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Populations receiving high maladaptive gene flow are expected to experience strong directional selection—because gene flow

pulls mean phenotypes away from local fitness peaks. We tested this prediction by means of a large and replicated mark-recapture

study of threespine stickleback (Gasterosteus aculeatus) in two stream populations. One of the populations (outlet) experiences

high gene flow from the lake population and its morphology is correspondingly poorly adapted. The other population (inlet)

experiences very low gene flow from the lake population and its morphology is correspondingly well adapted. Contrary to the

above prediction, selection was not stronger in the outlet than in the inlet, a result that forced us to consider potential reasons

for why maladaptive gene flow might not increase selection. Of particular interest, we show by means of a simple population

genetic model that maladaptive gene flow can—under reasonable conditions—decrease the strength of directional selection. This

outcome occurs when immigrants decrease mean fitness in the resident population, which decreases the strength of selection

against maladapted phenotypes. We argue that this previously unrecognized effect of gene flow deserves further attention in

theoretical and empirical studies.

KEY WORDS: Adaptation, fitness, gene flow, models/simulations, natural, selection.

Selection is the primary driver of the evolution of functional traits
in natural populations (Darwin 1859; Endler 1986; Schluter 2000;
Bell 2008). It is therefore disconcerting that empirical studies of
presumed adaptive traits often fail to find statistical support for
noteworthy selection (Kingsolver et al. 2001; Hersch and Phillips
2004). The likely reason for this outcome is that selection should
be weak in populations that are well adapted to their local environ-
ments because such populations should harbor little maladaptive
variation: that is, “selection erases its traces” (Haller and Hendry
2014). Of course, some empirical studies do document strong se-
lection (Endler 1986; Kingsolver et al. 2001), which thus implies
at least some maladaptation to local environments. One suggested
cause of strong selection is genetic constraints that prevent—
or severely limit—adaptive responses to selection (Blows and
Hoffmann 2005; Hansen 2006; Hansen and Houle 2008). An-
other suggested cause is environmental change that frequently
shifts the adaptive peak, such as through abrupt disturbances,
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gradual changes (e.g., climate warming), or stochastic environ-
mental noise (Yoshimura and Jansen 1996; Schlaepfer et al. 2002;
Both et al. 2006). A final suggested cause of strong selection oc-
curs when maladaptive gene flow holds populations short of their
adaptive peaks and thereby maintains directional selection (e.g.,
Haldane 1930; Endler 1977; Slatkin 1985; Burt 1995; Hendry
et al. 2001; Lenormand 2002; Kawecki and Ebert 2004). This last
cause, which some theory suggests might not always obtain (see
Discussion/Appendix), was the focus of our study.

The expectation that maladaptive gene flow should increase
the strength of directional selection has been tested in only a few
empirical systems. In one such test, Bolnick and Nosil (2007)
showed that populations of Timema walking sticks on two host
plant species were under stronger selection for crypsis when they
were less well adapted as a result of high gene flow from Timema
on other host plants. In another test, Bolnick et al. (2008) showed
that threespine stickleback (Gasterosteus aculeatus) in the
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shallow basin of a lake were poorly adapted for the local benthic
habitat owing to high gene flow from the adjacent deep basin of the
lake, thus maintaining strong selection for benthic-adapted traits
in the shallow basin. In the present study, we undertook a new
test of the hypothesis that high maladaptive gene flow increases
directional selection. Importantly, neither prezygotic barriers
(Raeymaekers et al. 2009; Rasanen et. al 2012) nor postzygotic
barriers (Lavin and McPhail 1993; Hendry et al. 2002) that would
prevent gene flow have been found for our study system.

Our work focuses on threespine stickleback from the Misty
lake system in British Columbia, Canada. This system is well
suited for our study owing to the contrast between its two stream
populations: inlet and outlet. Specifically, the inlet and outlet
streams have similar habitats for much of their lengths and yet
the phenotypes of their resident stickleback are very different
(Hendry et al. 2002; Moore and Hendry 2005; Moore et al. 2007;
Fig. 1). Inlet stream stickleback possess a wide array of mor-
phological, behavioral, physiological, and life-history traits that
differ dramatically from those of stickleback in the lake just down-
stream (Lavin and McPhail 1993; Hendry et al. 2002; Delcourt
et al. 2008; Sharpe et al. 2008; Raeymaekers et al. 2009; Berner
etal. 2011; Hendry et al. 2011; Baker et al. 2013). Outlet stickle-
back, by contrast, are very similar to lake stickleback in all of the
same characters for which inlet stickleback differ so dramatically
(Hendry et al. 2002; Moore et al. 2007; Berner et al. 2008; Sharpe
et al. 2008; Baker et al. 2013).

The above patterns of divergence are closely associated with
gene flow, which is very low from the lake into the inlet and very
high from the lake into the outlet (Hendry et al. 2002; Moore et al.
2007). Very high gene flow in the latter case is not surprising be-
cause (1) lake stickleback tend to be displaced downstream when
placed in flowing water (Hendry et al. 2002), (2) no barrier ex-
ists between the lake and its initially slow-moving outlet, and (3)
freshwater stickleback in this area do not show intrinsic genetic
incompatibilities (Lavin and McPhail 1993; Raeymaekers et al.
2010; Berner et al. 2011) or strong mating isolation (Réaséanen et al.
2012; Rasanen and Hendry 2014). The lake population is likely
little influenced by gene flow from the streams because it is much
larger, inlet fish move upstream, and outlet fish move downstream.
These differential patterns of gene flow, coupled with the realiza-
tion that adaptive phenotypes should be similar between the inlet
and most of the outlet (Fig. 1), have generated the strong infer-
ence that gene flow from lake stickleback has strongly constrained
adaptation in outlet stickleback but not inlet stickleback (Hendry
et al. 2002; Moore and Hendry 2005; Moore et al. 2007; Berner
et al. 2009; Roesti et al. 2012). Following traditional theory, we
therefore predict that directional selection toward a stream-like
phenotype should be stronger in outlet stickleback than in inlet
stickleback at Misty lake (Moore and Hendry 2009).
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Several previous studies have measured selection in wild
stickleback (Hagen and Gilbertson 1973; Reimchen and Nosil
2002, 2004; Bolnick and Nosil 2007; Gow et al. 2007; Bolnick
and Lau 2008; Kitano et al. 2008; Marchinko et al. 2014), yet none
of these studies used individually marked, free-living stickleback.
We implemented this approach by means of a mark-recapture
study designed to minimize concerns that can bedevil attempts
to measure selection. First, we used a clear and important fitness
component (Kingsolver et al. 2001; Kingsolver and Diamond
2011): the survival of individual fish. Second, we monitored se-
lection over long time periods (Hoekstra et al. 2001) and across
multiple life stages (Schluter et al. 1991): survival over entire
summers and entire winters. Third, we temporally replicated our
samples (Siepielski et al. 2009, 2011; Morrissey and Hadfield
2012; Haller and Hendry 2014): survival over two summers and
two winters. Fourth, we used large sample sizes (Kingsolver et al.
2001; Hersch and Phillips 2004; Haller and Hendry 2014): an
average of more than 400 individuals per site and season. Of
course, we would ideally have also measured other fitness com-
ponents (e.g., reproductive success), monitored other life stages
(juveniles), had even more replication (more years), and had even
larger sample sizes. Moreover, because we studied open popula-
tions in the wild, our mark-recapture methods capture apparent
survival. Despite these imperfections, however, our study rep-
resents a particularly robust attempt to measure and compare
selection in natural populations.

We start by analyzing a single trait with particularly clear a
priori expectations. Body depth shows strong genetically based
divergence between Misty lake and inlet stickleback (Lavin and
McPhail 1993; McPhail 1994; Hendry et al. 2002; Berner et al.
2011; Hendry et al. 2011). This difference is likely adaptive given
that it is similar to that seen in many other lake-stream stickle-
back (Hendry and Taylor 2004; Kaeuffer et al. 2012; Hendry et al.
2013; Lucek et al. 2013; Ravinet et al. 2013) and that it has a clear
functional interpretation (McPhail 1994; Walker 1997; Hendry
et al. 2011; McGee et al. 2013). Specifically, fish with shallower
bodies are favored in lakes owing to their free-swimming lim-
netic zooplanktivore lifestyle. By contrast, fish with deep bodies
are favored in streams owing to their increased maneuverabil-
ity in complex environments (Walker 1997; Hendry et al. 2011)
and their benthic foraging behavior (McGee et al. 2013). Yet,
as noted above, Misty outlet stickleback do not show the deep
bodies expected of stream fish, but rather manifest the shallow
bodies typical of Misty lake stickleback from further upstream
(Fig. 1), seemingly as a result of high gene flow (Hendry et al.
2002; Moore et al. 2007). The shallow bodies of outlet stickleback
are likely maladaptive because stickleback throughout most of the
outlet, including at our experimental site, (1) experience typically
complex stream habitats (Moore and Hendry 2005; Moore et al.
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Figure 1. Distinction and overlap in regard to habitat and phenotype (e.g., body depth) between inlet, outlet, and lake sites at Misty
lake. Left panel: distribution of multivariate habitat index scores for a given site are based on water depth (cm), water flow (m/s),
substrate type (rock, mud, vegetation, sand), and canopy cover. Data are taken from Moore et al. (2007). The legend depicts the distance
of each site from the lake and we here use “lake” and “upper outlet” equivalently because some habitat variables measured in the

streams have no equivalent for lakes. Right panel: distribution of body depth variable for the respective sites. Data are taken from

Hendry et al. (2002) and are comparable to our inlet and outlet measurements in 2010-2012 (see main text).

2007) and (2) have benthic diets as opposed to the limnetic diets
of lake fish (Berner et al. 2008, 2009). Thus, the clear prediction
is that directional selection for deeper bodies should be stronger
in the outlet than in the inlet.

Body depth is only one of the many ways in which Misty lake
and inlet stickleback differ morphologically whereas Misty lake
and outlet stickleback do not (Lavin and McPhail 1993; McPhail
1994; Hendry et al. 2002; Berner et al. 2008, 2009; Kaueffer
et al. 2012). We therefore next analyze multivariate directional
selection based on a combination of external features that we
could reliably quantify on photographs of individually marked
fish prior to their release. For this second analysis, we present
total selection metrics (see Methods) rather than detailed trait-
by-trait coefficients, as is appropriate for studies interested in
the total strength of selection on morphology (Schluter 1988;
Thorpe et al. 2005). We do not formally assess nonlinear selection
in the present article because the predictions based on gene flow

are specific to directional selection.

Methods

FIELD WORK AND CAPTURE-RECAPTURE MODELING
The experimental sites were in the upper inlet (~1.1 km upstream
of the lake, 50° 36’ 07.56" N, 127° 15’ 2.16 W, hereafter
inlet, Fig. S1) and the lower outlet (~1.2 km downstream of the
lake, 50° 36” 48.09” N, 127° 16’ 32.01°° W, hereafter outlet,
Fig. S1). These specific sites were chosen for their similar
environments with respect to abiotic factors (water flow, water
depth, stream width, canopy cover, and substrate type, Fig. 1) and
biotic factors (diets). At each site, we carried out mark-recapture
experiments across five consecutive field seasons: Spring 2010
(May 29-June 1 and June 13-14), Fall 2010 (September 9-15),
Spring 2011 (June 1-14), Fall 2011 (August 22-September

1), and Spring 2012 (May 11-June 2). The experiment thus
generated mark-recapture data for four selection intervals
(S1 = Summer 2010, W1 = Winter 2011, S2 = Summer
2011, and W2 = Winter 2012), with each interval between two
consecutive sampling occasions being a distinct selection interval
impacting trait distributions. In each season at each site, the
fish were collected with unbaited minnow traps. To maximize
sampling effectiveness, approximately 90 traps were haphazardly
placed throughout the entire sampling area (including upstream
and downstream of the area where stickleback were marked
and released) and over multiple (4-6) days. Sampling was
restricted to stream sites because large population sizes and
extensive movement made comparable mark-recapture efforts in
the lake unfeasible.

Collected fish underwent a standardized measurement proto-
col that included weighing (precision to the nearest 0.01 g), digital
photographing (left-side-up, Fig. S2) for landmark analysis (de-
tails below), and individual marking with unique subcutaneous
implant tags (VIalpha tags, Shaw Island, WA). Tags were placed
under the skin in the caudal region with a sharp needle injector,
a procedure that we previously confirmed through pilot experi-
ments was associated with low mortality and high tag retention
(S. Muttalib, unpubl. data). The fish were not anesthetized to
minimize handling time. Only fish >0.65 g were included in the
study because smaller fish were more likely to be harmed by the
tagging procedure (S. Muttalib, unpubl. data). Any captured fish
that had been tagged and processed within the same sampling sea-
son was immediately released back into its capture location. Any
captured fish that had been tagged and processed in a previous
sampling season had its tag identity recorded and was re-weighed
and re-photographed. Following the above procedures, and af-
ter 1-2 hours of recovery, the fish were released at their site of
capture.
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Figure 2. Survival probabilities calculated from CJS mark-
recapture models (see Methods) for all four intervals (S1-W2) in
the inlet and outlet.

We obtained mark-recapture data for a total of 3940 individ-
ual fish across the four selection intervals: Summer 2010 (inlet:
n = 342, outlet: n = 464), Winter 2011 (inlet: n = 401, out-
let: n = 258), Summer 2011 (inlet: n = 525, outlet: n = 950),
and Winter 2012 (inlet: n = 498, outlet: n = 502). With these
data, we used the software MARK (White and Burnham 1999)
together with the RMark interface (Laake 2013) to estimate sur-
vival and recapture probabilities based on Cormack-Jolly-Seber
(CJS) mark-recapture models with maximum likelihood estima-
tion. We tested for overdispersion of our models based on variance
inflation (¢) and goodness of fit was then evaluated based on (¢-
adjusted) AICc scores according to whether survival probabilities
(¢) and/or recapture probabilities (p) varied with time (~7), sam-
pling site (~s), their interaction term (~¢ X s), or were constant
through time (~1).

MORPHOLOGICAL MEASUREMENTS

Digital photographs were used to quantify univariate traits and ge-
ometric morphometric shape variables. The traits and landmarks
were chosen based on their reliable visibility in photographs
and on previous knowledge suggesting their adaptive significance
(e.g., Sharpe et al. 2008; Berner et al. 2009; Kaeuffer et al. 2012).
The specific univariate measurements were total body length (tbl),
jaw length (jl), eye width (ew), pectoral fin width (pfw), pectoral
fin length (pfl), pelvic spine length (psl), caudal fin length (cfl),
and body depth (bd). These traits were measured in the soft-
ware tpsDig (version 2.10, Rohlf 2006) as the Euclidean distance
between points based on a scale factor. The geometric morpho-
metric shape variables were based on 10 true landmarks that were
scored from characteristic shape points on the fish outline and
three “semilandmarks,” the latter were scored based on a grid
superimposed onto each photograph (Fig. S2). The “semiland-
marks” were intended to capture additional shape variation along
the outline in addition to the true landmarks (Zelditch 2012). The
set of 13 (semi)landmarks was analyzed in tpsRelw (version 1.42,
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Figure 3. Left panel: frequency distributions of body depth in
the inlet and outlet populations across the four selection intervals
(A-D) and for all intervals combined (E). Solid lines depict only
survivors, dashed lines depict all fish from the respective interval
(note the two differently scaled y-axes depicting frequency: left
for the outlet, right for the inlet). Right panel: particular fitness
curves predicted from the respective binomial GLM(M)s for fitness
on body depth (dashed lines show standard errors).
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Rohlf 2005) to compute centroid sizes and consensus landmark
configurations for particular combinations of site and interval (see
below). Consensus configurations were then used to calculate the
weight matrix that summarizes shape variation and can be used
to extract the relative warps (principal components of the weight
matrix).

All univariate measurements and relative warps were stan-
dardized to a common body size (Elliott et al. 1995, Lleonart
et al. 2000). Total body length (tbl) was used as the body size
measure for univariate traits and centroid size was used for the
relative warps. Standardizations followed the allometric approach
(Lleonart et al. 2000): My = M, (Ls / Ly)?, where M is the stan-
dardized trait measurement, M, is the unstandardized trait mea-
surement, Lg is the overall mean body size of all fish in a given
analysis, and L, is the body size of the individual. The expo-
nent b was calculated as the common within-group slope (Reist
1986) from a linear mixed-effect model regressing log;o(Mp) on
log0(Ly) with the starting (preselection) samples (Summer 2010,
Winter 2011, Summer 2011, Winter 2012) as the random factor.

Before selection analyses (see below), we compared the
morphology of inlet and outlet stickleback. For this, univariate
measurements were standardized to the overall mean body length
(50.79 mm) across all seasons using the above approach, and were
then compared across all seasons with ANOVAs and variance
ratio tests to test for differences in means and variances between
the sites. Multivariate differences in morphology were tested with
MANOVAs for combined univariate (body-length-standardized)
measurements and for all (centroid-size-standardized) relative
warps. In addition, we used linear discriminant functions to
determine back-classification of individuals to their collection
site based on total morphology (i.e., all univariate measurements
and all relative warps, separately).

ESTIMATING SELECTION

For size-standardized body depth, we used logistic regression
models including fitness (1: survived, 0: dead; note that this mea-
sure captures apparent survival only) as the response variable to
estimate (1) the directional selection coefficient (8) for the pre-
dictor body depth alone, and (2) the partial selection coefficient
(Bpar) for the predictor body depth in models that included all
(size-standardized) univariate measurements as predictors. For
the selection analyses, the entire recapture history of each indi-
vidual was taken into account: for example, a capture history of
1/0/1 (caught/not caught/caught) would translate into a response
variable of 1/1/1 (alive/alive/alive). To estimate site- and interval-
specific selection, separate models were analyzed for each of
the eight interval/site combinations. To simultaneously estimate
overall selection across the sampling intervals, separate models
were analyzed for the two sites while incorporating sampling in-
terval as the random structure. Coefficients from these logistic

models were then converted to their linear equivalents (Bae.grad))
following Janzen and Stern (1998). Selection coefficients were
further converted to mean-standardized selection gradients (B,seqn
and B,eqn, parr.) and variance-standardized selection gradients (Bq
and Byg, parr.) by multiplying B4 ¢raa) by the respective trait mean
or standard deviation (Hereford et al. 2004; Matsumura et al.
2012). Standard deviations for the logistic regression coefficients
from binomial GLMs and GLMMs were obtained through n =
1000 model simulations (Gelman and Hill 2006). Differences in
directional selection on body depth between the inlet and the
outlet for all four intervals and across all intervals were then
tested with binomial GLM(M)s that included a body depth x site
interaction. Finally, we compared our standardized linear gra-
dients to the data reported in meta-analyses of directional se-
lection in a variety of natural systems (Kingsolver et al. 2001).
Whether or not our analyses used standardized or unstandardized
coefficients did not change our interpretation and so we report
only the standardized coefficients (i.e., the respective f;; and
Bmean)-

For total directional selection on all measured traits, we
used two metrics suggested by previous authors (Schluter 1988;
Thorpe et al. 2005), plus an additional metric based on the ex-
plained variance in fitness. In each case, analyses were performed
separately for univariate traits, relative warps, and (for com-
parison) body depth—all size-standardized as described above.
The first metric was the coefficient of variation in predicted fit-
ness (Schluter 1988) from the above models (CoV)egicrea and
CoVyredicted, pariial)- This metric can be thought of as the abso-
lute amount of variation in fitness explainable by the measured
traits, which will depend on the explanatory power of the traits
and the total variance in fitness. Unlike Schluter (1988), we here
consider only directional selection, which is the specific form
of selection related to our question (see Introduction). The sec-
ond metric was the Mahalanobis distance in trait space (Thorpe
et al. 2005) between fish that survived and fish that died dur-
ing a particular interval and across all intervals. This metric can
be thought of as a multivariate selection intensity that takes into
account the within-group covariances. The third metric was the
proportion of variance in fitness explained by the traits in the
model, a relative measure that standardizes for variance in fitness.
For the generalized linear models (i.e., interval-specific models),
this last metric was calculated as the Nagelkerke pseudo-R? of
the respective logistic model. For the generalized linear mixed
models (i.e., models combining all intervals), R*g vm estimates
were obtained following the logic of Nakagawa and Schielzeth
(2013). Both pseudo-R? and R?y My scale between O (no explana-
tory power) and 1 (full fit). Confidence intervals for CoV,egicrea
and CoV)edicied, pariiat Were based on noncentral z-distributions
and standard deviations for pseudo-R?*, R’giymv, and Maha-
lanobis distances were obtained through model bootstrapping
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(n = 5000). All analyses were conducted in R (R Development
Core Team).

Results

SEASONAL SURVIVAL AND RECAPTURE
PROBABILITIES

During the four intervals (S1, W1, S2, and W2), we made a total
of 210 recaptures from the 1766 tagged inlet fish (range: 6.2—
14.5%, ¥: 11.9% recaught) and a total of 305 recaptures of the
2174 tagged outlet fish (range: 6.1-18.9%, X: 16.3% recaught).
Recapture success was generally lower after a winter interval
(meanye: 9.5%, meangye: 6.8%) than after a summer interval
(meanye: 14.4%, meanpyge: 17.3%). The CJS models for sur-
vival (¢) and recapture probability (p) across seasons (S1-W2)
and sites (inlet vs. outlet) were evaluated based on the goodness
of fit to our data using AICc scores (see Table S1 for a sum-
mary of candidate models). Here, the best fitting model (lowest
AlICc; Table S1) for survival and recapture probabilities in the
outlet retained a time X site interaction term for survival, ¢ (~¢
x ), and a site-varying term for recapture probability, p (~s).
Overall, recapture probabilities were lower in the inlet (0.23 +
0.03 SE) than in the outlet (0.36 & 0.04 SE), with these recap-
ture rates being comparable to estimates from similar studies of
other wild fish species (Crespin et al. 2002; Carlson and Letcher
2003; Lynch and Mensinger 2013). Survival probabilities during
summer (S1 and S2) did not differ significantly between sites, but
survival probabilities during winter (W1 and W2) were signifi-
cantly lower in the outlet, in particular in W1 (Fig. 2), indicating
exacerbated apparent winter mortality for outlet fish.

DIVERGENCE IN MORPHOLOGY

Inlet and outlet stickleback overlapped considerably in total body
length but the average was smaller (F = 680.3,df =1, P < 0.001)
in the inlet (47.50 mm) than in the outlet (53.46 mm,). Following
allometric standardization to a common body length (50.79 mm),
inlet and outlet stickleback differed in mean values for all traits
except caudal fin length. Specifically, outlet fish had wider pec-
toral fins and longer pelvic spines than did inlet fish, whereas inlet
fish had longer jaws, wider eyes, longer pectoral fins, and deeper
bodies than did outlet fish (Table 1). Of particular note, these dif-
ferences in pelvic spine length and body depth correspond to those
documented for wild fish in previous studies (Lavin and McPhail
1993; Hendry et al. 2002) and are known to be genetically based
in the Misty system (Sharpe et al. 2008; Berner et al. 2011). More-
over, inlet fish showed consistently lower variance in univariate
traits compared to outlet fish (variance ratio test, Table 1). Inlet
and outlet fish also differed significantly in multivariate analyses
of univariate traits (Pillai’s trace = 0.471, P = 2.2 x 107'¢, with
the highest canonical coefficient for body depth) and geometric
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morphometrics (Pillai’s trace = 0.716, P = 2.2 x 107'%), again
confirming previous analyses (Sharpe et al. 2008; Berner et al.
2011; Hendry et al. 2011). Not surprisingly given these many
differences, discriminant functions correctly assigned inlet fish
to their home population in 80.01% of cases based on univariate
traits and in 93.1% of cases based on geometric morphometrics
(Fig. S3). The corresponding assignment success for outlet fish
was 85.92% (univariate) and 95.5% (geometric morphometrics).

SELECTION ON BODY DEPTH
Selection on body depth differed between inlet and outlet stickle-
back in two of the four intervals and across all intervals (Figs. 3, 4;
Tables 2, S2). Inlet stickleback were under positive directional se-
lection (Bjinear > 0) for deeper bodies across all intervals combined
(Ban = 0.83, P = 1.4 x 10~) and within three of the four intervals
(Bs1 =0.53,P=0.10; Bw; =0.83, P =0.02; Bso = 1.35, P =4.8
x 1073; Bwa = 0.48, P = 0.03). By contrast, the outlet popula-
tion was not under selection with respect to body depth across all
intervals combined (B,; = 0.11, P = 0.37) nor in three of the four
specific intervals (Bs; = 0.61, P = 0.04; Bw; = —-0.76, P = 0.07;
Bs2 = 0.03, P =0.90; Bwy = 0.22, P = 0.25). The strongest posi-
tive selection was detected for the inlet fish in summer 2012 (S2)
and the biggest difference in body depth selection between inlet
and outlet fish occurred in Winter 2011 (W1) (Figs. 3, 4, Table S2).
Other measures of selection intensity yielded similar conclu-
sions: if anything, stronger selection in the inlet than in the outlet.
In particular, the explanatory power of body depth (as a single
trait, or in combination with all univariate traits) based on the
variance in predicted fitness (CoVediciea a0d CoVipredicied, pariial)
was higher for inlet than outlet fish in two of the four intervals
(S1 and W2) and across all intervals combined (nonoverlapping
95% confidence intervals in Fig. 5, Table S2). Similarly, the
relative proportion of fitness variance explained by body depth
(pseudo-R? and R*gpmMm) Was higher in the inlet for intervals S1
and W2, and across all intervals combined (Fig. 5, Table S2).

SELECTION ON OVERALL MORPHOLOGY

Relative to the above results for body depth, results combining
multiple traits were more variable. Based on univariate traits,
CoVyredicea Was higher in the inlet than in the outlet in S2, higher
in the outlet than in the inlet in W1 and W2, and not different
between the sites in S1. However, total selection across all four
intervals was stronger in the inlet than in the outlet (Fig. 5, Table
S2). Similarly, multivariate pseudo-R*Grmm) for univariate traits
revealed stronger selection in the inlet for S2 and across all
intervals combined, stronger selection in the outlet in W2, and no
difference in S1 and W1 (Fig. 5, Table S2). Based on geometric
morphometrics (22 relative warps), the same analyses revealed
that selection was strongest in the inlet in S2 (CoV)gicrea and
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Table 1. Differences in general morphology between inlet and the outlet stickleback in our study.

Variance ratio

Trait Inlet Outlet Fye— (inlet/outlet)
Jaw length 0.26 + 0.04 0.25 + 0.03 109" 0.73"
Eye width 0.40 + 0.02 0.38 + 0.02 547.5" 0.69"
Pectoral fin width 0.25 + 0.03 0.26 + 0.03 12.3" 0.70"
Pectoral fin length 0.71 + 0.05 0.70 + 0.05 14.31" 0.62"
Pelvic spine length 0.65 £+ 0.10 0.69 £+ 0.11 103.7 0.54"
Caudal fin length 0.64 £ 0.06 0.64 £ 0.07 0.57 0.59"
Body depth 1.26 + 0.06 1.15 + 0.06 2100 0.51"

Values depict the respective population mean and standard deviation of allometrically adjusted traits (in mm). F-values and their respective significance are
based on ANOVA models. In addition, deviations of inlet/outlet variance ratios from 1 indicate higher trait variance in the outlet (F-test, *P < 0.001).
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Figure 4. Strength of directional selection on body depth across all four intervals (51-W2) and for all intervals combined (all). Points
depict standardized selection coefficients (A: mean-standardized, B: variance-standardized) from binomial GLM(M)s and error bars depict
standard deviations based on n = 1000 model simulation runs (see Methods).

Table 2. Differences in selection gradients between sites (inlet vs. outlet).

Body depth Site Body depth x site
Interval LR ¥? P LR > P LR %2 P
S1 6.89 8.6 x 1073 4.58 0.032 0.01 0.92
W1 1.06 0.301 0.15 0.69 7.88 0.005
S2 11.82 58 x 1074 13.64 22 x 1074 21.03 45 x 107°
w2 4.85 0.027 1.53 0.216 0.65 0.421
All 0.71 0.398 4.42 0.035 11.34 7.5 x 107*

Log likelihood ratio (LR) comparisons are based on binomial GLM estimates including body depth, site, and their interaction term as predictors.

pseudo-R?, Fig. 5) and across all intervals, strongest in the
outlet in W1, and not different in S1 and W2 (Fig. 5, Table S2).
Finally, similar results to those just reported were evident in
comparisons of Mahalanobis distances between fish that died
versus survived—although larger confidence bounds meant that
few significant differences were evident, except in S2 (Fig. 6).

Discussion

We were able to document significant viability selection act-
ing in two wild populations of stream stickleback in the Misty

system. Noteworthy selection was acting on the morphology,
and this selection varied considerably through time. Although
we do not know the cause of this temporal variation, its exis-
tence matches assertions that selection can be quite variable in
nature (Siepielski et al. 2009, 2011, 2013), including in three-
spine stickleback (Reimchen and Nosil 2002, 2004). In addition,
we found that selection varied across space (between the inlet
and outlet stickleback), a phenomenon that also appears common
in nature (Siepielski et al. 2013). We used this spatial variation
to test the prediction outlined in the Introduction: Directional se-
lection should be stronger in the outlet than in the inlet because
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Figure 5. Total strength of selection on body depth (panels A and B), all univariate traits (panels C and D), and all relative warps
combined (panels E and F) measured as the amount of variance in fitness explained in binomial GLM(M)s. Measures are depicted across

all for intervals (S1-W2) and for all intervals combined (all). Left side panels (A, C, and E): absolute amount of variation in fitness depicted
as the coefficient of variation (CoVpedicteq) in predicted fitness (error bars depict 95% Cls); right side panels (B, D, and F): relative amount
of variation in fitness depicted as pseudo-R? and R%g um (error bars depict % standard deviations based on model bootstrapping).

the former but not the latter experiences high maladaptive gene
flow (Hendry et al. 2002; Moore et al. 2007). Our results contra-
dicted this standard prediction, with directional selection being
no stronger (and perhaps being weaker) in the outlet than in the
inlet (Figs. 46, Table S2).

It would have been advantageous to have even larger sample
sizes, higher recapture rates, more seasons, more sites, and more
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life-history stages (perhaps selection on juveniles is different).
Moreover, our fitness estimate was based on apparent survival
(fish that were not caught again were assigned a fitness of 0),
which necessarily includes error variance from emigration and
noncapture of live fish. Yet despite these caveats, our study was
designed to minimize many of the constraints typically seen in
attempts to estimate selection (see Introduction). Thus, our most
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in a specific interval (S1-W2), and across all intervals (all). Error bars depict standard deviations based bootstrapping (see Methods).

basic conclusion (directional selection is not stronger in a pop-
ulation experiencing greater maladaptive gene flow) should be
robust. This unexpected result suggests a revision of the standard
prediction that increasing maladaptive gene flow should increase
the strength of directional selection (Haldane 1930; Endler 1977,
Lenormand 2002). We consider five possibilities.

First, migrants between populations might be phenotypically
biased in the direction of the population to which they immigrate
(Edelaar et al. 2008; Edelaar and Bolnick 2012). In our case, fish
moving into the outlet stream might be relatively stream-like in
their traits and thus might not cause strong maladaptation that
would generate selection. Although phenotype-biased migration
has been documented between lake and stream stickleback in an-
other watershed (Bolnick et al. 2009), it unlikely explains our
results. The main reason is that even the most stream-like Misty
lake stickleback are far from typical stream morphology (Moore
et al. 2007; Berner et al. 2008; Kaeuffer et al. 2012; see also
Fig. 1) and so, even if migration was biased, gene flow would
still be maladaptive. Moreover, a number of previous studies
have shown quite clearly that Misty outlet stickleback are poorly
adapted for their stream environment (Moore et al. 2007; Berner
et al. 2008; Rasanen and Hendry 2014). We note, however, that
the definitive test, a reciprocal transplant experiment between the
inlet and the outlet, has not yet been conducted.

Second, the fitness function might be wider in the outlet than
in the inlet, such that deviations from the optimal stream pheno-
type in the outlet have little fitness consequence. For instance,
the upper outlet (0-500 m downstream of the Lake) has some
lake-like features, such as slower and deeper water and some zoo-
plankton, that are largely lacking in the inlet (Moore and Hendry
2005; Moore et al. 2007; Berner et al. 2008, 2009; Kaeuffer et al.
2012). As a result, selection against lake-like phenotypes might
be relatively weak in this part of the outlet. Indeed, a reciprocal

transplant experiment showed no fitness detriment for lake stick-
leback relative to outlet stickleback in upper outlet enclosures
(Rasanen and Hendry 2014), a result consistent with weak selec-
tion. In this explanation, a wide, lake-like fitness function in the
upper outlet is the reason for weak selection and, thus, high gene
flow. However, the present study was conducted in the lower outlet
(~1.2 km downstream of the lake), an area specifically chosen to
resemble a stream-like environment comparable to the upper inlet
(Fig. 1; Supplemental Material). Thus, the expectation for our two
experimental sites is similar locations and widths of fitness peaks,
arguing against this explanation. Nonetheless, it would be good
for future work to formally construct adaptive landscapes (Arnold
et al. 2001) for both environments.

Third, the morphologically maladapted (lake-like) pheno-
types in the outlet potentially included not only immigrants from
the lake but also the offspring of lake x outlet hybrid pairs. Given
enough genetic differentiation between the lake and the outlet,
these hybrids might be more heterozygous than residents and thus
could benefit from heterosis (Richards 2000; Ebert et al. 2002).
However, the magnitude of heterosis depends on the degree of in-
breeding and the extent of genetic differentiation (Whiteley et al.
2015). Previous studies on the population genetic structure of
Misty stickleback does not confirm these preconditions: no signs
of inbreeding are evident in these populations and only minor
genetic differentiation is evident between lake and outlet stickle-
back (Hendry et al. 2002; Moore et al. 2007; Roesti et al. 2012,
2014). Thus, although we cannot rule out this hypothesis, it does
not seem particularly likely.

Fourth, antagonistic coevolution between stickleback and
their enemies (e.g., parasites) could mean that lake stickleback
immigrating to the outlet experience “enemy release” and there-
fore have higher fitness. Indeed, a number of studies of other
systems have suggested that stickleback in lakes and streams
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have different parasite communities (Kalbe et al. 2002; Eizaguirre
et al. 2012) and that stickleback moving between environments
are more heavily parasitized (MacColl and Chapman 2010; Stutz
et al. 2014). Although we have not examined the fitness effects of
parasites in our system, it is expected that parasite communities
would be more divergent between the lake and inlet (upstream
of the lake) than between the lake and outlet (downstream of the
lake), again weakening the potential power of this explanation.

A final—and particularly intriguing—possibility is that high
gene flow might causally decrease the strength of directional se-
lection: the opposite effect to that normally posited (Lenormand
2002). This explanation starts with the realization that immigra-
tion can decrease resident population size (Boulding and Hay
2001; Tufto 2001), which should reduce competition and thus
decrease the importance of adaptation. In this scenario, high gene
flow flattens the adaptive landscape (without moving the location
of the optimum) and thereby weakens selection. We are not aware
of theoretical work specifically considering this possibility, and
so we developed a population genetic model (see Appendix) of
a well-adapted resident genotype on an island and a maladapted
immigrant genotype from a continent. Conceptually, the model
assumes adaptation to a sink habitat, specifically a black-hole
sink, where there is no back-migration to source habitats (Go-
mulkiewicz et al. 1999; Holt et al. 2002). Migration therefore
initially increases overall population size on the island and de-
creases the proportion of adapted resident genotypes. Moreover,
competitive effects of genotypes on each other are asymmetric
(e.g., Burgess et al. 2013), such that intergenotype competition
is stronger than intragenotype competition for the immigrants
because they are maladapted (see Appendix). These changes to-
gether depress mean fitness, which then decreases the strength of
selection against immigrant genotypes. For instance, in the case of
an asymmetric competition factor of o = 2 (i.e., immigrant geno-
types suffer twice as much from intergenotype competition vs.
intragenotype competition), the equilibrium solution shows that
increasing maladaptive gene flow (m) can decrease the strength
of selection (B) against maladapted immigrant genotypes relative
to adapted resident genotypes:

B= %(1 + VT —4m).

This model is an intentionally simplified caricature of the pro-
cess intended to illustrate a previously unrecognized phenomenon.
An empirical test of the model would be sensitive to many pa-
rameters that we did not record in this study, such as differences
in immigration load and census size. For this reason, our study
should not be considered a test of the model. Rather, the outcome
of our study motivated the development of a theoretical model
demonstrating that the standard prediction (gene flow increases
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Figure 7. The effect of increasing migration on the strength of
directional selection in a black-hole sink environment under the
assumption of asymmetric competitive effects of resident and
immigrant genotypes on each other. Note that, under these as-
sumptions, the strength of selection decreases with increasing
gene flow for a given asymmetric competition ratio between
maladapted immigrants and well-adapted residents. The graph
is based on the model outlined in the Appendix.

selection) might not hold under some reasonable conditions
(Fig. 7).

Having now considered, and generated some interesting ex-
planations for, weak selection in the outlet population experienc-
ing high maladaptive gene flow, we must also confront our finding
that the presumptively well-adapted inlet population sometimes
experiences strong selection. Indeed, the strongest episode of se-
lection in our study was observed in the inlet and, when combin-
ing all episodes, selection was stronger in the inlet than the outlet
(Figs. 4-6, Table S2). In explaining this result, we can first rule out
the possibility that the inlet population is poorly adapted. Indeed,
many studies have shown that Misty inlet stickleback are a typi-
cal stream-adapted population (Lavin and McPhail 1993; McPhail
1994; Hendry et al. 2002) that experiences very low gene flow
from other populations (Hendry et al. 2002; Hendry and Taylor
2004; Moore et al. 2007; Kaeuffer et al. 2012; Hendry et al. 2013).
As maladaptive gene flow is minimal, we are left with the other
two explanations from the Introduction: constraints on adaptation
or ongoing environmental change. Although it is hard to rule out
constraints, the traits that are under selection certainly show sub-
stantial phenotypic variation (Fig. 3, Table 1) and are known to
have a strong genetic basis in Misty lake stickleback (Sharpe et al.
2008; Berner et al. 2011; Hendry et al. 2011; see also Leinonen
et al. 2011 for stickleback outside Vancouver Island). Environ-
mental change therefore seems the more viable hypothesis.

Although we have not formally quantified environmental
variation through time, small streams in this region are known
to exhibit dramatic variation within and between years, especially
with regard to water flow (e.g., Whitfield and Spence 2011). Cou-
pled with what is likely a narrow fitness peak (given how strongly
divergent the inlet population is from the lake population, Fig. 1),
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environmental variation in the inlet could well impose selection
that fluctuates through time and is sometimes quite strong. Im-
portantly, such environmental variation would also partly account
for the temporal fluctuations in selection we observed in the out-
let (Fig. 3). As above, this argument highlights the importance
of gaining additional information about the width of the fitness
function, in addition to the position of the optimum.

SUMMARY AND CONCLUSIONS

Directional selection was not stronger in a population (Misty out-
let) experiencing high maladaptive gene flow (from Misty lake)
than in a population (Misty inlet) not experiencing maladaptive
gene flow. Instead, directional selection was sometimes evident
in the latter. These findings are in direct opposition to previous
theoretical work, as well as a few empirical studies (Bolnick and
Nosil 2007; Bolnick et al. 2008), arguing that high maladaptive
gene flow should increase the strength of selection. This contra-
diction led us to consider explanations for why strong maladaptive
gene flow might not increase selection. Of particular interest is
the novel idea that high gene flow can causally reduce selection
by broadening the fitness function—a result we demonstrated by
means of a general population genetic model. An interesting im-
plication of this effect is that very high gene flow can create situa-
tions that reinforce its negative effects on adaptation by reducing
selection against maladaptive immigrants (and hybrids), which
then further increases gene flow and further compromises local
adaptation. A positive feedback is thereby generated that could
lead to populations with very poor adaptation and very high gene
flow despite divergent environments—as, indeed, seems to be the
case for Misty outlet stickleback. We suggest that these effects
are ripe for further theoretical, observational, and experimental
studies.
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Appendix
For simplicity, we consider a haploid asexual species with two
genotypes: A and a. The ideas presented here can be extended to
diploid sexual populations but our purpose is simply to illustrate,
in the simplest way possible, how one can get decreased selection
arising from increased gene flow.

We use a continent-island model structure and employ the
following differential equations to model the population sizes of
the two genotypes on the island;

ny =rang +my

n, =ren, +my

Here r; is the per capita growth rate of genotype i, and m; s the
immigration rate of genotype i into the island from the continent.
We take genotype A to be the type favored on the island.

The frequency of type Ais p = ns/(na + n,) and it is help-
ful to write the dynamics in terms of p and n, where n is the total
population size n = ny + n,. We obtain

mgy

P =pd—=p)ra—ry)+(1—p)=s —p=
n' =rapn+r,(1 = pn+ (my +m,)

where we can now identify r4 — r, as the selection gradient (i.e.,
the difference in fitness between the two genotypes).

Now, as a simple example, we assume that the per capita
growthratesarery =1 —ny —n, andr, = 1 — 2n4 — n,. This
embodies a linear form of density dependence such as that of
classical Lotka—Volterra competition models, where the carrying
capacity of each type on their own is normalized to be 1. The
factor of 2 in the per capita growth rate of genotype a reflects
an assumption that intergenotype competition is stronger than
intragenotype competition for a individuals. The reason is that a
individuals are poorly adapted for the island environment and so
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are more negatively impacted by competition with a well-adapted
A individual than another maladapted a individual. We realize
that some models of competition make the opposite assumption
(competition is stronger within than between types) but we are
here specifically interested in competition between well-adapted
and maladapted individuals for a particular resource, for which
our assumption makes more sense.

Notice that intergenotype and intragenotype competition are
of equal strength for A individuals. Thus, genotype a suffers dis-
proportionately when genotype A is abundant. Put another way,
for a fixed population size, the selection gradient for genotype A
is an increasing function of the frequency of A as will be seen
below. This can be seen by writing the per capita growth rates in
terms of p and n:

ra=1-—n
Va=1—n(1+P)'

The selection gradient is then f = ry — r, = np.

For additional simplicity, we now make the assumption that
all immigrants are maladapted (m 4 = 0). Writing m,simply as m,
the complete model then becomes

p'=p(l—pnp—p%
n=pn(l—n)+A—-pmnd—nl+p)+m
With this model one can show that the mutation-immigration
balance at equilibrium is given by

n=1
p=1(1+yT=4m)

Interestingly, this result shows that the equilibrium popula-
tion density is always 1 (the normalized carrying capacity) re-
gardless of the immigration rate. When immigration occurs, the
population size increases, but then the mean fitness drops such
that, at equilibrium perfect compensation occurs and the popu-
lation size returns to 1. The selection gradient at equilibrium is

B:rA—ra:np:%(l—Fm)

This result shows that the strength of selection decreases with
increasing immigration rate. The reason is that, as the immigra-
tion rate increases, the equilibrium frequency of A decreases, and
because the selection gradient is an increasing function of the
frequency of A, this weakens the force of selection.
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Figure S3. Frequency distributions of individuals projected on the respective first discriminant function (DF1) for inlet versus outlet morphology for (A)
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