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Abstract

Ecological selection against hybrids between populations occupying different
habitats might be an important component of reproductive isolation during the
initial stages of speciation. The strength and directionality of this barrier to gene
flow depends on the genetic architecture underlying divergence in ecologically
relevant phenotypes. We here present line cross analyses of inheritance for two
key foraging-related morphological traits involved in adaptive divergence
between stickleback ecotypes residing parapatrically in lake and stream habitats
within the Misty Lake watershed (Vancouver Island, Canada). One main
finding is the striking genetic dominance of the lake phenotype for body depth.
Selection associated with this phenotype against first- and later-generation
hybrids should therefore be asymmetric, hindering introgression from the lake
to the stream population but not vice versa. Another main finding is that
divergence in gill raker number is inherited additively and should therefore
contribute symmetrically to reproductive isolation. Our study suggests that
traits involved in adaptation might contribute to reproductive isolation

qualitatively differently, depending on their mode of inheritance.

Introduction

Speciation probably often starts as a result of adaptation
to ecologically different environments (Dobzhansky,
1951; Schluter, 2000; Coyne & Orr, 2004; Rundle &
Nosil, 2005; Sobel ef al., 2010). A component of repro-
ductive isolation that might be particularly important
during this process is selection against hybrids. That is,
even in the face of dispersal across habitat boundaries
and associated interbreeding, gene flow can be restricted
if the phenotypes of first- and later-generation hybrids
perform poorly relative to better-adapted resident phe-
notypes (Arnold, 1997; Schluter, 2000).

One factor that will influence the contribution of
selection against hybrids to reproductive isolation is the
extent to which phenotypic shifts between habitats are
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genetically based as opposed to being environmentally
induced (Arnold, 1997; Crispo, 2008). That is, if habitat-
related differences in traits under divergent selection are
primarily caused by phenotypic plasticity, hybrid oft-
spring derived from migrants to foreign habitats may
express resident phenotypes and hence perform well,
facilitating gene flow across habitats (Thibert-Plante &
Hendry, 2011). On the other hand, if adaptive divergence
is genetically based, hybrid phenotypes and their perfor-
mance in a given habitat relative to pure resident
phenotypes will depend on the underlying quantitative
genetic architecture and the associated mode of inheri-
tance (Arnold & Hodges, 1995; Rieseberg, 1995; Arnold,
1997; Barton, 2001). For example, if adaptive divergence
is due to genetic factors whose total net effect is primarily
additive, hybrids will be phenotypically intermediate
between the pure types and hence be selected against
in both habitats (Barton & Hewitt, 1985; Schluter, 2000;
Rundle & Nosil, 2005). By contrast, if adaptive diver-
gence is due to genetic factors whose combined net effect
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is primarily dominant, hybrids will more closely resemble
one of the parent types than the other. This renders
the strength of selection against hybrids, and hence, the
opportunity for introgression, asymmetric (i.e. habitat-
dependent). These patterns might be further complicated
by epistatic effects (interactions among loci) whose
consequences in an ecological context are difficult to
predict.

Understanding the role of selection against hybrids in
speciation therefore benefits from information on the
quantitative genetic basis of traits known or suspected to
be involved in ecologically based reproductive isolation
(Arnold & Hodges, 1995; Hatfield, 1997; Czesak et al.,
2004; Fritz et al.,, 2006; Barson et al., 2007; Rego et al.,
2007; Fuller, 2008). Our goal is to provide such infor-
mation for key morphological traits in an emerging
system for studying incipient speciation — threespine
stickleback fish (Gasterosteus aculeatus) residing in lake
and stream habitats.

Threespine stickleback occur in contiguous lake and
stream habitats in many watersheds that were colonized
independently after the last glacial retreat (Hagen &
Gilbertson, 1972; Reimchen efal, 1985, Lavin &
McPhail, 1993; Thompson et al., 1997; Reusch et al.,
2001; Hendry & Taylor, 2004; Aguirre, 2009; Berner
et al., 2009, 2010). These two habitats are ecologically
different in that lakes typically provide opportunities for
foraging on both limnetic prey (zooplankton in the open
water) and benthic prey (macroinvertebrates on the
substrate), whereas streams provide almost exclusively
the latter (Berner et al, 2008, 2009). This ecological
difference between lakes and streams generates divergent
selection driving adaptive divergence in stickleback
foraging traits. Moreover, adaptive divergence between
lake and stream populations frequently, although not
always, goes hand in hand with reproductive isolation
(Berner et al, 2009, 2010). As a result, lake-stream
stickleback often form well-differentiated ecotype (or
incipient species) pairs, sometimes even when occurring
in close proximity without physical barriers to dispersal.

The morphological traits that display the most consis-
tent divergence between lake and stream ecotypes, and
that are targeted by resource-based selection, include
body shape and gill raker number. For body shape,
stickleback in lakes have shallower bodies than do
stickleback in streams (Hagen & Gilbertson, 1972; Reim-
chen et al, 1985; Lavin & McPhail, 1993; Hendry et al.,
2002; Hendry & Taylor, 2004; Aguirre, 2009; Berner
et al., 2009), which presumably improves swimming
performance when foraging on zooplankton in the open
water (Webb, 1984; Blake, 2004; Hendry et al., 2011). By
contrast, the deeper bodies of stream stickleback pre-
sumably improve manoeuvrability and hence facilitate
foraging on complex bottom substrates (Walker, 1997;
Hendry et al., 2011). In addition to the divergence in
body shape, lake stickleback display a greater number
of gill rakers (bony tubercles on the first branchial arch)

than do stream ecotypes (Hagen & Gilbertson, 1972;
Gross & Anderson, 1984; Lavin & McPhail, 1993; Hendry
& Taylor, 2004; Berner et al., 2009). This divergence
presumably promotes capture and handling efficiency of
prevailing prey types in the two habitats (Schluter, 1993;
Robinson, 2000).

Common-garden experiments indicate that lake—
stream divergence in stickleback body shape and gill
raker number has a substantial genetic basis, at least in
the one system (Misty) where such studies have been
performed (Lavin & McPhail, 1993; Sharpe et al., 2008;
Hendry ef al, 2011). Further, field transplant experi-
ments suggest that lake—stream divergence leads to
superior performance of stickleback in their home envi-
ronments, and hence likely causes selection against
migrants (Hendry et al.,, 2002). Selection against first-
and later-generation hybrids, however, would depend
on the relative contribution of additivity, dominance and
epistasis to ecotype divergence.

A powerful approach to obtaining this information
on genetic architecture is the analysis of line crosses
(Hayman, 1958; Mather & Jinks, 1982; Lynch & Walsh,
1998). Two such studies have been performed for
threespine stickleback: one for marine and freshwater
population pairs (Schluter ef al., 2004) and one for
sympatric limnetic-benthic species (Hatfield, 1997).
Together, these studies suggest an entirely additive basis
to differences in body shape and gill raker number.
Whether this holds for lake-stream stickleback is
unknown. We therefore here present a line cross analysis
of body shape and gill raker number inheritance for the
lake-inlet stream stickleback ecotype pair residing parap-
atrically within the Misty watershed on Vancouver
Island, British Columbia, Canada.

Materials and methods

Source populations and laboratory lines

The stickleback used for this study originate from three
consecutive generations raised from 2004 to 2008 under
controlled laboratory conditions at McGill University,
Montreal, Canada. The first generation included eight
pure families from Misty Lake and four pure families
from the inlet stream flowing into Misty Lake. (Fewer
families were used for the inlet because fewer gravid fish
were available at the time of sampling.) These families
were created in June 2004 by artificially crossing field-
caught fish from each of the two sites: Misty Lake site 1
and inlet stream site 4 (Delcourt et al.,, 2008; sites are
described in Moore & Hendry, 2005). Each cross used
unique individuals only, and offspring from each family
were split across 20-100 L aquaria to achieve a density of
approximately 25 fish per 100 L. The juveniles were fed
live Artemia mnauplii for 6 weeks, and then frozen
chironomid larvae. Initial ‘summer’ laboratory condi-
tions were 18 °C with a 16 : 8 h day : night photoperiod.
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After approximately 1 year, we simulated ‘winter’ con-
ditions by reducing the temperature to 16 °C and the
photoperiod to 8:16 h day: night for 2.5 months.
Thereafter, summer conditions were re-established to
stimulate reproduction, and the second generation was
created in winter 2005/2006. This generation included
pure lake crosses (five families), pure stream crosses (six
families), and their F1 hybrids (seven families). The
hybrid crosses included both reciprocal parental combi-
nations (lake male X stream female and stream male x
lake female). Each cross again used unique individuals,
and sib mating was not allowed. The atoresaid protocol
was then repeated to create the third generation in the
spring of 2007, this one consisting of pure lake and
stream crosses (one family each), seven F1 hybrid
crosses, five F2 hybrid crosses, nine lake backcrosses
and five stream backcrosses. All reciprocal parental
combinations were included in the hybrids and back-
crosses. The third generation was terminated in the
spring of 2008.

All fish from each generation were measured (as
described in the following paragraphs) at approximately
1 year of age, thus reaching typical adult body sizes seen
in nature. Overall, the study included 792 individuals
from 58 families. A few crosses yielded data for males only
(one family), or for females only (three families) (see
Table 1 for a summary of families per line type and sex).
Generally, we measured a minimum of five individuals
per sex and family combination, although sometimes less
than five individuals were available (male average = 5.3,
SD = 3.8; female average = 8.8, SD = 5.2).

Phenotypic measurements

Stickleback were killed with an overdose of MS-222,
immediately placed on their right side in natural position
on a standard background with a reference scale, and
then photographed with a digital camera. Fine pins were
used to indicate landmarks otherwise difficult to locate

Table 1 Number of replicate families for each line type and sex
(pooled across generations), along with the coefficients for com-
posite genetic effects used in the models of trait inheritance. The first
and second coefficients represent additive [a] and dominance [d]
genetic effects. The last three coefficients reflect digenic epistasis (i.e.
additive-additive [aa], additive-dominance [ad], and dominance—
dominance [dd] interaction between two loci). The intercept
coefficient is not shown but was implicit in all models.

Line type N (m/A) [a] [d] [aa] [ad] [dd]
Stream 11/10 -1 0 1 0 0
Stream backcross 4/5 -0.5 0.5 0.25 -0.25 0.25
F1 hybrid 13/14 0 1 0 0 1
F2 hybrid 5/5 0 0.5 0 0 0.25
Lake backcross 8/9 0.5 0.5 0.25 0.25 0.25
Lake 14/14 1 0 1 0 0
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on the photographs. The specimens were subsequently
sexed by dissection, and stored in 95% ethanol.

Given that the use of geometric morphometrics to
analyse overall body shape is now standard in work on
stickleback and many other species, we also started with
this approach. We used tpsDig (Rohlf, 2001) to place the
same 16 landmarks as in Berner ef al. (2010) on each
photograph. Next, we used tpsRelw (Rohlf, 2001) to
compute the consensus landmark configuration for
each sex-by-family combination (N = 112). All consensus
configurations were then analysed together in tpsRelw
to obtain the weight matrix (summarizing uniform and
localized components of shape variation), and to extract
its principal components (relative warps). The first rela-
tive warp (RW1) captured a large proportion (43.5%) of
the total shape variation among the consensus configu-
rations and displayed strong divergence between the lake
and stream ecotypes. RW2 accounted for 17.7% of the
total variation and captured some sexual dimorphism, but
was only weakly associated with ecotype. RW3 (10.8%)
captured bending of specimens during placement for
photographs and hence was biologically irrelevant. All
subsequent RWs accounted for less than 8.9% of the
variation and also showed no ecotype association. RW1
thus emerged as the main axis of body shape divergence
between the ecotypes, consistent with previous work
(Berner et al., 2009, 2010; Hendry et al, 2011). We
therefore restricted our analysis of geometric morpho-
metric body shape inheritance on RW1.

Because the aforesaid shape analysis extracted RW1
scores from consensus configurations of unit centroid
size, it was not possible to partial out size-related shape
variation. We therefore also performed an additional
analysis where RW1 was computed from the individual
(N =792) landmark configurations. Individual RW1
scores were then regressed against centroid size, and
the residuals used to compute sex-by-family averages.
The analysis of inheritance for this main axis of size-
independent body shape divergence produced results
very similar to the aforesaid analysis of RW1, supporting
identical conclusions. The analysis based on size-inde-
pendent RW1 is therefore not presented.

In addition to RWI1, we quantified more specific
aspects of body shape through two univariate linear
distance measurements taken from each photograph:
body depth and snout length. (We also examined other
univariate traits but do not report them here because
they did not show divergence between ecotypes, and do
not have as clear a functional interpretation.) We here
defined univariate ‘body depth” as the Euclidean distance
between the landmarks located at the anterior insertion
of the second dorsal spine and the pelvic spine (see
Berner et al., 2009 for an illustration). Univariate ‘snout
length” was measured as the distance between the
landmarks at the tip of the upper jaw and at the posterior
edge of the eye. We included these traits in our analysis
for consistency with earlier work where body shape
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variation was studied using similar linear distance traits
(e.g. Reimchen et al, 1985; Lavin & McPhail, 1993;
Hendry et al, 2002; Berner et al, 2008). In addition,
these two traits isolated the two key aspects of RW1 (see
Results). Both body depth and snout length were size-
corrected by taking an analysis of covariance approach
(Reist, 1985; Berner, 2011) with centroid size as a
covariate (calculated from individual landmark configu-
rations in tpsRelw). The size-corrected values were used
to compute sex-by-family means.

Using the preserved specimens, gill raker number was
counted on the ventral bone of the first gill arch (as in
Berner ef al, 2008) under a stereomicroscope at 45X
magnification. Average values were then calculated for
each sex-by-family combination.

Prior to line cross analysis, we used the line types
available from multiple years (pure lines, F1 hybrids) to
test for consistency among the laboratory generations in
RWI1, body depth, snout length and gill raker number.
All these phenotypes proved highly consistent among
generations (details not presented), indicating that if
environmental maternal effects occur in these traits, they
are very weak. In addition, we tested for differences
between the reciprocal parental combinations within the
F1 hybrids and backcrosses, but found no indication of
such effects in any trait (details not presented). For each
line cross type, we therefore combined data from differ-
ent generations and parental combinations.

Finally, we considered the possibility of genetic cou-
pling among traits due to pleiotropy or physical linkage
among loci. This was examined qualitatively by estimat-
ing the phenotypic correlation between the body shape-
related traits (RW1, body depth and snout length) and
gill raker number, and between univariate body depth
and snout length. We here used only F2 hybrids, the line
type with the weakest gametic phase disequilibrium
among loci derived from the lake and stream population.
These analyses found no evidence for genetic coupling
between traits (details not presented), thus justifying our
univariate analytical approach.

Line cross analysis

We performed line cross analysis to determine the extent
to which additive gene action, dominance and epistatic
gene interactions explained deviations of observed line
means from the means predicted for a theoretical
population with random segregation of genetic factors
(i.e. a F. population deriving from an initial cross
between the pure ecotypes; Lynch & Walsh, 1998). Line
cross analysis was carried out by fitting the data to a
hierarchy of increasingly complex genetic models.

For all traits, we started with a basic genetic model
including only composite additive gene action [a] (i.e.
additive effects summed over all loci) and sex as factors.
Under purely additive inheritance and without sampling
error, F1 and F2 hybrid means are expected to lie exactly

between the pure ecotype means, and backcross means
are expected to be exactly intermediate between the F1
hybrid and the corresponding pure ecotype means. [Note
that additivity is the first composite genetic effect entered
in line cross analysis models (Mather & Jinks, 1982;
Lynch & Walsh, 1998).] Sex was added to account for
possible sex-linked genetic effects (the sex-additive
interaction was always unimportant [P > 0.211] and
hence ignored). For snout length, the base model
revealed strong sexual dimorphism (F; 00 = 134.9,
P < 0.0001) but surprisingly indicated no difference
between the cross lines (Fj 99 = 0.051, P =0.822; a
similar result was obtained when using data from the
pure lines only). Snout length was therefore not analysed
further, but the data are visualized in Fig. Al. For gill
raker number, the initial base model indicated no effect
of sex. We here therefore pooled male and female
individuals to calculate family means, yielding a reduced
data set of N =58 and specified a new base model
containing only additive gene action as factor.

The next higher-level model additionally included a
composite dominance parameter [d], accounting for
dominance of one ecotype over the other summed across
all loci. The final and most complex model additionally
incorporated composite digenic epistasis (i.e. the net
effects of additive—additive [aa], additive—-dominance [ad]
and dominance—dominance [dd] interactions between
two loci) (Hayman, 1958; Mather & Jinks, 1982; Lynch &
Walsh, 1998), which would explain significant deviation
from the additive or dominance expectations. We made
no attempt to separate the different epistatic components
because we considered statistical power insufficient for
this purpose. The coefficients for the model parameters
were specified as in Mather & Jinks (1982) and are
summarized in Table 1.

Each model’s explanatory power was evaluated using
an information-theoretical approach (a frequentist ap-
proach using chi-squared likelihood ratio tests led to very
similar results, which are therefore not presented). This
approach searched for the model that explained the most
variance among line means while being penalizing for
the number of model parameters. We extracted the
Akaike information criterion (AIC) for each model and
used it to compute the second-order information crite-
rion (AIC.) recommended for relatively small sample
sizes (Burnham & Anderson, 2002). (AIC. and AIC
differed only very slightly and supported the same
conclusions.) The model with the lowest AIC. was
considered the best model unless its AIC. was only 0-2
units below that of a simpler (more parsimonious) model
(Burnham & Anderson, 2002). For RW1, body depth and
gill raker number, we also performed the line cross
analysis for male and female data separately (N = 55 and
57). All statistics and plotting were performed by using
the r language (R Development Core Team, 2010). All
data used for this study are available on the Dryad digital
repository (doi: 10.5061/dryad.6vq04).
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Results

The dominant axis of geometric morphometric shape
variation among the sex-by-family consensus configura-
tions (RW1) primarily captured shifts in overall body
depth and snout length (Fig. 1). Along this axis, the lake
ecotype displayed a more slender body and a shorter
snout compared with the stream ecotype, driving a
highly significant additive genetic term in the base model
(F1,100 = 163, P < 0.0001). Sexual dimorphism was also
present (Fj 199 = 124, P < 0.0001) and roughly similar in
magnitude to the ecotype difference. Females exhibited
more slender bodies and shorter snouts than males. The
fit of the base model could be greatly improved by adding
a dominance parameter (Table 2). Here, genetic factors
associated with the lake ecotype proved dominant on
average over the stream ecotype (Fig. 1). Adding a sex-
dominance interaction further increased model fit
slightly, reflecting that dominance gene action was more
pronounced in males. Best model fit was achieved by
adding the epistatic components. Sex-specific analyses
confirmed dominance gene action in both sexes but
suggested that epistasis was limited to males (details not
presented).

The univariate analysis of body depth produced results
that were similar in some respects and different in others
to the shape analysis based on RW1. As for RW1, we here
found very a strong ecotype difference (deeper bodies in
stream fish), yielding a highly significant additive genetic
term in the base model (F; 90 =115 P < 0.0001)
(Fig. 2). Sexual dimorphism, however, was very weak,
albeit significant (F; 100 = 7.3, P = 0.008). Model fit
could be greatly increased by adding the dominance
term (Table 2), but there was no indication that domi-
nance differed between the sexes. Dominance was
strong, with both F1 and F2 hybrids and even some
stream backcrosses closely resembling the lake pheno-
type. Deviations from the dominance model, however,
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were still substantial so that adding epistasis increased
model fit further. Sex-specific analyses (not shown)
produced very similar results.

Lake ecotypes had more numerous gill rakers than
their stream counterparts, as reflected in the highly
significant additive term in the base model (F; 00 = 75,
P < 0.0001) (Fig. 3). Sex had no influence on gill raker
number (F; 190 = 0.48, P = 0.489). The sexes were there-
fore pooled for the estimation of family means, leading to
a new base model containing only the additive term. This
model predicted the cross line means adequately — model
fit could not be improved by adding dominance and
epistasis (Table 2). Sex-specific analyses (not shown)
produced very similar results.

Discussion

One main finding emerging from our analysis of lake-
stream stickleback line crosses is that the differences in
foraging-related traits observed between the ecotypes
in the Misty watershed have a strong genetic basis, as
opposed to being obviously phenotypically plastic. This
finding is consistent with previous analyses comparing
field-caught and laboratory-reared stickleback from the
same watershed (Lavin & McPhail, 1993; Sharpe et al.,
2008; Hendry et al., 2011). Divergence in morphology
therefore has the potential to contribute to reproductive
isolation not only through selection against migrants
between habitats, but potentially also through selection
against first- and later-generation hybrids arising from
interbreeding between the ecotypes.

Another main finding is striking nonadditive effects
in the inheritance of body shape traits. The analysis of
RWI1, a multivariate compound variable capturing pri-
marily variation in overall body depth and snout length,
indicated strong sexual dimorphism, and dominance and
epistasis differing in magnitude between the sexes. This
finding disagrees with the additive inheritance observed

0.04

0.03F

0.021

0.01F + +
0.001 +

Fig. 1 Body shape (first relative warp, RW1) of pure lake (L) and stream (S) stickleback ecotypes and their F1 and F2 hybrids (F1 and F2)
and backcrosses (Lb, Sb). Shown are line means with 95% confidence intervals, based on shape analysis using family consensus configurations
(for sample sizes, see Table 1). Data for males and females are shown in black and grey. The lines connecting the lake and stream means

in each sex indicate the mean for each cross type expected under purely additive inheritance. The deformation grids visualize the lowest
and highest observed line means (stream male at top and lake female at bottom). Note the dominance of lake-derived genetic factors,

especially in males.
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Table 2 Hierarchical comparison of genetic models fitted to geo-
metric morphometric body shape (first relative warp, RW1),
univariate body depth, and gill raker number for lake and stream
stickleback lines and their derivatives. For RW1 and body depth, we
present results from analyses combining male and female data. For
gill raker number, only the analysis with the sexes pooled is
presented because no sex-related effects were present. Models with
greatest explanatory power, as indicated by second-order informa-
tion criteria (AIC.), are given in bold (for details, see text). The
number of model parameters, including the intercept and residual
variance, are given in parentheses.

Model AlC.
RW1
s+ [a —720.7 (4)
s + [a] + [d] —~747.4 (5)
s+ [a] + [d] + s*[d] ~750.2 (6)
s + [a] + [d] + s*[d] + [aa] + [ad] + [dd] -759.2 (9)
Body depth
s+ [a] 205.7 (4)
s+ [a] +[d] 190.9 (5)
s+ [a] + [d] + s7[d] 192.9 (6)
s + [a] + [d] + [aa] + [ad] + [dd] 159.0 (8)
Gill raker number
[a] 92.0 (3)
(&l + [d] 93.2 (4)
[a] + [d] + [aa] + [ad] + [dd] 94.3 (7)
15
1.0F /
£ o5l
[0}
©
>
g o0 + ®
m
-05 | +
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L Lb F1  F2 Sb S
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Fig. 2 Size-corrected body depth (measured as linear inter-land-
mark distance) in lake and stream stickleback ecotypes and their line
cross derivatives. Shown are means with 95% confidence intervals
for males (black) and females (grey), calculated using family
averages as data points (for sample sizes, see Table 1). Note that both
hybrids and backcrosses resemble the lake phenotype and hence
deviate from the additive expectation (lines connecting the

pure ecotype means).

for the divergence in a compound shape trait between
marine and stream stickleback (Schluter et al., 2004).
The analysis of the univariate body-shape traits (body
depth and snout length), however, raises uncertainties
about some interpretations based solely on RWI.

14.0 +
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L Lb F1 F2 Sb s
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Fig. 3 Gill raker number in lake and stream stickleback ecotypes
and their line cross derivatives. Shown are means with 95%
confidence intervals for males (black) and females (grey), calculated
using family averages as data points (for sample sizes, see Table 1).
Line means are well predicted by additive gene action (lines
connecting the pure ecotype means).

Although strong dominance and epistatic effects were
also present for univariate body depth, all sex-related
differences in genetic architecture were much weaker.
Snout length, by contrast, exhibited striking sexual
dimorphism [as also reported by Leinonen ef al. (2011)
for European populations] but no appreciable differenti-
ation between cross lines (Fig. Al). In the light of a
recent simulation study (Berner, 2011), the discrepancy
between the geometric morphometric and the univariate
shape trait analyses strongly suggests that RW1 is an
artefact. That study demonstrated that principal compo-
nent analysis systematically introduces artificial covari-
ance among the constituent variables because principal
components are constrained to be orthogonal to each
other (for further details, see Berner, 2011). Most likely,
RWI1 in our study thus confounds genetically indepen-
dent axes of variation (i.e. sexual dimorphism and
habitat-related divergence) due to the orthogonalization
of the weight matrix. In line with this view, a mapping
study failed to identify reliable QTLs for stickleback body
shape quantified as RW scores, whereas such QTLs
emerged when mapping raw landmark coordinates
(Albert et al., 2008). (Presumably QTLs would also
emerge when analysing univariate body depth measure-
ments, but this has yet to be performed.) Together, these
results suggest that although shape analysis based on
relative warps facilitates pattern recognition, these com-
pound traits are inappropriate phenotypes for genetic
investigation. The finding of strong dominance and
epistasis in body depth, however, is robust to the method
of analysis and adds to an increasing number of examples
for nonadditive inheritance of phenotypic population
differentiation (reviewed in Roff & Emerson, 2006).
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A third main finding is simple inheritance for gill raker
number: sexual dimorphism was absent, and the line
cross means were adequately predicted by an additive
model. Both findings are consistent with a line cross
analysis using sympatric lacustrine stickleback species
(Hatfield, 1997). The difference in inheritance between
body depth and gill raker number has implications for
reproductive isolation between the stickleback ecotypes
found in the contiguous lake and stream habitats in the
Misty system. Given divergent selection on both pheno-
types between the habitats, we predict that gill raker
number should contribute symmetrically to reproductive
isolation. The reason is that phenotypes of hybrids in the
first few generations at least will lie between the pure
ecotypes and should therefore be selected against in both
environments (Schluter, 2000; Rundle & Nosil, 2005).
By contrast, we predict that divergent selection on body
depth will contribute asymmetrically to reproductive
isolation. Because the genetic factors underlying shallow
bodies in lake fish display strong dominance on average,
many hybrids will resemble the lake phenotype even
beyond the first generation. Hybrid body depth should
therefore be appropriate for the lake habitat, potentially
contributing to gene flow from the stream to the lake
population, particularly for genes related to body depth.
In streams, however, hybrid performance should be
substantially reduced, restricting gene flow from the lake
population, again especially at genes related to body
depth.

The aforesaid mechanisms may well operate in nature
because a narrow zone is known where Misty Lake and
inlet stream ecotypes do indeed hybridize (J.S. Moore,
E.B. Taylor, and A.P. Hendry unpublished). The exis-
tence of this hybrid zone also opens up the opportunity
for evaluating two conditions regarding our predictions
of how morphological divergence could influence repro-
ductive isolation. First, the genetic architecture of diver-
gence estimated under laboratory conditions needs to
parallel the genetic architecture expressed in nature. This
should ideally be confirmed through further work, given
that several line cross analyses in other systems indicate
nontrivial genotype—environment interactions (Armbr-
uster et al., 1997; Fritz et al, 2006, Demuth & Wade,
2007; Fuller, 2008). An approach that could be taken is
to sample admixed individuals from the hybrid zone and
to relate their phenotype to their hybrid status estimated
by using neutral markers. Second, a reasonably strong
link needs to exist between the morphological traits and
overall fitness. Such a link is strongly indicated by the
repeated lake—stream divergence in body depth and gill
raker number in numerous independent watersheds (see
references mentioned earlier). Of course, many other
traits likely contribute to adaptive lake-stream diver-
gence, and so formal analyses would be valuable. For
example, a direct quantification of the trait-fitness
association could be achieved by estimating selection
gradients on the traits of admixed individuals in both
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habitats (Lexer et al., 2003). Admixed individuals may
further be used for the mapping of QTLs underlying the
additive and nonadditive genetic effects observed in the
present study (Buerkle & Lexer, 2008).

To summarize, we find striking differences in additive
and nonadditive genetic contributions to lake—stream
divergence between two key morphological traits in
stickleback. We therefore suggest that each trait’s contri-
bution to maintaining the genetic integrity of the ecotypes
in parapatry will differ qualitatively. It would now be
valuable to perform similar analyses in other lake—stream
systems to see whether our results are general. Further-
more, a better understanding of the interplay between
genetic architecture, adaptive divergence, and reproduc-
tive isolation could be gained through studies that link
trait values and performance in both environments, and
hence quantify the fitness consequences of hybridization
stemming from each trait. Finally, the genetic architecture
of divergence in foraging morphology should now be
investigated from a molecular angle.
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Appendix

Figure A1l Size-corrected snout length (measured as
linear inter-landmark distance) in lake (L) and stream (S)
stickleback ecotypes and their line cross derivatives.

© 2011 THE AUTHORS. J. EVOL. BIOL. 24 (2011) 1975-1983

Inheritance of stickleback foraging traits 1983

Shown are means with 95% confidence intervals for
males (black) and females (grey), calculated using family
averages as data points (for sample sizes, see Table 1).
Note the striking sexual dimorphism (especially in the
pure lines) and the absence of ecotype differences.
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