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Strong ecological selection on a genetic locus can maintain allele frequency differences between populations in different environ-

ments, even in the face of hybridization. When alleles at divergent loci come into tight linkage disequilibrium, selection acts on

them as a unit and can significantly reduce gene flow. For populations interbreeding across a hybrid zone, linkage disequilibria

between loci can force clines to share the same slopes and centers. However, strong ecological selection on a locus can also pull

its cline away from the others, reducing linkage disequilibrium and weakening the barrier to gene flow. We looked for this “cline

uncoupling” effect in a hybrid zone between stream resident and anadromous sticklebacks at two genes known to be under

divergent natural selection (Eda and ATP1a1) and five morphological traits that repeatedly evolve in freshwater stickleback. These

clines were all steep and located together at the top of the estuary, such that we found no evidence for cline uncoupling. However,

we did not observe the stepped shape normally associated with steep concordant clines. It thus remains possible that these clines

cluster together because their individual selection regimes are identical, but this would be very surprising given their diverse roles

in osmoregulation, body armor, and swimming performance.
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The process of speciation is hindered by hybridization because

gene flow erodes allele frequency differences between the popula-

tions, and because recombination in hybrids breaks down linkage

disequilibrium (LD). In general, only alleles under strong selec-

tion or tightly linked to strongly selected loci are expected to

show large allele frequency differences between hybridizing pop-

ulations (Yeaman and Otto 2011; Yeaman and Whitlock 2011).

When strongly selected alleles at different loci come into LD (i.e.,

are found together more often than predicted by their respective

frequencies), selection tends to act on them as unit, reducing

hybrid or immigrant fitness by their combined effects (Bazykin

1969; Barton 1983; Kruuk et al. 1999; Barton and de Cara 2009),

which in turn helps to maintain divergence between the hybridiz-

ing populations. The key processes in achieving further divergence

between hybridizing populations are thus (a) a growing number of

loci with large allele frequency differences between the popula-

tions, and (b) ever stronger LD between the alleles at the diverged

loci (Felsenstein 1981; Barton and de Cara 2009; Smadja and

Butlin 2011; Flaxman et al. 2013, 2014).

One situation that is particularly informative about the inter-

play between divergent selection and linkage disequilibrium dur-

ing the process of speciation is a hybrid zone, where parapatric

populations interbreed at a shared boundary (Barton and Hewitt

1985; Harrison 1990). Multiple generations of hybridization be-

tween the adjacent populations typically produce allele frequency

clines at the differentiated loci. The slope and position of each

cline is a product of the balance between dispersal and total se-

lection at that locus. Total selection is given by direct selection on
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Figure 1. Diagram showing how the spatial distribution of selection regime transitions combines with the relative strengths of direct

and indirect selection to affect cline shape and location. Each panel shows three clines for loci under ecological selection. The arrows on

the x-axis indicate the point at which the selection regime shifts from favoring the predominant allele from the right hand population

to favoring the allele from the left population. (A and C) When there is strong linkage disequilibrium between the three loci, indirect

selection forces the clines into concordance (i.e., having the same slope) and coincidence (having the same center), even when the

selection regimes transition in different places. Since linkage disequilibria and hence indirect selection are strongest in the center of the

zone, the clines are steeper than a sigmoid cline in the center, giving them a stepped shape. (B and D) When direct selection is stronger

than indirect selection, the slope, and location of each cline reflects selection separately on that locus. If the selection regimes transition

in the same place the clines will be coincident but not concordant, and since indirect selection is weak they are not expected to be

stepped.

the locus plus the sum of indirect selection on diverged loci else-

where in the genome, weighted by the strength of LD between the

focal locus and the other diverged loci (Barton 1983; Barton and

Gale 1993). All loci for which direct selection is outweighed by

indirect selection will experience approximately the same selec-

tion regime, and their clines will have similar slopes and centers

(Fig. 1A). The clustering of clines in turn maintains strong LD, as

“pure” individuals will have alleles characteristic of one or other

population at all of the clustered loci (Slatkin 1975; Barton 1983).

Clines held together by strong indirect selection thus tend to be

steeper than expected in the zone center (where LD is strongest),

and the clines are “stepped” (Szymura and Barton 1991).

By contrast, when direct selection on a locus is stronger than

indirect selection, cline shape will reflect the regime imposed by

selection on that locus alone (Fig. 1B, D). If direct selection has

an ecological component (e.g., different alleles are favored on

either side of an environmental transition), the cline may occur

away from the clines at other loci. This scenario is especially

likely when the hybrid zone straddles an ecotone (where there are

step changes in many environmental variables), but the transition

points for a few variables are close to but do not coincide with the

ecotone (Fig. 1D).

Strong direct selection thus plays two potentially opposing

roles: it ensures that allele frequency differences persist despite

gene flow (Yeaman and Otto 2011), but it may also pull clines

apart, reducing LD and thereby weakening the total indirect selec-

tion felt by the remaining loci (Nürnberger et al. 1995). Evidence

for this “cline uncoupling” effect of strong direct selection is

obtained when steep clines for genetic loci or phenotypic traits

known to be under selection are close to one another but do not
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share cline centers. Conversely, finding that clines for loci under

varying types of selection are centered together suggests either

that direct selection on each locus has been overwhelmed by

indirect selection, or that the selection regimes for these loci all

transition in the same location. Data on cline shape can help to dis-

tinguish between these latter two scenarios: concordant, stepped

clines suggest that indirect selection predominates (Fig. 1A, C),

while finding a range of cline slopes indicates the selection regime

for each locus is the most important determinant of cline shape

(Fig. 1B). One final possibility is that the clines are unstepped and

have similar slopes and centers; this scenario is only expected if

their selection regimes colocate and, despite their varying func-

tions, they independently experience the same strength of direct

selection.

Genetic divergence under gene flow has been well studied,

both theoretically (Wright 1931; Bulmer 1972; Yeaman and Otto

2011; Yeaman and Whitlock 2011) and empirically (reviewed

in Smadja and Butlin 2011; Feder et al. 2013). By contrast, the

circumstances under which clines are situated together or apart

are less well studied, either theoretically (with the exception of

Slatkin 1975; Nürnberger et al. 1995; Bierne et al. 2011; Rosser

et al. 2014) or empirically (Nürnberger et al. 1995; Rosser et al.

2014, see Abbott et al. 2013 for a review).

Here, we look for evidence of cline uncoupling in a natural

hybrid zone by examining clines for two selected loci, five ecolog-

ically relevant morphological traits, and 13 anonymous SNPs in

a zone between two differentially adapted threespine stickleback

(Gasterosteus aculeatus) populations. In this hybrid zone, one

population (“stream”) inhabits the upper reaches of a small river,

Bonsall Creek, throughout the year. The other (“anadromous”)

spends most of the year in the sea and migrates into the lower half

of the river in the spring to breed (Hagen 1967). Because anadro-

mous adults are only present in the estuary during the breeding

season, the hybrid zone is transitory, forming and reforming each

breeding season.

The hybrid zone between the two types is located close to

the ecotone between the estuary and the freshwater environment.

The estuary itself represents a gradient for many environmental

variables, including salinity, tidal range, vegetation, and the com-

munity of predators, parasites, and competitors. These gradients

end abruptly with the transition to freshwater. Sticklebacks can

easily swim from one side of the zone to the other (T.H. Vines,

A.Y.K. Albert, and A.C. Dalziel, unpub. data), so it is likely that

the distribution of genotypes within the creek results from an

active choice of breeding location along the salinity gradient.

Moreover, lab crosses between anadromous and stream fish from

Bonsall Creek show no evidence of intrinsic hybrid inviability

or infertility (Dalziel et al. 2012; Dalziel and Schulte 2012), and

it seems likely that the majority of reproductive isolation in the

hybrid zone is either extrinsic or occurs prior to fertilization.

The two selected genes we examine are Ectodysplasin (here-

after Eda), and Na+, K+ ATPase’s catalytic α1 subunit (hereafter

ATP1a1). Eda is located on chromosome IV and is responsi-

ble for one of the major phenotypic differences between these

populations: stream fish have 4–8 lateral armor plates per side,

whereas the anadromous fish have 30–35 plates (Hagen 1967).

The low plated allele at Eda has risen to fixation in many fresh-

water environments (Colosimo et al. 2005), and shows evidence

of repeated selection (Mäkinen et al. 2008; Shimada et al. 2011;

DeFaveri et al. 2011; Jones et al. 2012; Raeymaekers et al. 2014).

ATP1a1 is located on chromosome I, and is part of a multisubunit,

membrane bound enzyme, Na+, K+ ATPase, that maintains elec-

trochemical gradients by moving K+ ions into and Na+ ions out

of the cell (reviewed by Kaplan 2002). In fish, Na+, K+ ATPase

plays a critical role in osmoregulation in both fresh and salt water

(reviewed by Evans et al. 2005). Like Eda, the ATP1a1 isoform

has an allele that has repeatedly risen to high frequency in many

freshwater stickleback populations (Jones et al. 2006; Shimada

et al. 2011) and selection is related to salinity (Hohenlohe et al.

2010; DeFaveri et al. 2011, 2013; Shimada et al. 2011; Jones et al.

2012; Terekhanova et al. 2014).

All of the morphological traits we examined have evolved re-

peatedly in the same direction after sticklebacks colonized fresh-

water from the sea, and are predicted to be under strong selection.

Anadromous populations have long pelvic and dorsal spines that

likely defend against gape-limited predators, while freshwater

populations typically have shorter spines, possibly to limit insect

predation (Bell et al. 1993; Reimchen 1994; Marchinko 2009).

Anadromous fish also have large, long fins that are capable of

powering prolonged swimming during migration. Their smaller

caudal peduncles are predicted to streamline the fish and reduce

drag (Dalziel et al. 2012). Stream fish have repeatedly evolved

smaller pectoral fins, which may help fish maneuver in smaller

spaces, and deeper caudal peduncles that are predicted to in-

crease burst swimming capacity (Taylor and McPhail 1986). The

median fins (which includes the dorsal fin) are involved in ma-

neuvering and force generation during steady swimming (Lauder

et al. 2002), and have also repeatedly become reduced in lakes

without predatory fish (Walker 1997; Walker and Bell 2000). A

study by Dalziel et al. (2012) with anadromous and stream fish

from Bonsall Creek found that the differences in fin morphology

persist when both are raised in a common environment.

The selection regimes for alleles and traits advantageous in

either anadromous or stream fish will not necessarily transition in

the same part of the river. For example, selection on loci involved

in osmoregulation, such as ATP1a1, may favor the stream allele

where the stream bed salinity is less than isosmotic (�13 ppt)

and the anadromous allele at higher salinities (Shimada et al.

2011; DeFaveri et al. 2011). By contrast, stream alleles at loci

underlying reductions in lateral plates (Eda) and other body armor
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traits (pelvic and dorsal spine length) may only be favored in full

freshwater (< 1 ppt), where insects become a significant part

of the predator regime. Strong direct selection on these loci and

traits would force their clines to be centered in different parts

of the river. Our goal in this paper was to thus test whether the

clines at body armor loci and traits (Eda, pelvic, and dorsal spine

length), osmoregulation loci (ATP1a1) and morphological traits

related to swimming capacity (pectoral and dorsal fin length,

caudal peduncle depth) have different slopes and centers, which

would in turn suggest that strong direct selection has uncoupled

the clines at these loci (Fig. 1D).

By contrast, finding that these loci and traits have coincident

clines suggests either that their selection regimes transition in the

same part of the river (Fig. 1B), or that strong indirect selection has

forced the clines to share the same slope and center, irrespective

of where the selection regimes transition (Fig. 1A and C). In

the latter case, indirect selection is expected to make the clines

stepped. Distinguishing between these scenarios in this hybrid

zone will shed light on the relative roles of direct and indirect

selection in promoting (or inhibiting) the speciation process in

stickleback.

Methods
DATA COLLECTION

We collected sticklebacks from Bonsall Creek (approximately

48°52′47.5"N 123°40′26.8"W) between 15th May and 8th June

2006. The creek is a relatively short (15 km) and narrow (�3 m

wide) tidal river on the South Eastern end of Vancouver Island,

British Columbia (see Hagen 1967). Anadromous stickleback mi-

grate into Bonsall Creek in late spring. The majority remain in the

estuary (below 2.35 km in Fig. 2), but a few move further up into

freshwater. Fish that resemble phenotypically pure anadromous

sticklebacks are rare beyond 2.7 km upstream. The stream resi-

dent population reaches its highest densities upstream of 3.3 km,

but individuals with stream resident phenotypes are common to

around 2.3 km and can occasionally be found as far downstream

as 1.65 km from the sea. Hybrid fish with intermediate pheno-

types can be found where the stream resident and anadromous

populations overlap, but are most common between 2.2 km and

2.6 km. A similar distribution of genotypes was reported by Hagen

(1967): “A large breeding congregation of trachurus [anadromous

stickleback] was found 1.5 miles [2.4 km] from the estuary . . .

within 200 ft upstream . . . leiurus [stream stickleback] alone was

collected . . . [in] the intervening section hybrids were common.”

We can thus assume that a narrow hybrid zone has persisted in

Bonsall creek for at least 40 years.

We captured fish at 100–150 m intervals through the hybrid

zone, using 5 minnow traps per site (Fig. 2). Site location is

indicated by distance from the sea, in km. Fish over 40 mm were

killed with an overdose of MS222 anesthetic and frozen on dry ice

or preserved in ethanol. We used a YSI 85 Handheld Conductivity

and Oxygen meter (YSI Inc., Ohio, USA) to measure the surface

and creek bed salinity at each site at low tide and at the peak of the

highest tide during sampling period (11 pm on 14th June 2006),

and found the upstream limit of saltwater 2.35 km from the sea

(at 48°52′48.46"N, 123°40′26.93"W).

MORPHOLOGICAL DATA

We selected ten morphological traits that have been found to

diverge repeatedly between anadromous and freshwater stickle-

backs (Hagen and Gilbertson 1972). Ten marine and ten stream

individuals from each side of the hybrid zone were measured for

standard length, body depth, head depth, eye diameter, dorsal fin

length, caudal peduncle depth, pectoral fin length, caudal pedun-

cle width, left pelvic spine length, and second dorsal spine length.

Eye diameter, head depth, and body depth showed no consis-

tent differences between marine and stream fish, even when each

trait was regressed onto standard length to remove the effects of

size, and these traits were discarded. The remaining seven traits

were measured on the 428 ethanol preserved fish. We measured

standard length and dorsal and pelvic fin length with calipers,

the length of the second dorsal and pelvic spine and the caudal

peduncle depth and width with an ocular micrometer fitted to a

binocular microscope. As standard length showed a strong rela-

tionship with all traits, we took the residuals from a regression of

each trait on standard length.

We discovered that variation in caudal peduncle width re-

sulted from two confounding sources: anadromous fish had a

bony “keel” that adds 1–2 mm to the total width of the pedun-

cle, but this feature is not present in stream individuals. However,

when the keel is ignored, stream fish had a wider caudal peduncle

than anadromous fish. As the total width of the peduncle could

not be expected to fit a simple cline model it was discarded at this

stage.

GENETIC DATA

We extracted DNA from tail fin tissue from all 428 fish using the

protocol in Peichel et al. (2001); the DNA was resuspended in

50 μl of double distilled water and stored at –20°C.

Ectodysplasin (Eda)
The Eda locus is located on linkage group IV. We chose a T/C

SNP at position 421 of an amplicon spanning the 7th and 8th

exon of the Eda gene (Colosimo et al. 2005) for genotyping. The

primers are given in Table S1.

Na+, K+ ATPase subunit α1a (ATP1a1)
There are two ATP1a1 paralogs in the stickleback genome, which

are found in tandem within approximately 9000 bp of each other

1 0 2 6 EVOLUTION MAY 2016



CLINE COUPLING IN A HYBRID ZONE

Canada 

USA 

0 250m 500m 

1.65 km 

1.8 km 

2.5 km 

2.7 km 
2.9 km 

3.0 km 

3.3 km 

1.95 km 
2.1 km 

2.3 km 

3.7 km 

4.0 km 

2.2 km 
2.4 km 

2.6 km 

2.8 km 

3.2 km 

Figure 2. Map of the Bonsall Creek study site on Vancouver Island (white dot on inset) and of the sampling locations along the river

itself (main map), indicated by distance from the sea in kilometers. The gray shaded area represents salt marsh; salt water at high tide

reaches 2.35 km into the creek, although there is some tidal fluctuation in water level at 2.4 km.

on contigs 7064/7065 and 7066 within linkage group I. We studied

the isoform on contig 7066, which is the same isoform studied by

Jones et al. (2006) and Barrett et al. (2008). Our initial genotyping

of the anadromous and stream alleles at the 16th to 18th intron

of this gene followed the procedure in Jones et al. (2006), but

as these sites are not variable in our populations we could not

achieve allele-specific amplification. We therefore sequenced this

genomic region in 10 pure stream (above 4.0 km) and 10 pure

anadromous fish (from 1.65 km). We found a number of other

diagnostic SNPs within this region, and selected an A/G SNP at

position 446 of the amplicon (see Table S1 for sequences and

primers).

Anonymous SNPs
We began with the list of 25 loci used to construct the phyloge-

netic tree in Colosimo et al. (Fig. 3C in Colosimo et al. 2005).

We excluded loci on the same linkage group as Eda (LG IV)

or ATP1a1 (LG I), although loci with an unknown location were

retained. After updates to the stickleback genome assembly (Jones

et al. 2012), we found that one marker, P7E08, was also on

LG I. We then tested the primers pairs from Colosimo et al.

(2005) on 10 stream (4.0 km) and 10 anadromous (1.65 km)

fish from Bonsall Creek. Of the 16 loci that amplified success-

fully in both populations, we retained 13 loci that had a SNP

minor allele frequency greater than 0.1 in at least one of the

samples. These loci are located on LGXI (P3A06 and P9D09),

LGIII (P3D05), LGX (P4G01), LGVII (P6A10), LGXII (P6B12),

LGIX (P6D05), LGXVIII (P7A07), and LGI (P7E08). Four oth-

ers (P7A07, P7C08, P7G05, and P7H05) are on LGXVII (Glazer

et al. 2015), although this was only identified as “Scaffold 27”

when the genotyping was conducted (Colosimo et al. 2005).

These sequences of these 13 loci (Table S1) were used by the

McGill University and Génome Québec Innovation center to de-

sign a custom genotyping assay using Sequenom R© iPLEX R©Gold

Genotyping Technology. Genomic DNA from all 428 fish was

quantified and diluted to 20 ng/μl and at least 30 μl of each sam-

ple were sent on dry ice to the McGill University and Génome

Québec Innovation center for genotyping.

STATISTICAL METHODS

Cline fitting: Genetic loci
The clines at Eda and ATP1a1 and the anonymous SNP loci

were characterized with the program CFit version 7 (Gay et al.

2008). This program uses a Metropolis algorithm to find the cline
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Figure 3. The best-fit clines in the hybrid zone. Salinity at high

tide (blue line) is plotted on an inverse scale on the right hand

axis. The black line shows the joint cline Eda, ATP1a1, and the five

morphological traits, and the dashed gray lines the clines for the

10 anonymous SNPs.

shape that best fits the available data. The program fits two basic

parameters that describe a sigmoid cline, cline slope l, and cline

center c, and also allows for deviations from Hardy–Weinberg

equilibrium (fitted as FIS) within each site. Initial tests found no

support for including FIS at any of the genetic loci and we do

not consider it further. The slope output parameter from CFit 7

(denoted l here) must be divided by 4 to give the slope parameter

used in other hybrid zone work (e.g., Barton and Gale 1993).

We use s ( = l/4) to denote this more usual slope parameter, and

present s wherever possible.

We also fitted a more complex stepped cline model, where the

center part of the cline remains sigmoid, but exponential curves

are permitted for each of the tails. This model has six parame-

ters: slope l, center c, two locations where the exponential tails

begin (xpos1, xpos2) and the two slopes of the exponential curves

(tslope1 and tslope2); the latter two range between 0 and 1 and

are the proportion by which the slope of the sigmoid curve is

reduced. Note that xpos2 and tslope2 are the parameters for the

anadromous side of the hybrid zone.

CLINE FITTING: MORPHOLOGICAL DATA

CFit 7 requires morphological traits to be at their maximum at the

left hand side (i.e., anadromous) side of the hybrid zone. This is

true for the residuals of dorsal fin length, left pectoral fin length,

pelvic spine length, and second dorsal spine length. However, the

residual of caudal peduncle depth is greatest in stream fish, and

so we used the negative of the residuals in the CFit 7 analysis for

this trait.

We used a simple clinal model to characterize the morpho-

logical data across the hybrid zone (Gay et al. 2008). Observed

measurements were assumed to be drawn from a normal distri-

bution N(μx, σx), where μx and σx are functions of location x

across the hybrid zone. More specifically, μx was modeled as

μmin+(μmax −μmin) px, where μmin and μmax measure the mean

in the stream and anadromous population, respectively, and px

is the sigmoid function of location (with maximum slope l and

center c). The variance σx was modeled as px
2σ1 + 2 px(1 − px)σ2

+ (1 − px)2σ3 to account for differences among individuals from

either the anadromous or the stream populations (σ1 and σ3, re-

spectively) and between either pure population and hybrids from

the zone center (σ2). This model assumes that in each location,

the distribution of each trait is unimodal (drawn from a simple

normal distribution). Since the focus of this paper is comparing

cline slopes and centers, we only fitted models where σ1, σ2, and

σ3 were allowed to vary independently. As with the genetic data,

parameters were estimated by maximum likelihood using CFit 7.

Comparing cline shapes
We tested for coincidence and concordance between clines by

forcing them to have the same center and/or slope, respectively,

and comparing the Akaike Information Criteria (AIC; Akaike

1973) values of these models to models where each cline was fitted

independently. We considered a difference of 2 AIC units between

models an indication of a “significant” difference, with the caveat

that a difference of 7–10 AIC units is needed before concluding

that the worse model has essentially no support (Burnham and

Anderson 2002).

Estimating LD and trait covariance
We used CubeX (Gaunt et al. 2007; http://www.oege.org/soft

ware/cubex/) to estimate gametic linkage disequilibrium. We ob-

tained an LD estimate between Eda and ATP1a1 for the center of

the hybrid zone by pooling the genotypes from the 105 individuals

sampled at sites 2.2, 2.3, and 2.4 km.

We calculated the covariance between all pairings of our five

morphological traits. We created three groups corresponding to

the edges and center of the zone. For the anadromous side we

pooled individuals from sites 1.65 and 1.8 km (N = 50), for the

zone center we pooled sites 2.2, 2.3, and 2.4 km (N = 105),

and the stream side sites 3.3 and 4.0 km (N = 38). We used

bootstrapped confidence intervals based on 10,000 replicates to

assess whether a covariance estimate was significantly greater

than zero, as implemented in the R package boot (R Core Team

2014; Canty and Ripley 2014). An estimate was judged significant

if the 99.8% confidence intervals did not contain zero; this interval

approximates a Bonferroni correction for these tests (0.05/30 =
0.0017).

Cline analysis with the hybrid index
When genetic loci are more or less fixed on either side of the

zone they can be treated as diagnostic, and can thus be used to
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calculate a Hybrid Index (HI) for each individual. The Hybrid

Index was calculated by counting the number of anadromous al-

leles across the four loci with large differences in allele frequency

between the two populations (Eda, ATP1a1, P3D05, and P6A10,

see results).

We can use the variance in HI in the center of the zone to

estimate linkage disequilibria (D̄) and hence the dispersal rate σ

(p23 of Barton and Gale 1993). Since cline width is a product

of the relationship between dispersal and selection, we can use

this information to estimate the strength of selection acting on the

genetic loci and the morphological traits.

Results
SAMPLE SIZES

We genotyped 428 adult (> 40 mm) fish from 16 sites through

the hybrid zone at Eda, ATP1a1, and 13 unlinked anonymous

SNP loci. These data are available on Dryad (http://dx.doi.org/

10.5061/dryad.v7r0b). Locus P7A09 failed to amplify in most

anadromous individuals and was excluded from the subsequent

analyses. Amplification success was otherwise very good, with

an average of 9.7 (2.2%) missing genotypes per locus. Two of the

anonymous loci (P3A06 and P6B12) showed no allele frequency

differences across the hybrid zone, and were also excluded at this

stage. We were therefore left with genotype data for 10 anonymous

SNPs. We also obtained morphological data for these 428 fish

(Table 1 and Dryad: http://dx.doi.org/10.5061/dryad.v7r0b).

INDIVIDUAL CLINE FITS

The parameters for the individually fitted genetic and morpho-

logical clines are given in Tables 2 and 3, respectively, and the

clines are shown in Figs. 4 and 5. The simple sigmoid clines gen-

erally fall into two categories. First, with the possible exception

of pectoral fin length (which is steeper and further downstream),

the traits or loci thought to be under strong selection have steep

clines centered near the top of the estuary. Two of the anonymous

SNPs (P3D05 and P6A10) also had steep clines centered near

the selected traits and loci. The remaining anonymous clines had

shallower slopes and a wide range of centers (Table 2).

FITTING STEPPED CLINES

Stepped clines fit the data worse than the basic sigmoid clines in

the case of both Eda and ATP1a1 (Table 2). Similarly, a stepped

cline model was a significantly worse fit for dorsal fin, peduncle

depth, left pelvic spine, and 2nd dorsal spine (Table 3). Fitting a

stepped cline model to the pectoral fin data proved very difficult,

as the runs did not converge on a single set of best-fit parameters or

they gave biologically implausible parameter estimates. Remov-

ing three outlier fish with very small (likely damaged) pectoral

fins from site 2.1 km (relative fin length = –3.76), site 2.3 km T
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Figure 4. Individually fitted clines for the 12 genetic loci. The sigmoid cline is shown in black; the stepped cline is shown in red for the

loci where this was a better fit.

(–2.7), and site 2.4 km (–3.2) and all of the fish from the 4.0 km

site allowed us to find a meaningful stepped cline fit; this model

fit was not an improvement over the simpler sigmoid cline model

(Table 3).

Fitting a stepped cline led to an improvement in model fit

for five anonymous SNP loci (Table 2). A stepped cline with

tslope1 = tslope2 was the best fit for P6A10 (5 parameters, LogL

= –332.2, AIC = 674.3) compared to the simpler sigmoid fit (2

parameters, LogL = –339.6, AIC = 683.2). The improvement

in fit of a stepped cline over a simple sigmoid cline is slight for

P3D05 (stepped: 5 parameters, LogL = –350.6, AIC = 711.3;

sigmoid: 2 parameters, LogL = –354.2, AIC = 712.4). Of the

SNPs with shallower clines, a stepped cline with tslope1 � tslope2

was supported for P7G05 (stepped: 6 parameters, LogL = –398.7,

AIC = 809.4; sigmoid: 2 parameters, LogL = –405.7, AIC =
815.4) and P9D09 (stepped: 6 parameters, LogL = –402.2, AIC

= 816.5; sigmoid: 2 parameters, LogL = –414.6, AIC = 833.3),

but only weakly supported for P7C08 (stepped: 6 parameters,

LogL = –374.8, AIC = 761.6; sigmoid: 2 parameters, LogL =
–379.01, AIC = 762.02).

COMPARING CLINE CENTERS AND SLOPES

Our central question is whether the clines for loci and traits pre-

dicted to experience strong direct selection, that is Eda, ATP1a1,

and the five morphological traits, have the same center and slope.

We therefore fit a model in which these seven clines were con-

strained to share the same slope and center, and compared it

to (a) a model in which only center was constrained, and (b)

a model in which both slope and center were allowed to vary

independently.

Constraining all seven clines to have the same center and

slope gave the best fit (27 parameters, LogL = –2078.7, AIC =
4211.5). These clines were jointly centered at 2.298 km (about

60 m downstream from the upstream limit of saltwater), and the

jointly fitted slope was s = –0.7. The fit of other two models

was about 6 AIC units worse: when centers were constrained but

slopes were allowed to vary, we found LogL = –2075.9, AIC =
4217.8 (33 parameters); and where both slope and center varied

freely, we obtained LogL = –2069.7, AIC = 4217.4 (39 param-

eters). In a likelihood ratio test, a model in which cline centers

were the same but slopes were free to vary was not a significantly

better fit to the data than the simplest model in which centers and

slopes were constrained to be equal (LRT = 5.6, df = 6, P =
0.45). Similarly, the model in which slopes and centers were free

to vary was not a better fit than the simplest model (LRT = 18.1,

df = 12, P = 0.11). Since most of these seven clines had very sim-

ilar slopes and centers (Table 2 and 3), we preferred the simplest

model in which all seven share a common slope and center.

EVOLUTION MAY 2016 1 0 3 1
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Figure 5. (A–E) Clines in morphological traits through the hybrid zone. The width of the shaded band shows the trait variance through

the zone, as calculated from σ1, σ2, and σ3. The cline for pectoral fin length (5c) was fitted with the data from site 4.0 km and the three

outliers omitted.

The same pattern was found when the pectoral fin data are

excluded. A model in which the remaining six clines have the same

center and slope (LogL = –1669.8, AIC = 3383.7, 22 parameters)

fit better than a model in which the slopes were free to vary (LogL

= –1667.9, AIC = 3389.4, 27 parameters) and a model in which

all slopes and centers were free to vary (LogL = –1665.6, AIC =
3395.2, 32 parameters).

We also fit the same three models for the 10 anonymous

SNPs. In this case, the model in which each cline had its own

slope and center was very strongly supported (LogL = –3805.5,

AIC = 7651.1, 20 parameters), compared to a model in which

both slopes and centers were constrained to be equal (LogL =
–4369.6, AIC = 8743.2, 2 parameters) or only slope was al-

lowed to vary independently (LogL = –4235.6, AIC = 8493.2,

11 parameters). The independent slopes and centers model is very

strongly supported by a likelihood ratio test when compared to

either the same slope and center model (LRT = 564.0, df = 18,

P < 0.0001) or the model with a common slope and different

centers (LRT = 430.0, df = 9, P < 0.0001).

ESTIMATING LD AND TRAIT COVARIANCE

CubeX estimated linkage disequilibrium between Eda and

ATP1a1 in the zone center (sites 2.2, 2.3, and 2.4 km) as D’

= 0.31, indicating that LD in these sites is about 30% of its max-

imum value. A similar estimate of D’ = 0.38 was obtained using

only the fish from site 2.3 km.

The covariance between all pairs of morphological traits is

shown in Table 4. The covariances between pelvic spine and sec-

ond dorsal spine are significantly greater than zero in the anadro-

mous, zone center, and stream groups, perhaps indicating a shared

genetic basis for these two traits. The only other significant co-

variances were in the zone center, where five of the remaining

nine trait combinations were significantly greater than zero.

ESTIMATING DISPERSAL AND SELECTION

The four genetic loci with steep clines (Eda, ATP1a1, P3D05, and

P6A10) are more or less fixed on either side of the zone and can

be treated as diagnostic. We used these four loci to calculate a

Hybrid Index (HI), as described in Barton and Gale (1993). The

distribution of the HI through the hybrid zone is shown in Fig. 6,

while the mean and variance for each sampling location are given

in Table 1.

The variance in HI in the center of the zone was used to

estimate mean linkage disequilibrium (D̄); this parameter can then

be used to estimate the dispersal rate. A portion of the variance in

HI in the zone center arises from the variance in allele frequency
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6 Table 4. Estimates of variance and covariance among the five

morphological traits. For each trait combination, the estimates are

given in the order: anadromous (top, sites 1.65 and 1.8 km), hybrid

(middle, sites 2.2, 2.3, and 2.4 km), and stream (bottom, sites 3.3

and 4.0 km). Variances are listed on the diagonal (italics), covari-

ances are listed below the diagonal. Covariances for which the

99.8% bootstrap confidence intervals do not contain zero are in

bold.

Dorsal Peduncle Pectoral Pelvic 2nd dorsal
fin depth fin spine spine

0.51
Dorsal fin 0.43

0.65

0.02 0.02
Peduncle depth 0.02 0.03

–0.01 0.02

0.24 –0.02 0.53
Pectoral fin 0.09 –0.01 0.66

0.19 –0.06 0.70

0.20 0.02 0.21 0.55
Pelvic spine 0.22 0.03 0.23 0.51

0.08 –0.01 0.15 0.26

0.13 0.04 0.08 0.42 0.45
2nd dorsal spine 0.10 0.01 0.13 0.26 0.23

0.08 0.00 0.09 0.14 0.15

at the individual loci (var(p) in Barton and Gale 1993), and the

remainder is due to migration bringing in purer genotypes. Taking

the 64 individuals sampled at 2.3 km and 2.4 km (between which

the clines at these four loci are roughly centered), we estimate the

variance in allele frequency to be var(p) = 0.0025. From the first

term of equation 2b of Barton and Gale (1993), the proportion of

D̄ due to var(p) is 0.0309. The mean HI in this sample is z̄ = 0.515,

and the variance in HI is var(z) = 0.087. The remaining variance

(0.0875–0.0309 = 0.0566) leads to the calculation D̄ = 0.151,

with 95% confidence intervals (using F67,Infinity) of 0.112–0.228.

Next, we convert the jointly fitted slope s of these four clines

(–0.71) to cline width w via 1/|–0.71| = 1.39 km (see Gay et al.

2008). We can use the estimates of D̄ and cline width to estimate

effective dispersal within the hybrid zone, as measured by the stan-

dard deviation σ of the distance between where a fish is hatched

and where it reproduces, using the equation σ =
√

r D̄w2/(1 + r )

(page 24 of Barton and Gale 1993). Our samples were restricted

to fish over 40 mm in length, which were very likely sampled

after they had dispersed. None of these four loci are physically

linked, so r = 0.5, and thus σ = 0.25 km generation−1/2.

Finally, we can use dispersal and cline width to estimate

s∗, the difference in mean fitness at that locus or trait between
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Figure 6. Bar plots of Hybrid Index through the hybrid zone. The

Hybrid Index is given by the total number of anadromous alleles

an individual carries at Eda, ATP1a1, P3D05, and P6A10.

populations at the center of the zone and those at the edge, us-

ing s∗ = (1.732σ/w)2 (page 16 of Barton and Gale 1993). We

estimated s∗ = 0.097 for the cline where Eda, ATP1a1, dorsal

fin, 2nd dorsal spine, pectoral fin length, left pelvic spine, and

peduncle depth were constrained to share the same slope and

center.

Discussion
In this article, we looked for evidence that strong direct selec-

tion could uncouple clines for selected loci and traits, thereby

reducing the linkage disequilibrium between them and impeding

progress toward speciation. In a hybrid zone between anadromous

and stream sticklebacks, we found that the best-fit model for our

seven selected traits and loci constrained their clines to share the

same center and slope, which suggests that they all experience

the same amount of total (i.e., direct + indirect) selection. This

best-fit model makes sense because five of the seven clines have

very similar slopes and centers when each cline is fitted indepen-

dently (Eda, ATP1a1, dorsal spine, pelvic spine, and dorsal fin;

Table 2 and 3).

Close concordance in slope would be expected for colocated

clines if linkage disequilibria and hence indirect selection are

strong, but these conditions should also generate stepped clines

(Barton and Szymura 1991; Nürnberger et al. 1995; Gay et al.

2008). Surprisingly, there was no support for a step at any of these

seven clines: excluding pectoral fin, the slope of the individually

fitted stepped cline was always very similar to the slope of the

simpler sigmoid cline (Table 2 and 3).

Our data are thus compatible with two unexpected scenarios.

First, direct selection may be dominant, implying that the selec-

tion regimes for these traits and loci all transition in the same

part of the river and all experience direct selection of s∗ = 0.1.

Given the diverse functions of our selected traits and loci (preda-

tor defense, osmoregulation, swimming performance) it seems

implausible that they all experience the same selection regime.

Alternatively, indirect selection may be strong enough to force

these clines into sharing the same slopes and centers, irrespective

of their individual selection regimes. However, this indirect selec-

tion has somehow not generated stepped clines. We do find sub-

stantial LD between Eda and ATP1a1 and significant covariance

between the morphological traits in the center of the zone (Table

4), which means they all ought to be experiencing at least some

mutual indirect selection. So, although Bonsall Creek exhibits the

conditions under which we expect to find stepped clines (steep,

concordant clines, and substantial LD), there is no evidence for a

step for any of our seven selected traits and loci. This phenomenon

warrants further investigation, but this is unfortunately beyond the

scope of this paper.

Two anonymous SNPs (P3D05 and P6A10) also had steep

clines located close to those for the selected traits and loci (Fig.

4C and D, Table 2). P3D05 is located at 10,349 kb along LGIII

and is embedded within the “amyloid beta (A4) precursor protein-

binding, family B, member 1 interacting protein” gene. P6A10 is
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at 12,601 kb on LGVII in the “mitochondrial calcium uptake 2”

gene (stickleback genome assembly BROAD S1, version 86.1 on

Ensembl). Neither gene has been explicitly connected to freshwa-

ter adaptation in sticklebacks, although Hohenlohe et al. (2010)

did highlight five divergent SNPs (at 12,212,041; 12,505,622;

12,525,947; 12,801,733; and 12,987,907) in the vicinity of P6A10

on LGVII (Fig. 8A in Hohenlohe et al. 2010, and P. Hohenlohe,

pers. comm.). Terekhanova et al. (2014) also highlight an area

of LGVII (between 17,982 kb and 18,002 kb) that is divergent

between Russian marine and freshwater stickleback.

Interestingly, there is support for a stepped cline at P6A10

(Table 2 and Fig. 3D). The most plausible explanation for this

step is that P6A10 alleles are experiencing both weak direct se-

lection on either side of the hybrid zone (tslope × s∗ = 0.11, see

Szymura and Barton 1991), and a strong combination of direct

and indirect selection in the center (s∗ = 0.34). The source of

this indirect selection must be linkage disequilibria with other

selected loci, either on the same chromosome or elsewhere in the

genome.

THE STRUCTURE OF THE BONSALL CREEK HYBRID

ZONE

Another puzzling feature of this hybrid zone is that the observed

clines are generally very steep compared to the movement capa-

bility of the fish. A mark-recapture study conducted on 23rd and

24th May 2006 (T.H. Vines and A.C. Dalziel, unpub. data) found

several fish that had moved several hundred meters overnight. If

fish do move tens of meters per day in a random direction, selec-

tion would need to be extremely strong to maintain these steep

clines: almost all fish crossing the hybrid zone would need to be

eliminated before they could be sampled. It is difficult to imagine

any selective force that could accomplish this. Adult sticklebacks

are able to cope with a wide range of salinities without suffering

large effects (e.g., Schaarschmidt et al. 1999; Barrett et al. 2009;

Gibbons et al. 2016), so the salinity differences between the es-

tuary and freshwater cannot be a sufficient source of mortality.

While piscivorous birds and fish are present throughout the hybrid

zone, their predation rate for migrant fish would need to be very

high to counter the constant flux of individuals to the “wrong”

side of the zone.

A more plausible explanation is that while fish could easily

traverse the zone, they instead choose a point along the river ac-

cording to some function of their phenotype and stay there over

the breeding season. For males this would manifest as the location

where they choose to build a nest; for females the location where

they look for males, or where they rest and forage while develop-

ing eggs. This must be the case for the anadromous fish, which

spend the winter in the sea and migrate into the estuary and the

lower parts of the river to breed (Hagen 1967). The Bonsall Creek

hybrid zone is thus similar to hybrid zones between migratory

and resident bird species (e.g., Rohwer et al. 2001; Brelsford and

Irwin 2009) where one species migrates long distances over the

winter and the zone is reformed each breeding season. The key

parameter in these zones is not the total distance traveled (which

is orders of magnitude greater than the zone width), and instead

is the distance between where the organism is hatched and where

it reproduces. For Bonsall Creek, the standard deviation of the

latter distance is estimated as σ = 0.25 km gen1/2; assuming a

normal distribution of parent-offspring dispersal �68% of fish

would breed between 125 m upstream and 125 m downstream of

where they hatched.

We hypothesize that the steep concordant clines in Bonsall

Creek arise because breeding location along the salinity gradient

is determined by a multilocus “breeding salinity preference,” and

the loci underlying this trait are in tight LD with the traits and

loci we examined here. In this scenario, pure anadromous fish

prefer to nest in the saltiest part of the river near the sea, while

individuals with an increasing proportion of stream alleles at the

breeding salinity preference loci are found closer and closer to

freshwater. The strong LD between the alleles underlying breed-

ing salinity preference and the alleles for other morphological or

genetic clines then must be maintained by strong total selection.

Alternatively, there may be no segregating variance for breed-

ing salinity preference, and the fish follow a simple rule such

as “breed in the part of the river where the effort to maintain

osmotic balance and swimming effort is minimized.” A prefer-

ence of this sort would be analogous to a “one allele” model of

speciation (Felsenstein 1981), as only performance differences

between anadromous and stream fish are required to separate

them along the salinity gradient.

Despite the structuring of the hybrid zone along the salinity

gradient, morphologically intermediate hybrids are common at

the center (Table 1 and Figs. 5 and 6), such that reproductive

isolation is far from complete. Given these ample opportunities

for recombination, some form of selection must be responsible

for maintaining LD and concordant clines between the various

selected traits and loci we study here. What is the source of

this selection? Unlike adults, eggs and newly hatched offspring

cannot change their location within the river, and must therefore

experience the changing salinities associated with the tidal cycle.

The effects of salinity on egg hatching success and growth in

stickleback appear to be significant. For example, the hatching

success of eggs from Belgian freshwater populations is better

in low than high salinity, while the converse is true for marine

populations (Heuts 1947), and similar patterns were observed

by Kassen et al. (1995) for fish from the Georgia Strait (where

Bonsall Creek is located). More recent studies have found low

hatching success and low growth rate of freshwater fish in higher

salinities (Marchinko and Schluter 2007; DeFaveri and Merila

2014).
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As hypothesized by Hagen (1967), selection may also oc-

cur over the winter. For example, any fish that remains in the

stream over the winter will need to cope with the combination

of low temperatures and fresh water (which is challenging for

anadromous fish; Heuts 1947; Schaarschmidt et al. 1999; Gib-

bons et al. 2016), and the need to efficiently maintain position

in the stream. It will also need to compete effectively with pure

stream sticklebacks for (presumably) limited food resources. A

hybrid carrying anadromous alleles for loci determining temper-

ature or salinity tolerance, burst swimming ability, and inverte-

brate predator avoidance will presumably have a lower chance of

survival. By contrast, a hybrid or stream fish in the marine envi-

ronment will need to cope with the higher density of vertebrate

predators, long distance migration, and competition for food with

the pure anadromous population. Studies with sympatric stickle-

back species pairs have shown that selection against hybrids via

competition for food can be strong (Rundle 2002), particularly

when coupled with predation (Vamosi and Schluter 2002; Rundle

et al. 2003). It is also possible that some hybrids overwinter in the

estuary, which alternates between each environment through the

tidal cycle.

Conclusions
This study tested whether direct selection could uncouple clines

at loci and traits known to be under ecological selection. We ex-

amined two well-studied genes in a hybrid zone between stream

and anadromous sticklebacks, and found that the clines at Eda

and ATP1a1 had very similar same slopes and centers, as did the

five morphological traits we examined. Two anonymous SNPs

also had steep clines. There was no evidence for stepped clines

at any of the selected traits or loci. The concordance and coinci-

dence of the seven selected clines suggests either that (a) these

diverse traits and loci all experience the same selection regime,

or (b) that indirect selection has somehow brought these clines in

concordance without inducing a step in the center. Even given our

inability to distinguish these two scenarios with the current data,

our results shed light on the relative roles of direct and indirect

selection in promoting (or inhibiting) speciation in these species.
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