Relationships between multilocus heterozygosity and a growth p»
rate, b residual growth rate, ¢ distance to the food source, d
dominance index, and e feeding rate of Atlantic salmon. Dotted lines
represent the relationship for linear models and full lines represent
relationships for models including a quadratic term (i.e., nonlinear
relationship). For each trait, “dev,” is the percentage of deviance
explained by the linear model and “devy,” is the percentage of
deviance explained by the whole linear model that includes the
quadratic term. The relationships that were significant (p<0.05) are in
bold

salmon (Table 2, Fig. 1). In the presence of rainbow trout,
the growth rate, the residual growth rate, as well as the
feeding rate of Atlantic salmon was reduced (Fig. la, b
and e). Also, Atlantic salmon were found farther from the
food source when rainbow trout were present (Fig. 1c).
Concerning the general HFCs, we found that for growth
rate and the distance to the food source, both the MLH and
MLH? were significant (Table 2). The individuals with
intermediate MLH had higher growth and were closer to the
food source (Fig. 2a and c). A significant positive linear
relationship was also found between the residual growth
rate (resG) and MLH (Table 2, Fig. 2b). The general HFCs
were not significant for either the feeding rate or for the
dominance index (Table 2, Fig. 2d and e). According to the
trait we considered and the models we used, the percentage
of deviance explained by MLH and MLH? varied between
0.12% and 7.57% (Fig. 2).

The correlation coefficient between MLH computed with
the randomly created subset of loci was weak (+*=0.006=
0.028), indicating that MLH was not a reliable indicator of
individual inbreeding coefficient. Thus, the single-locus
HFCs were considered for the traits that showed significant
general HFCs (i.e,, G, resG, and feeding position, see
Table 2). When each trait and each treatment was considered
separately, we found that 66.66 % of the single-locus HFCs
were positive, which is significantly higher than the random
expectation of 50% (cumulative binomial probability test,
»<0.001, trials=90).

The proportion of positive versus negative single-locus
HFCs did not significantly vary either among traits
(binomial GLM, p=0.29) or between treatments (binomial
GLM, p=0.36, interaction term, p=0.64). This result
indicated that rainbow trout had little effect on the
occurrence of positive or negative single-locus HFCs.

The number of significant single-locus HFCs varied
from 1 to 3 according to the trait we considered (see
Table 3) and was significantly different from the expected
false discovery rate (x>=12.50, p<0.001, df=1). We did
not detect any significant interaction between treatments
and a given locus, indicating that the rainbow trout had no
effect on the slope of the relationships (result not shown).
The overall effect of loci showing a positive association
between heterozygosity and fitness was significant for the
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three traits we considered (Fisher method on independent
tests, G, df=20, p=0.004; resG, df=16, p<0.05; Feeding
position, df=20, p<0.05). In contrast, we detected no overall
significant effect between loci with a negative association
and the fitness traits (Fisher method on independent tests, G,
df=10, p>0.05; resG, df=14, p>0.05; Feeding position, df=
10, p>0.05).

Discussion

A major finding of our experiment was that nonlinear
general HFCs were detected for two out of the three
significant relationships (i.e., for the growth rate and
distance from the food source). This indicated that
individuals with an intermediate level of heterozygosity
were closer to the food source, had the higher growth
performance, and might therefore be considered as having a
higher competitive ability. This result was strengthened by
the observation that it was consistent across two compet-
itive environments. Similar results were obtained for others
fitness traits in a wild bluegill sunfish population (Neff
2004) and in a wild bird population (Ortego et al. 2007).
The third relationship (i.e., concerning the residual growth
rate) was linear and positive, as observed for most reported
general HFCs (Coltman and Slate 2003). For these
significant relationships, we found that MLH explained on
average 5.35% (range 2.63—7.57 %) of the total deviance of
the traits we considered, similar values to those reported for
several phenotypic traits in a recent meta-analysis (Coltman
and Slate 2003). Finally, we did not detect any significant
HFCs for the two other behaviors (i.e., the feeding rate and
an index of dominance). The result concerning the index of
dominance was unexpected since a significant association
between the number of given aggressions and heterozygos-

ity had previously been detected in Atlantic salmon, and in
a related species, the brown trout Salmo trutta (Tiira et al.
2003, 2006). Here, we used a dominance index (Gammell
et al. 2003) that integrated both the number of aggressions
given and received by each individual. This may explain
the discrepancy between our results and previous studies
(Tiira et al. 2003, 2006). However, when computing similar
analyses while using either the number of given or received
aggressions as a dependent variable, we were unable to
detect significant association with heterozygosity, even if
each treatment was analyzed separately (results not shown).
The populations studied by Tiira et al. (2003, 2006) had a
long hatchery background and a specific history of
inbreeding which may explain the discrepancies with our
results. This therefore suggests that the relationship be-
tween dominance and genetic diversity may be constrained
by the evolutionary and management history of populations
(Lesbarreres et al. 2005).

We found little evidence that the presence of an
interspecific competitor, i.e., the rainbow trout, modified
the patterns of HFCs in our experimental population of
Atlantic salmon. We detected strong effects of the rainbow
trout on most of the traits we measured (see Fig. 1). These
effects are unlikely to be due to an increase in the total fish
density from the intraspecific treatment to the interspecific
treatment. Blanchet et al. (2007) previously showed (using
a more complete experimental design) that the effect of
rainbow trout was highly species-specific and was inde-
pendent of an increase in total density. In addition, Blanchet
et al. (2007) demonstrated that rainbow trout strongly
altered the within-hierarchical structure of groups of
juvenile Atlantic salmon. Based on microarray experiments,
Roberge et al. (2008) identified several candidate genes
associated with this plastic loss of hierarchy. Despite such
strong behavioral effects, HFCs remained remarkably

Table 3 p Values of linear

Residual growth rate Distance to the food source

models used to test the effect of Locus Growth rate
single-locus HFCs on the
growth rate, the residual SS4D 190 0.711 (=)
growth rate (see the text), and CA4 054978 0.915 ()
the feeding position of Atlantic CA 054565 0.202 (+)
salmon Ssa 401 0.521 (+)
Ssa 417 0.260 (+)
St 12 0.003 (+)
SSAD 237 0.013 (+)
Sssp 2215 0.346 (+)
L Ssal97 0.792 ()
Significant p values (»p<0.05) Ssa 202 0.048 ()
are bolded. Symbol under ’
bracket indicated whether the Ssol 417 0.100 (%)
slope of the HFCs were either Ssa 85 0.669 (+)
positive (+) or negative (—). SSAD 144 0.162 (1)
See Table 1 for details of SSAD 170 0.042 (+)
marker source and PCR D-71 0.281 (+)

conditions

0.393 (+) 0.711 (+)
0.357 (+) 0.989 (-)
0.398 (+) 0.379 ()
0.334 () 0.025 (+)
0.558 (-) 0.320 (+)
0.010 (+) 0.120 (+)
0.161 (+) 0.045 (+)
0.098 (+) 0.898 (-)
0.603 (-) 0.789 (-)
0.321 (-) 0.326 (-)
0.093 (-) 0.872 (-)
0.638 (-) 0.923 (+)
0.233 (+) 0.453 (+)
0.245 (-) 0.079 (+)
0.365 (+) 0.279 (+)
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consistent across the two competitive environments. This
latter result therefore illustrates the important role that
genetic diversity plays in the competitive ability of juvenile
Atlantic salmon.

Although these relationships might appear relatively
weak, they may nevertheless play a significant role in
shaping the biological and behavioral evolution of a
population. For example, we found that MLH contributes
to 7.57% of the observed variance in growth rate, irrespec-
tive of the surrounding environment. This part of the
variance can hence be considered as a highly predictable
part of the phenotypic variation. Thus, by choosing an
“optimal” mate (i.e., a partner having an optimal level of
heterozygosity), an individual may increase the probability
of producing progeny with a higher competitive ability. One
should therefore expect a high selection differential for those
advantageous genotypes. Accordingly, in studies involving
several fitness traits of threespine sticklebacks (Gasterosteus
aculeatus), Lieutenant-Gosselin and Bernatchez (2006)
found high positive values of selection differentials for
MLH (see also Bensch et al. 2006; Hoffman et al. 2007).

Our results support the hypothesis that the significant
general HFCs (both linear and nonlinear) most likely arose
from the effects of local associations between markers and
fitness rather than from global inbreeding effects. Our 15
loci represented a non-negligible part of the whole genome
since nine out of the 28 linkage groups were covered by at
least one locus. However, we found no strong evidence that
the markers we used reflected individual inbreeding level
(Balloux et al. 2004). Additionally, significant single-locus
HFCs and significant grouped positive effects were
detected for all traits that demonstrated significant general
HFCs. Such results are generally interpreted as providing
strong support for the local effect hypothesis (Hansson and
Westerberg 2002; Balloux et al. 2004; Lieutenant-Gosselin
and Bernatchez 2006).

If we assume that the local hypothesis prevails in the
present case, the nonlinear HFCs were apparently not the by-
product of simultaneously occurring inbreeding and out-
breeding depression as proposed by Neff (2004). In contrast,
both positive (overdominant) and negative (dominant) local
effects may interact to shape an individual’s competitive
ability (Lieutenant-Gosselin and Bernatchez 2006). This is
consistent with the idea that behavioral traits might be
influenced by nonadditive genetic effects (Meffert et al.
2002) and that both additive and nonadditive genetic effects
can contribute to an individual’s fitness (reviewed in Neff
and Pitcher 2005). Moreover, when only considering
positive local associations, the general HFCs were linear
(and positive) for both the growth rate and the distance to
the food source, thus further supporting the local-effect
hypothesis. It was noteworthy that both measures of growth
rate (G and resG) did not display similar relationships with

genetic diversity, with one (G) being quadratic and the other
(resG) being linear. The first measure (G) includes both the
behavioral and the physiological components of the growth,
while the second (resG) included only the physiological
components. Thus, we hypothesize that behavioral compo-
nents of growth may be more prone to be influenced by both
additive and nonadditive genetic effects, while physiological
components have been shown to be associated with
overdominance effects of genes (Thelen and Allendorf
2001; Pujolar et al. 2005 see also Pujolar et al. 2006).

To summarize, behavioral and phenotypic traits related
to the competitive ability of juvenile Atlantic salmon were
partly explained by the internal genetic variability of
individuals. This demonstrates the importance of genetic
diversity (specifically at the level of the single locus) on the
remarkable behavioral variability observed within animal
species (Owens 2006). The shape of these relationships
differed according to the trait that was considered, including
linear and nonlinear relationships. These relationships
were more likely explained by the local-effect hypothesis
(Hansson and Westerberg 2002) and persisted even after
introducing a competitor having strong effects on the traits
linked to the competitive ability and the hierarchy of
juvenile Atlantic salmon. We argue that simultaneously
testing the two hypotheses that general HFCs may be
linear or nonlinear, and of systematically verifying mech-
anisms that drive these relationships should enhance our
ability to understand the evolutionary processes responsible
for maintaining genetic diversity within populations. As
such, our study provides new insight on how behavioral
variability can be maintained within populations, and
justifies further studies aimed at revealing the role of
genetic factors in the transmission of behaviors across
generations (Owens 2006)

Acknowledgments We are grateful to the LARSA team (Québec,
Canada) for rearing fish. We thank V. Albert, G. C6té and L. Papillon
for advices during genotyping. We sincerely thank M. Lieutenant-
Gosselin, G. Loot, and anonymous referees for valuables comments
on previous drafts. This research was financially supported by a
Natural Sciences and Engineering Research Council of Canada grant
(strategic program) to J.J.D. and L.B. The experiments conducted
comply with current Canadian laws (license N° 2004-140).

References

Aljanabi S, Martinez 1 (1997) Universal and rapid salt-extraction of
high quality genomic DNA for PCR-based techniques. Nucleic
Acids Res 25:4692-4693

Amos W, Wilmer JW, Fullard K, Burg TM, Croxall JP, Bloch D,
Coulson T (2001) The influence of parental relatedness on
reproductive success. Proc Roy Soc B-Biol Sci 268:2021-2027

Aparicio JM, Cordero PJ, Veiga JP (2001) A test of the hypothesis of
mate choice based on heterozygosity in the spotless starling.
Anim Behav 62:1001-1006

@ Springer



614

Behav Ecol Sociobiol (2009) 63:605-615

Balloux F, Amos W, Coulson T (2004) Does heterozygosity estimate
inbreeding in real populations. Mol Ecol 13:3021-3031

Bensch S, Andrén H, Hansson B, Pedersen HC, Sand HK, Sejberg D,
Wabakken P, Akesson M, Liberg O (2006) Selection for
heterozygosity gives hope to a wild population of inbred wolves.
PLoS ONE 1:e72

Blanchet S, Loot G, Bernatchez L, Dodson JJ (2007) The disruption
of dominance hierarchies by a non-native species: an individual-
based analysis. Oecologia 152:569-581

Boake CRB, Arnold SJ, Breden F, Meffert LM, Ritchie MG, Taylor BJ,
Wolf JB, Moore AJ (2002) Genetic tools for studying adaptation
and the evolution of behavior. Am Nat 160:S143-S159

Bolnick DI, Svanback R, Fordyce JA, Yang LH, Davis JM,
Hulsey CD, Forister ML (2003) The ecology of individuals:
incidence and implications of individual specialization. Am
Nat 161:1-28

Coltman DW, Slate J (2003) Microsatellite measures of inbreeding: a
meta-analysis. Evolution 57:971-983

Coltman DW, Bowen WD, Wright JM (1998) Birth weight and
neonatal survival of harbour seal pups ape positively correlated
with genetic variation measured by microsatellites. Proc Roy Soc
B-Biol Sci 265:803-809

Coltman DW, Pilkington JG, Smith JA, Pemberton JM (1999)
Parasite-mediated selection against inbred Soay sheep in a free-
living, island population. Evolution 53:1259-1267

Connell JH (1980) Diversity and the coevolution of competitors, or
the ghost of competition past. Oikos 35:131-138

Coté SD, Festa-Bianchet M (2001) Birthdate, mass and survival in
mountain goat kids: effects of maternal characteristics and forage
quality. Oecologia 127:230-238

David P (1997) Modelling the genetic basis of heterosis: tests of
alternative hypotheses. Evolution 51:1049-1057

David P (1998) Heterozygosity-fitness correlations: new perspectives
on old problems. Heredity 80:531-537

DeSalle R, Amato G (2004) The expansion of conservation genetics.
Nat Rev Gen 5:702-712

Faraway JJ (2006) Extending the linear model with R, 1st edn.
Chapman & Hall/CR, Boca Raton, FL

Gammell MP, De Vries H, Jennings DJ, Carlin CM, Hayden TJ (2003)
David’s score: a more appropriate dominance ranking method
than Clutton-Brock et al.’s index. Anim Behav 66:601-605

Gurevitch J, Morrow LL, Wallace A, Walsh JS (1992) A meta-analysis
of competition in field experiments. Am Nat 140:539-572

Hansson B, Westerberg L (2002) On the correlation between
heterozygosity and fitness in natural populations. Mol Ecol
11:2467-2474

Hoffmann HA, Benson ME, Fernald RD (1999) Social status regulates
growth rate: consequence for life-history strategies. P Natl Acad
Sci USA 96:14171-14176

Hoffman JI, Forcada J, Trathan PN, Amos W (2007) Female fur seals
show active choice for males that are heterozygous and unrelated.
Nature 445:912-914

Hojesjo J, Johnsson JI, Bohlin T (2002) Can laboratory studies on
dominance predict fitness of young brown trout in the wild.
Behav Ecol Sociobiol 52:102-108

Houle D (1994) Adaptive distance and the genetic-basis of heterosis.
Evolution 48:1410-1417

Keller LF, Waller DM (2002) Inbreeding effects in wild populations.
Trends Ecol Evol 117:230-241

Klemetsen A, Amundsen PA, Dempson JB, Jonsson B, Jonsson N,
Mortensen E (2003) Atlantic salmon Sa/mo salar L., brown trout
Salmo trutta L. and Artic charr Salvelinus alpinus (L.): a review
of aspects of their life histories. Ecol Freshw Fish 12:1-59

Kruuk LEB, Sheldon BC, Merila J (2002) Severe inbreeding
depression in collared flycatchers (Ficedula albicollis). Proc
Roy Soc B-Biol Sci 269:1581-1589

@ Springer

Leésbarreres D, Primmer CR, Laurila A, Merila J (2005) Environmen-
tal and population dependency of genetic variability-fitness
correlations in Rana temporaria. Mol Ecol 14:311-323

Lieutenant-Gosselin M, Bernatchez L (2006) Local heterozygosity-
fitness correlations with global positive effects on fitness in
threespine stickleback. Evolution 60:1658-1668

MacDougall-Shackleton EA, Derryberry EP, Foufopoulos J, Dobson
AP, Hahn TP (2005) Parasite-mediated heterozygote advantage in
an outbred songbird population. Biol Lett 1:105-107

Markert JA, Grant PR, Grant BR, Keller LF, Coombs JL, Petren K
(2004) Neutral locus heterozygosity, inbreeding, and survival in
Darwin’s ground finches (Geospiza fortis and G. scandens).
Heredity 92:306-315

Meftert LM, Hicks SK, Regan JL (2002) Nonadditive genetic effects
in animal behavior. Am Nat 160:S198-S213

Nakano S (1995) Individual differences in resource use, growth and
emigration under the influence of a dominance hierarchy in
fluvial red spotted Masu salmon in a natural habitat. J] Anim Ecol
64:75-84

Neff BD (2004) Stabilizing selection on genomic divergence in a wild
fish population. P Natl Acad Sci USA 101:2381-2385

Neff BD, Pitcher TE (2005) Genetic quality and sexual selection: an
integrated framework for good genes and compatible genes. Mol
Ecol 14:19-38

Ortego J, Aparicio JM, Calabuig G, Cordero PJ (2007) Risk of
ectoparasitism and genetic diversity in a wild lesser kestrel
population. Mol Ecol 16:3712-3720

Owens IPF (2006) Where is behavioural ecology going. Trends
Ecology Evol 21:356-361

Pujolar JM, Maes GE, Vancoillie C, Volckaert FAM (2005) Growth
rate correlates to individual heterozygosity in the European eel,
Anguilla anguilla L. Evolution 59:189-199

Pujolar JM, Maes GE, Vancoillie C, Volckaert FAM (2006) Environ-
mental stress and life-stage dependence on the detection of
heterozygosity—fitness correlations in the European eel, Anguilla
anguilla. Genome 49:1428-1437

Reid DP, Szanto A, Glebe B, Danzmann RG, Ferguson MM
(2005) QTL for body weight and condition factor in Atlantic
salmon (Salmo salar): comparative analysis with rainbow trout
(Oncorhynchus mykiss) and Arctic charr (Salvelinus fontinalis).
Heredity 94:166—172

Rijks JM, Hoffman JI, Kuiken T, Osterhaus ADME, Amos W (2008)
Heterozygosity and lungworm burden in harbour seals (Phoca
vitulina). Heredity 100:587-593

Roberge C, Blanchet S, Dodson JJ, Guderley H, Bernatchez L (2008)
Disturbance of social hierarchy by an invasive species: a gene
transcription study. PloS ONE 3:¢2408

Sih A, Bell AM, Johnson JC, Ziemba RE (2004) Behavioral
syndromes: an integrative overview. Quart Rev Biol 79:241-277

Slate J, David P, Dodds KG, Veenvliet BA, Glass BC, Broad TE,
McEwan JC (2004) Understanding the relationship between the
inbreeding coefficient and multilocus heterozygosity: theoretical
expectations and empirical data. Heredity 93:255-265

Slate J, Kruuk LEB, Marshall TC, Pemberton JM, Clutton-Brock TH
(2000) Inbreeding depression influences lifetime breeding suc-
cess in a wild population of red deer (Cervus elaphus). Proc Roy
Soc B-Biol Sci 267:1657-1662

Sokal RR, Rohlf FJ (1995) Biometry, 3rd edn. W. H. Freeman, New York

Thelen GC, Allendorf FW (2001) Heterozygosity—fitness correla-
tions in rainbow trout: effects of allozyme loci or associative
overdominance. Evolution 55:1180-1187

Tiira K, Laurila A, Peuhkuri N, Piironen J, Ranta E, Primmer CR
(2003) Aggressiveness is associated with genetic diversity in
landlocked salmon (Salmo salar). Mol Ecol 12:2399-2407

Tiira K, Laurila A, Enberg K, Piironen J, Aikio S, Ranta E, Primmer CR
(2006) Do dominants have higher heterozygosity? Social status



Behav Ecol Sociobiol (2009) 63:605-615

615

and genetic variation in brown trout, Salmo trutta. Behav Ecol
Sociobiol 59:657-665

Vilimdki K, Hinten G, Hanski I (2007) Inbreeding and competitive
ability in the common shrew (Sorex araneus). Behav Ecol
Sociobiol 61:997-1005

Vasemagi A, Nilsson J, Primmer CR (2005) Expressed sequence
tag-linked microsatellites as a source of gene-associated
polymorphisms for detecting signatures of divergent selection
in Atlantic salmon (Sal/mo salar L.). Mol Biol Evol 22:1067—
1076

Vollestad LA, Quinn TP (2003) Trade-off between growth rate and
aggression in juvenile coho salmon, Oncorhynchus kisutch. Anim
Behav 66:561-568

Volpe JP, Anholt BR, Glickman BW (2001) Competition among juvenile
Atlantic salmon (Salmo salar) and steelhead (Oncorhynchus
mykiss) : relevance to invasion in British Columbia. Can J Fish
Aquat Sci 58:197-207

Zouros E, Singh SM, Miles HE (1980) Growth rate in oysters-an
overdominant phenotype and its possible explanations. Evolution
34:856-867

@ Springer



	Does...
	Abstract
	Introduction
	Materials and Methods
	Biological materials
	Laboratory experiments
	Genetic analysis
	Statistics

	Results
	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


