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Abstract

The evolution of reproductive isolation (RI) is a critical step shaping progress

towards speciation. In the context of ecological speciation, a critical question

is the extent to which specific reproductive barriers important to RI evolve

rapidly and predictably in response to environmental differences. Only

reproductive barriers with these properties (importance, rapidity, predictabil-

ity) will drive the diversification of species that are cohesively structured by

environment type. One candidate barrier that might exhibit such properties

is allochrony, whereby populations breed at different times. We studied six

independent lake–stream population pairs of threespine stickleback (Gasteros-

teus aculeatus Linnaeus, 1758) that are known from genetic studies to show

RI. However, the specific reproductive barriers driving this RI have proven

elusive, leading to a ‘conundrum of missing reproductive isolation’. We here

show that breeding times differ among some of the populations, but not in

a consistent manner between lakes and streams. Moreover, the timing dif-

ferences between lake and stream populations within each pair could

account for only a small proportion of total RI measured with neutral

genetic markers. Allochrony cannot solve the conundrum of missing repro-

ductive isolation in lake–stream stickleback.

Introduction

Ecological speciation occurs when adaptation by differ-

ent populations to different environments causes the

evolution of reproductive barriers (Schluter, 2000;

Nosil, 2012). A classic signature of this process occurs

when populations adapted to a given environment are

reproductively isolated from populations adapted to dif-

ferent environments but not from populations adapted

to similar environments (Funk, 1998; Rundle et al.,

2000; Nosil et al., 2002; McKinnon et al., 2004;

Schwartz et al., 2010; Ostevik et al., 2012). In animals,

studies exploring this ‘parallel ecological speciation’

have focussed on assortative mate choice: females from

populations adapted to a given environment prefer to

mate with males from populations adapted to similar

environments over males from populations adapted to

different environments (Rundle et al., 2000; Nosil et al.,

2002; McKinnon et al., 2004). However, parallel ecolog-

ical speciation can be considered in the context of any

sort of reproductive barrier, with our focus here being

allochronic (temporal) isolation.

Allochronic isolation occurs when groups of individu-

als (populations or species) breed at different times and

therefore are less likely to interbreed (Coyne & Orr,

2004). This reproductive barrier has been frequently

studied in plants, where populations with different

ecologies (temperature, pollinators, etc.) often have dif-

ferent flowering times, which reduces the probability of

intercrossing (Fox, 2003; Weis, 2005; Elzinga et al.,

2007; Martin & Willis, 2007; Wagner et al., 2014; Weis

et al., 2014). For invertebrates, allochronic isolation has

been shown to be important in phytophagous insects

that consume plants with different phenologies, leading

the insects to also evolve different phenologies (Rag-

land et al., 2012; Stearns et al., 2013; Medina et al.,

2014; Powell et al., 2014). For vertebrates, allochrony

has been documented for sympatric seabirds that show

repeated divergence in breeding times on each of many

small islands (Friesen et al., 2007), and for blackcap
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warblers (Sylvia atricapilla) with different migration

routes that manifest different breeding times in sympa-

try (Rolshausen et al., 2010). While most of the above

examples document allochrony as a product of ecologi-

cal selection, allochrony could also result from noneco-

logical mechanisms. For example, genetic drift might

result in allochrony that is unrelated to ecological dif-

ferences between two populations (e.g. Devaux &

Lande (2008)). In such cases, however, allochrony

would not be expected to be parallel when studied in

multiple pairs of populations. In short, allochronic

reproductive barriers can make important contributions

to reproductive isolation and, thereby, speciation in a

number of taxa.

Merging these two ideas, parallel ecological speciation

might occur through allochrony. Although tests for this

possibility are rare, examples do exist. For instance, mul-

tiple, sympatric early-winter/late-winter population

pairs of moths (Inurois punctigera) in different locations

in Japan have repeatedly evolved parallel differences in

reproductive timing that restrict gene flow (Yamamoto &

Sota, 2012). These barriers evolved owing to harsh cli-

mactic conditions that dictate two suitable breeding

times: early-winter and late-winter. In the present study,

we explore whether similar parallel ecological speciation

driven by allochrony might occur in lake and stream

ecotypes of threespine stickleback (Gasterosteus aculeatus).

Lake–stream stickleback

Lake and stream populations of threespine stickleback

are an excellent system for studying parallel evolution

because many such pairs evolved independently after

the end of the Pleistocene glaciation – on Vancouver

Island (Lavin & Mcphail, 1993; Hendry & Taylor, 2004;

Berner et al., 2009; Kaeuffer et al., 2012), elsewhere in

British Columbia (Moodie, 1972; Reimchen et al., 1985;

Deagle et al., 1996; Thompson et al., 1997) and around

the world (Aguirre, 2009; Berner et al., 2010; Lucek

et al., 2010; Ravinet et al., 2013). Studies of these popu-

lations have revealed strong lake–stream parallelism in

some traits, especially body depth, but also strong

lake–stream nonparallelism in other traits, especially

defensive armour. Studies of parallelism in reproductive

barriers have not yet been attempted.

Parapatric lake and stream stickleback typically show

reproductive isolation as indicated by restricted gene

flow at genetic markers (Thompson et al., 1997; Hendry

& Taylor, 2004; Berner et al., 2009; Kaeuffer et al.,

2012; Roesti et al., 2012; Ravinet et al., 2013). However,

studies seeking the specific barriers restricting gene flow

(e.g. selection against migrants, assortative mating,

habitat choice, etc.) have thus far failed to find a strong

and consistent candidate (Hendry et al., 2002; Bolnick

et al., 2009; Raeymaekers et al., 2010; R€as€anen et al.,

2012; R€as€anen & Hendry, 2014). This discrepancy

between high genetic isolation (low gene flow) and the

apparent absence of strong reproductive barriers sug-

gests the ‘conundrum of missing reproductive isolation’

(R€as€anen et al., 2012). The present study was motivated

by the idea that allochrony (different reproductive tim-

ing of lake and stream populations) might help solve

this conundrum.

Although the biology of reproductive timing (e.g.

sensitivity to photoperiod, temperature, and body size)

has been well studied in stickleback (Yeates-Burghart

et al., 2009; Borg, 2010; O’Brien et al., 2012), how tim-

ing varies among populations has only rarely been con-

sidered. In one study that did so, stickleback from

different latitudes that experience different photoperi-

ods showed genetic differences in reproductive timing,

with northern fish maturing under shorter day lengths

(Yeates-Burghart et al., 2009). In the context of parap-

atric/sympatric populations, however, we must ask to

what extent populations experiencing a similar photope-

riod show different reproductive timing. In this regard,

Hagen (1967) found that sympatric anadromous and

freshwater stickleback populations each had a 4-month

breeding season; yet those seasons overlapped by only

1 month. Allochrony thus could be an important con-

tributor to ecological speciation in stickleback; yet no

study has systematically examined its importance across

multiple population pairs.

In the lake–stream context, we can see several rea-

sons why reproductive timing might differ among pop-

ulations. Depth and flow differences can cause

temperature differences between lake and stream,

which is known to have a strong effect on sexual

maturation (Borg, 1982; Borg & Veen, 1982; Soko-

łowska & Kulczykowska, 2009). In addition, lakes and

streams in temperate regions often differ in the timing

of ice thaw and in subsequent temperature profiles

(Ashton, 1986). As a result, the timing of availability

of breeding sites and prey can differ between lakes

and streams (Jensen et al., 2007; Prowse et al., 2011),

which might favour different reproductive timing for

stickleback. To consider this possibility, as well as its

implications for ecological speciation, we address five

questions. First, to what extent does reproductive tim-

ing differ among stickleback populations? Second, to

what extent are timing differences parallel between

lake and stream populations across different water-

sheds? Third, how much reproductive isolation would

be expected to result from the timing differences

observed among populations? Fourth, does reproduc-

tive isolation occur to a greater degree between popu-

lations in different environments (lakes vs. streams)

than between populations in similar environments

(lakes vs. lakes, streams vs. streams)? Fifth, is any of

the variation in reproductive timing associated with

the genetic, morphological or ecological differences

among populations – as would be expected if allo-

chrony was important in driving progress towards eco-

logical speciation?
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Materials and methods

We studied paired lake and stream populations of

threespine stickleback from each of six independent

watersheds on Vancouver Island, British Columbia,

Canada (Table S1). These watersheds, and the specific

study sites within each (henceforth ‘populations’), were

chosen to coincide with previous work on reproductive

barriers and parallel evolution in this system (Hendry

et al., 2002; Berner et al., 2009; Bolnick et al., 2009;

Raeymaekers et al., 2010; Kaeuffer et al., 2012; R€as€anen
et al., 2012). Importantly, previous genetic studies have

confirmed that lake–stream divergence within each

watershed likely occurred independently following sep-

arate colonization by marine ancestors (Hendry & Tay-

lor, 2004; Berner et al., 2009; Kaeuffer et al., 2012;

Roesti et al., 2012, 2014).

Each population was visited at 2-week intervals over a

period of 12 weeks, starting at 6 May 2013 and ending at

27 July 2013. Sampling carried out before May 6

resulted in no breeding males or gravid females, so we

are confident that we encompassed the start of the

breeding season. Similarly, sampling carried out after

July 27 resulted in no gravid females, so the end of the

breeding season was also included. On each visit,

between 13 and 59 unbaited minnow traps were placed

across a diversity of microhabitats, with trap deployment

lasting 2–9 h. (This variation in trap number and deploy-

ment time matched variation in the effort required to

capture the maximum number of fish we could process

in a day.) Young-of-the-year fish were released immedi-

ately after capture and were not included in the analysis.

Adult fish were visually scored for sexual maturity

(Fig. 1) in a manner consistent with previous work

(Milinski & Bakker, 1990; McKinnon et al., 2004;

Boughman et al., 2005; Boughman, 2007). Specifically,

males were assigned a score between 1 and 3, with 3

being the most colourful (both area and intensity) and 1

being the least colourful (just enough to identify as a

male). Colour was evaluated both as red on the throat,

mouth, snout, and operculum area, as well as blue in the

eye, posterior flank, and in the area around the testes.

The area and intensity that would give a maximum score

(3) varied between watersheds, as some populations are

less colourful than others. Females were scored on a dif-

ferent 1–3 scale: (1) evidence of gravidity but no eggs

visible, (2) cloaca everted with visible eggs but eggs not

running and (3) cloaca everted with visible running eggs

(light squeezing of the abdomen was used to assess the

latter). Fish that could not be identified as either male or

female were counted as ‘unknown’. All scoring was per-

formed by one author (DH).

Reproductive timing

Denoting T as the total number of fish caught for a

particular population (e.g. Misty Stream) during a

particular sampling period and N as the number of

mature fish (males and females with a score greater

than one) for the same population/period, we calcu-

lated the percentage of mature fish for that population

and sampling period (%M = N/T). To quantify the

uncertainty in these estimates, we used a Bayesian

approach to construct a likelihood for %M. Taking a

uniform prior for %M, this likelihood is given by:

Lð%MjT ;NÞ ¼ BðN; T ;%MÞ ðT þ 1Þ;
where B(N, T, %M) is the probability mass function for

a binomial distribution:

BðN; T ;%MÞ ¼ ðT Choose NÞð%MÞNð1�%MÞT�N :

These likelihoods allowed us to specify 95% confi-

dence intervals for %M.

We calculated a maturity-weighted mean breeding

date (D) for each population, which gives the mean

breeding date of the entire population over the entire

sampling period. Each sampling date was assigned a

day of the year (d) starting with 1 for January 1; for

example, July 17 was d = 197. Denoting the estimate of

%M for a particular population/day d as %Md, we

define the maturity-weighted mean breeding date D for

a population as

D ¼
P
d

dð Þ %Mdð ÞP
d

%Md

;

which is directly equivalent to the average date of cap-

ture of reproductive individuals. These calculations of D

were based on samples of %M drawn from the likeli-

hood function for each sampling day (described above

as L(%M | T, N)).

Allochrony

We tested for allochrony among all possible population

pairs by comparing estimates for %M over time, where

%M was calculated for each of six sampling periods

(each period encompassing a 2-week sampling inter-

val). For each population pair, we first calculated Pian-

ka’s overlap index (Overlap) (Pianka, 1974), which

ranges from zero (no overlap = total allochronic isola-

tion) to 1 (complete overlap = no allochronic isolation).

This index is defined as

Overlap ¼

P
p

ð%M
i
p�%Mj

pÞP
p

ð%M
i
pÞ2 � ð%M

j
pÞ2

;

where i and j are the two populations being compared

and p is the sampling period, which ranges from 1 to 6.

This index is appropriate for our context because

resource overlap is a frequently used metric for a

number of reproductive barriers (Ramsey et al., 2003;

Martin & Willis, 2007; Scopece et al., 2007; Sobel &
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Streisfeld, 2015), including allochrony (Husband &

Schemske, 2000; Kay, 2006), and Pianka’s index has

previously been used precisely in this context (Wright

& Calderon, 1995; Lobo et al., 2003; Herrer�ıas-Diego
et al., 2006). To quantify the uncertainty in these esti-

mates, we generated samples of %M from the likeli-

hood function described above and recomputed Overlap

for each sample, obtaining the probability distribution

Pr(Overlap | observed) based on 10 000 Overlap esti-

mates. The reported Overlap value for each lake–stream

pair is the mean of this distribution, with the standard

deviation providing a measure of uncertainty. Subtract-

ing this Overlap value from one provides a measure of

prezygotic reproductive isolation attributed to allo-

chrony (RI = 1 � Overlap).

We next used a Monte Carlo simulation to compare

these observed Overlap distributions to the distributions

expected under the null hypothesis that the two popu-

lations in each comparison were indistinguishable in

breeding time (i.e. Overlap = 1). For each simulation

and pair of populations within a sampling period, we

randomly reassigned mature fish between the two

(a)

(b)

(c)

(d)

(e)

(f)

(g)

Fig. 1 Representative fish from the Robert’s Stream population showing maturity scores: (a) female = 3, (b) female = 2, (c) female = 1, (d)

male = 3, (e) male = 2, (f) male = 1, and (g) unknown.
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populations (keeping the total number of fish T fixed

for each pair) and recalculated Overlap. Repeating this

procedure over 10 000 simulations, we obtained a

probability distribution Pr(Overlap|null) for Overlap

under the null hypothesis of no difference.

To quantify the agreement/discrepancy between the

distribution of observed Overlap values and the distribu-

tion expected under the null hypothesis, we use the

Hellinger distance HDist given by

HDist¼
1ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
Overlap

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PrðOverlapjobserved

p
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PrðOverlapjnull

p� �2
s

(Warren et al., 2008). HDist ranges from 0 to 1 and is

closest to 1 when the observed and null hypothesis

distributions are farthest apart, indicating that the pop-

ulations deviate from the null hypothesis of no differ-

ence in breeding date (and thus exhibit allochrony).

Conversely, an HDist value close to 0 indicates that the

observed and null hypothesis distributions are close

together and the populations are indistinguishable with

regard to reproductive timing (no allochrony).

We next compared Overlap and HDist values among

various types of population pairs: parapatric lake–stream

(lake vs. stream within each watershed, e.g. Misty Lake

vs. Misty Stream), allopatric lake–stream (e.g. Misty Lake

vs. Boot Stream), allopatric stream-stream (e.g. Misty

Stream vs. Boot Stream) and allopatric lake–lake combi-

nations (e.g. Misty Lake vs. Boot Lake). These compar-

isons allowed an assessment of the compatibility (here

defined by reproductive timing) of populations from the

same environment but different locations, one of the

putative signatures of parallel speciation (Funk, 1998;

Rundle et al., 2000; Nosil et al., 2002; Ostevik et al.,

2012). These comparisons were primarily heuristic

because the nonindependence of the data between

groups disallows statistical inference to be made.

Potential predictors of variation in allochrony

To explore whether timing differences are associated

with genetic, morphological or ecological differences

between lake–stream pairs, we used previously reported

data from Kaeuffer et al. (2012), wherein the same

twelve populations were examined. Genetic differences

were represented as the average Fst of six putatively

selected microsatellites and the average Fst of six puta-

tively neutral microsatellites. Morphological differences

were represented as the mean of six Pst values: the first

relative warp of body shape, as well as gill raker num-

ber, gill raker length, plate number, and dorsal and pel-

vic spine length (see Kaeuffer et al. (2012) for details).

Ecological differences were represented as the mean of

three Est values: (i) proportion of limnetic prey in stick-

leback stomachs, (ii) trophic position (determined by

d15N) and (iii) the relative importance of different

sources of primary production (determined by d13C).
For each of these four measures (average selected Fst,

average neutral Fst, average Pst and average Est), we

calculated Pearson correlation coefficients between the

measure and both Overlap and HDist across the six

watersheds.

Results

Reproductive timing

Mean breeding date (D) varied among populations from

a minimum of 158.4 (June 7) for Misty Stream to a

maximum of 175.7 (June 24) for Pye Stream (Fig. 2).

Some of this variation occurred between lake and

stream populations within each parapatric pair, most

strongly so for Village Bay (lake fish tended to breed

later than stream fish). However, few of the differences

among populations were dramatic and the direction of

the difference was not consistent between lake and

stream habitats (i.e. no parallelism). For instance, the

estimated mean breeding date was earlier for lake fish

than for stream fish in three systems, whereas the

opposite was true in the other three systems. Moreover,

the mean of the mean breeding dates across all lakes

was 168.3 � 4.5 (June 17) and across all streams was

165.9 � 7.3 (June 14).

Allochrony

Among all possible population pairs, Pianka’s Overlap

ranged from an intermediate level (0.59 � 0.07 for Pye

Stream vs. Village Bay Stream) to almost complete

Fig. 2 Mean breeding date (D) where breeding date ranges from 1

(January 1) to 365 (December 31) by habitat type and watershed.
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overlap (0.94 � 0.04 for Beaver Lake vs. Misty Lake)

(Fig. S1). For parapatric pairs, mean Overlap was

0.82 � 0.11, with the lowest overlap for Village Bay

(0.61 � 0.09) and the highest overlap for Beaver

(0.92 � 0.04) (Fig. 3, Table 1). Thus, parapatric repro-

ductive isolation based on allochrony ranged from 39%

for Village Bay to 8% for Beaver. When comparing

these Overlap values to simulated values under the

expectation of no differentiation, the greatest deviation

was seen in Village Bay (HDist = 0.65) and the lowest

deviations were in Beaver (HDist = 0.16) and Robert’s

(HDist = 0.11) (Fig. 3, Table 1).

Lake–stream parallelism in allochrony was very low.

First, as noted above, some pairs showed much greater

Overlap and smaller HDist values than did others. Sec-

ond, the partial allochrony that was present in some

pairs was in different directions (lake earlier vs. stream

earlier). Third, no differences were evident between the

four possible classes of population pairs: parapatric

lake–stream, allopatric lake–stream, allopatric lake–lake

and allopatric stream-stream (Fig. 4, Table 2).

Potential predictors of variation in allochrony

None of the correlations between measures of differen-

tiation and Overlap or HDist were statistically significant

(Table 3). The largest correlation between Overlap and

any of the morphological, ecological or genetic mea-

sures of differentiation was with Fst of neutral markers

(r = 0.54). That is, as Overlap values increase, indicating

less differentiation in reproductive timing, Fst of neutral

markers increases, indicating more genetic

differentiation. The smallest coefficient, 0.09, was

between Overlap and mean Est. HDist showed the same

pattern, with the largest coefficient of �0.38 with the

Fst of neutral markers, and the smallest of �0.18 with

mean Est.

Discussion

For the five questions posed in the Introduction, we

conclude the following. First, stickleback populations

on Vancouver Island differ in reproductive timing to a

degree that ranges from moderate to minimal. Second,

the timing differences that occur between lake and

stream populations are not parallel: that is, no consis-

tent trend exists for lake populations to breed earlier or

later than stream populations, whether in parapatry or

allopatry. Third, although allochrony can generate

some reproductive isolation (RI) between lake and

stream stickleback, its contribution to overall reproduc-

tive isolation is expected to be weak in most instances.

Fourth, allochronic isolation between lake and stream

pairs was not greater than that between stream-stream

or lake–lake pairs. Fifth, the degree of allochrony was

not correlated with measures of genetic, morphological

or ecological differentiation.

Before discussing biological explanations and implica-

tions, we need to consider potential methodological

limitations. First, our measure of reproductive timing

might not accurately reflect actual reproductive timing,

whether due to sampling error or methodological

issues. For example, our allochrony measure might be

biased towards overestimating the amount of overlap

because males can exhibit breeding coloration both

before and after females are available (while building/

defending nests and while defending young). Indeed, it

would be beneficial to assess other indicators of repro-

ductive activity, such as reproductive hormone levels

and the presence of male nests (Jakobsson et al., 1999;

Barber et al., 2001; Mayer et al., 2004). Yet our metric

was similar to those that have revealed timing differ-

ences in other populations (Hagen, 1967; Shimada

et al., 2011), and so we have no reason to suspect it

would inappropriate in our specific case. Second, we

examined populations in nature rather than in a com-

mon-garden environment, which is a typical starting

point for studies of adaptive divergence and which

should be most directly relevant to RI in nature.

Finally, if distinct subpopulations exist within lakes or

streams, it would be informative to assess within-lake

or within-stream allochrony. This would allow for a

comparison with levels of allochrony between lakes

and streams, to determine whether allochrony is driven

by differences between in the environment types or

rather nonecological mechanisms (e.g. genetic drift).

Overall, while more work could certainly be performed

on this system, our methods seem sufficient to encour-

age our biological interpretation of the outcomes.

Whither allochrony?

Allochrony was generally weak, suggesting little scope

for it to resolve the ‘conundrum of reproductive isola-

tion’ (R€as€anen et al., 2012) in lake–stream stickleback.

Indeed, the mean Overlap index for parapatric lake-

stream pairs was 0.82 � 0.11, meaning that RI due to

allochrony would be only 0.18. Although similarly low

values have been reported for reproductive barriers in

some comparisons of other taxa (Coyne & Orr, 1989,

1997; Mendelson, 2003; Ramsey et al., 2003; Martin &

Willis, 2007) and for other barriers in stickleback (Nosil

et al., 2005), mean values in those systems tend to be

considerably higher. Thus, it seems that allochrony,

although it might sometimes make a contribution to

reproductive isolation in lake–stream stickleback, is so

weak as to not warrant further attention as the main

barrier promoting ecological speciation.

Allochrony is low in parapatric stickleback likely as a

result of considerable temporal overlap in the environ-

mental cues determining reproductive timing (e.g. pho-

toperiod, temperature, flow, prey availability). In

addition, the relatively long breeding season (several

months) dictates that divergence at the beginning or
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Fig. 3 Histograms of observed Pianka

values (Overlap) for lake and stream

populations (solid line) and simulated

single populations (dashed line) in left

panels and %M in right panels

(open = lake, closed = stream). Vertical

line in left panels represents Pianka

value (Overlap) calculated on the data

not taking sampling error into

consideration (see Methods).
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end of the breeding season are likely to be swamped by

considerable overlap in the middle of the breeding sea-

son. A similar pattern was documented in humming-

bird-pollinated ginger (Costus) plants, which have a

breeding season that extends from March to August.

Although flowering periods did not overlap at the

beginning or end of the season, they did in the middle,

resulting in nearly zero RI due to allochrony (Kay,

2006). In the case of Costus, other components of prezy-

gotic isolation contributed substantially to RI, including

geographical distance (RI = 0.478), habitat isolation

(RI = 0.438), and mechanical isolation (RI = 0.769)

(Kay, 2006). We are still searching for these ‘other

components’ in lake–stream stickleback, as will be dis-

cussed below.

Although variation among populations in reproduc-

tive timing (which would determine allochrony) was

generally weak, some differences were certainly evident

(Fig. 2, Fig. 3). For instance, the mean breeding time

for lake fish was approximately 14 days later than for

stream fish in the Village Bay system (Fig. 2). Yet simi-

lar differences were not evident in other systems, being

much weaker in some (Beaver and Robert’s) (Table 1,

Fig. 3) and reversed in others (Pye, Beaver, and

Robert’s) (Fig. 2, Fig. 3). This lack of parallelism in tim-

ing suggests that the environmental parameters deter-

mining stickleback breeding time do not diverge in a

predictable fashion for lakes vs. streams. Given that

photoperiod is the same (within less than 10 min) for

all breeding sites, some other (nonparallel) parameters

Table 1 Overlap and HDist values for each of the six watersheds.

Overlap is reported as the mean � 1 standard deviation of the Pr

(Overlap | observed) distribution (see Methods for details).

Watershed Overlap HDist

Beaver 0.92 � 0.04 0.16

Boot 0.85 � 0.06 0.31

Misty 0.82 � 0.08 0.21

Pye 0.79 � 0.07 0.36

Robert’s 0.90 � 0.05 0.11

Village 0.61 � 0.09 0.65

Fig. 4 Boxplots showing Overlap (top)

and HDist (bottom) values for all

contrast types. Bottom and top of the

boxes represent the first and third

quartiles, and the band inside the box

represents the median. Ends of the

whiskers represent the most extreme

data point that is no more than 1.5

times the interquartile range. Outliers

beyond 1.5 times the interquartile

range are shown with circles.
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must be contributing to any timing differences. Such

cues could include the timing of ice-out (as a function

of the timing and magnitude of spring runoff), temper-

ature (in combination with water depth), water clarity,

productivity, or a combination of these or other factors.

As one example, variability in the timing of ice-out

(‘breakup’) is likely greater among streams and among

lakes than between these two habitat types on average

(Magnuson et al., 2000). Additionally, temperature dif-

ferences between lakes and streams might differ among

watersheds due to variation in depth, flow and latitude

(Misty and Beaver lakes are separated from the other

four watersheds by approximately 0.5 degrees of lati-

tude). Explicitly testing this hypothesis would require

detailed data on the timing of these environmental

parameters experienced by our study populations.

Where now for lake–stream reproductive isolation?

Although our study did not resolve the ‘conundrum of

missing reproductive isolation’ in lake–stream stickle-

back (R€as€anen et al., 2012), it provides further insight

into the problem. Given that many isolating mecha-

nisms, now including allochrony, have been tested and

found to be weak, it becomes increasingly likely that

the strong differentiation seen in genetic markers

(Thompson et al., 1997; Hendry & Taylor, 2004; Berner

et al., 2009; Kaeuffer et al., 2012; Roesti et al., 2012;

Ravinet et al., 2013) is the result of several relatively

weak barriers working in combination sequentially and

asymmetrically in ways that vary from watershed to

watershed. Indeed, tests of barriers in isolation of all

others may be unrepresentative of processes occurring

in nature (Ramsey et al., 2003). Multiple barriers are

certainly evident in other stickleback systems, such as

assortative mating and selection against hybrids in the

benthic-limnetic pairs (McKinnon & Rundle, 2002;

Hendry et al., 2009). Yet the lake–stream system

remains unique in that these same barriers seem much

weaker. For instance, in lake–stream stickleback, tests

of assortative mating (R€as€anen et al., 2012), selection

against migrants (Raeymaekers et al., 2010; R€as€anen
et al., 2012; R€as€anen & Hendry, 2014) and habitat

choice (Hendry et al., 2002) have all yielded weak and

asymmetrical outcomes. As this list grows, future work

would do well to formally consider all components of

RI together. This approach is generally rare, but can

provide valuable insights into the speciation process

(Ramsey et al., 2003; Nosil, 2007).

Acknowledgments

The authors would like to thank Elena Motivans and

Mingsha Zhou for their essential assistance in the field,

Western Forest Products for accommodation on Van-

couver Island, and the Bolnick and Peichel labs for

their collaboration. DH was supported through a Natu-

ral Sciences and Research Council of Canada PGS-D

grant. RDHB was supported by a Natural Sciences and

Research Council of Canada Discovery grant and a

Canada Research Chair. APH was supported by a Natu-

ral Sciences and Research Council of Canada Discovery

Grant. Reviews from Axios Review provided valuable

comments that greatly improved the manuscript.

References

Aguirre, W.E. 2009. Microgeographical diversification of three-

spine stickleback: body shape-habitat correlations in a small,

ecologically diverse Alaskan drainage. Biol. J. Linn. Soc. 98:

139–151.
Ashton, G.D. 1986. River and lake ice engineering. Water

Resources Publications, LLC, Highlands Ranch, Colorado.

Barber, I., Nairn, D. & Huntingford, F.A. 2001. Nests as orna-

ments: revealing construction by male sticklebacks. Behav.

Ecol. 12: 390–396.
Berner, D., Grandchamp, A.-C. & Hendry, A.P. 2009. Variable

progress toward ecological speciation in parapatry: stickle-

back across eight lake-stream transitions. Evolution 63: 1740–
1753.

Berner, D., Roesti, M., Hendry, A.P. & Salzburger, W. 2010.

Constraints on speciation suggested by comparing lake-

stream stickleback divergence across two continents. Mol.

Ecol. 19: 4963–4978.
Bolnick, D.I., Snowberg, L.K., Patenia, C., Stutz, W.E., Ingram,

T. & Lau, O.L. 2009. Phenotype-dependent native habitat

preference facilitates divergence between parapatric lake and

stream stickleback. Evolution 63: 2004–2016.
Borg, B. 1982. Seasonal effects of photoperiod and tempera-

ture on spermatogenesis and male secondary sexual charac-

ters in the three-spined stickleback, Gasterosteus aculeatus L.

Can. J. Zool./Rev. Can. Zool. 60: 3377–3386.
Borg, B. 2010. Photoperiodism: The biological calendar. Oxford

University Press, Oxford, UK.

Table 3 Pearson correlation coefficients and associated P-values

for correlations between mean Est, mean Pst, and mean Fst values

vs. Overlap and HDist values.

Overlap P-value HDist P-value

Mean Est 0.09 0.87 �0.18 0.74

Mean Pst 0.10 0.85 �0.24 0.65

Mean Selected Fst 0.39 0.44 �0.26 0.62

Mean Neutral Fst 0.54 0.27 �0.38 0.46

Table 2 Mean Overlap and HDist for each contrast type. Shown are

the mean values �1 standard deviation (see Methods for

calculation).

Contrast Overlap HDist

Parapatric lake–stream 0.82 � 0.11 0.30 � 0.19

Allopatric lake–stream 0.81 � 0.06 0.26 � 0.17

Allopatric lake–lake 0.82 � 0.08 0.29 � 0.13

Allopatric stream-stream 0.78 � 0.10 0.28 � 0.14

ª 2015 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IOLOGY . J . E VOL . B I O L . 2 9 ( 2 0 1 6 ) 4 7 – 5 7

JOURNAL OF EVOLUT IONARY B IO LOGY ª 20 1 5 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

Allochronic isolation in stickleback 55



Borg, B. & Veen, T.V. 1982. Seasonal effects of photoperiod

and temperature on the ovary of the three-spined stickle-

back, Gasterosteus aculeatus L. Can. J. Zool./Rev. Can. Zool.

60: 3387–3393.
Boughman, J.W. 2007. Condition-dependent expression of red

colour differs between stickleback species. J. Evol. Biol. 20:

1577–1590.
Boughman, J.W., Rundle, H.D. & Schluter, D. 2005. Parallel

evolution of sexual isolation in sticklebacks. Evolution 59:

361–373.
Coyne, J.A. & Orr, H.A. 1989. Patterns of speciation in Droso-

phila. Evolution 43: 362–381.
Coyne, J.A. & Orr, H.A. 1997. “Patterns of speciation in Droso-

phila” revisited. Evolution 51: 295–303.
Coyne, J.A. & Orr, H.A. 2004. Speciation. Sinauer Associates,

Sunderland, MA.

Deagle, B.E., Reimchen, T.E. & Levin, D.B. 1996. Origins of

endemic stickleback from the Queen Charlotte Islands: mito-

chondrial and morphological evidence. Can. J. Zool./Rev. Can.

Zool. 74: 1045–1056.
Devaux, C. & Lande, R. 2008. Incipient allochronic speciation

due to non-selective assortative mating by flowering time,

mutation and genetic drift. Proc. R. Soc. Lond. Ser. B: Biol. Sci.

275: 2723–2732.
Elzinga, J.A., Atlan, A., Biere, A., Gigord, L., Weis, A.E. & Ber-

nasconi, G. 2007. Time after time: flowering phenology and

biotic interactions. Trends Ecol. Evol. 22: 432–439.
Fox, G.A. 2003. Assortative mating and plant phenology: evo-

lutionary and practical consequences. Evol. Ecol. Res. 5: 1–18.
Friesen, V., Smith, A., Gomez-Diaz, E., Bolton, M., Furness,

R., Gonz�alez-Sol�ıs, J. et al. 2007. Sympatric speciation by

allochrony in a seabird. Proc. Natl Acad. Sci. USA 104: 18589–
18594.

Funk, D.J. 1998. Isolating a role for natural selection in specia-

tion: host adaptation and sexual isolation in Neochlamisus

bebbianae leaf beetles. Evolution 52: 1744–1759.
Hagen, D.W. 1967. Isolating mechanisms in threespine stickle-

backs (Gasterosteus). J. Fish. Res. Board Can. 24: 1637–1692.
Hendry, A.P. & Taylor, E.B. 2004. How much of the variation

in adaptive divergence can be explained by gene flow? An

evaluation using lake-stream stickleback pairs. Evolution 58:

2319–2331.
Hendry, A.P., Taylor, E.B. & McPhail, J.D. 2002. Adaptive

divergence and the balance between selection and gene

flow: lake and stream stickleback in the misty system. Evolu-

tion 56: 1199–1216.
Hendry, A.P., Bolnick, D.I., Berner, D. & Peichel, C.L. 2009.

Along the speciation continuum in sticklebacks. J. Fish Biol.

75: 2000–2036.
Herrer�ıas-Diego, Y., Quesada, M., Stoner, K.E. & Lobo, J.A.

2006. Effects of forest fragmentation on phenological pat-

terns and reproductive success of the tropical dry forest tree

Ceiba aesculifolia. Conserv. Biol. 20: 1111–1120.
Husband, B.C. & Schemske, D.W. 2000. Ecological mecha-

nisms of reproductive isolation between diploid and tetra-

ploid Chamerion angustifolium. J. Ecol. 88: 689–701.
Jakobsson, S., Borg, B., Haux, C. & Hyllner, S. 1999. An 11-

ketotestosterone induced kidney-secreted protein: the nest

building glue from male three-spined stickleback, Gasterosteus

aculeatus. Fish Physiol. Biochem. 20: 79–85.
Jensen, O.P., Benson, B.J., Magnuson, J.J., Card, V.M., Futter,

M.N., Soranno, P.A. et al. 2007. Spatial analysis of ice

phenology trends across the Laurentian Great Lakes region

during a recent warming period. Limnol. Oceanogr. 52: 2013–
2026.

Kaeuffer, R., Peichel, C.L., Bolnick, D.I. & Hendry, A.P. 2012.

Parallel and nonparallel aspects of ecological, phenotypic,

and genetic divergence across replicate population pairs of

lake and stream stickleback. Evolution 66: 402–418.
Kay, K.M. 2006. Reproductive isolation between two closely

related hummingbird pollinated neotropical gingers. Evolu-

tion 60: 538–552.
Lavin, P.A. & Mcphail, J.D. 1993. Parapatric lake and stream stick-

lebacks on northern Vancouver Island: disjunct distribution or

parallel evolution?. Can. J. Zool./Rev. Can. Zool. 71: 11–17.
Lobo, J.A., Quesada, M., Stoner, K.E., Fuchs, E.J., Herrer�ıas-

Diego, Y., Rojas, J. et al. 2003. Factors affecting phenological

patterns of bombacaceous trees in seasonal forests in Costa

Rica and Mexico. Am. J. Bot. 90: 1054–1063.
Lucek, K., Roy, D., Bezault, E., Sivasundar, A. & Seehausen,

O. 2010. Hybridization between distant lineages increases

adaptive variation during a biological invasion: stickleback in

Switzerland. Mol. Ecol. 19: 3995–4011.
Magnuson, J.J., Robertson, D.M., Benson, B.J., Wynne, R.H.,

Livingstone, D.M., Arai, T. et al. 2000. Historical trends in

lake and river ice cover in the Northern Hemisphere. Science

289: 1743–1746.
Martin, N.H. & Willis, J.H. 2007. Ecological divergence associated

with mating system causes nearly complete reproductive isola-

tion between sympatricMimulus species. Evolution 61: 68–82.
Mayer, I., Borg, B. & P�all, M. 2004. Hormonal control of male

reproductive behaviour in fishes: a stickleback perspective.

Behaviour 141: 1499–1510.
McKinnon, J.S. & Rundle, H.D. 2002. Speciation in nature:

the threespine stickleback model systems. Trends Ecol. Evol.

17: 480–488.
McKinnon, J.S., Mori, S., Blackman, B.K., David, L., Kingsley,

D.M., Jamieson, L. et al. 2004. Evidence for ecology’s role in

speciation. Nature 429: 294–298.
Medina, R., Szendrei, Z., Harrison, K., Isaacs, R., Averill, A.,

Malo, E. et al. 2014. Exploring host-associated differentiation

in the North American native cranberry fruitworm, Acrobasis

vaccinii, from blueberries and cranberries. Entomol. Exp. Appl.

150: 136–148.
Mendelson, T.C. 2003. Sexual isolation evolves faster than

hybrid inviability in a diverse and sexually dimorphic genus

of fish (Percidae: Etheostoma). Evolution 57: 317–327.
Milinski, M. & Bakker, T.C.M. 1990. Female sticklebacks use

male coloration in mate choice and hence avoid parasitized

males. Nature 344: 330–333.
Moodie, G.E.E. 1972. Predation, natural selection and adapta-

tion in an unusual threespine stickleback. Heredity 28: 155–
167.

Nosil, P. 2007. Divergent host plant adaptation and reproduc-

tive isolation between ecotypes of timema cristinae walking

sticks. Am. Nat. 169: 151–162.
Nosil, P. 2012. Ecological speciation. Oxford University Press,

Oxford, UK.

Nosil, P., Crespi, B.J. & Sandoval, C.P. 2002. Host-plant adap-

tation drives the parallel evolution of reproductive isolation.

Nature 417: 440–443.
Nosil, P., Vines, T.H. & Funk, D.J. 2005. Reproductive isolation

caused by natural selection against immigrants from diver-

gent habitats. Evolution 59: 705–719.

ª 2 0 15 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IOLOGY . J . E VOL . B IO L . 29 ( 2 0 1 6 ) 4 7 – 5 7

JOURNAL OF EVOLUT IONARY B IOLOGY ª 2015 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

56 D. HANSON ET AL.



O’Brien, C.S., Bourdo, R., Bradshaw, W.E., Holzapfel, C.M. &

Cresko, W.A. 2012. Conservation of the photoperiodic neu-

roendocrine axis among vertebrates: evidence from the teleost

fish, Gasterosteus aculeatus. Gen. Comp. Endocrinol. 178: 19–27.
Ostevik, K.L., Moyers, B.T., Owens, G.L. & Rieseberg, L.H. 2012.

Parallel ecological speciation in plants? Int. J. Ecol. 2012: 17.

Pianka, E.R. 1974. Niche overlap and diffuse competition. Proc.

Natl Acad. Sci. USA 71: 2141–2145.
Powell, T.H., Forbes, A.A., Hood, G.R. & Feder, J.L. 2014. Eco-

logical adaptation and reproductive isolation in sympatry:

genetic and phenotypic evidence for native host races of

Rhagoletis pomonella. Mol. Ecol. 23: 688–704.
Prowse, T., Alfredsen, K., Beltaos, S., Bonsal, B.R., Bowden,

W.B., Duguay, C.R. et al. 2011. Effects of changes in arctic

lake and river ice. Ambio 40: 63–74.
Raeymaekers, J.A.M., Boisjoly, M., Delaire, L., Berner, D.,

R€as€anen, K. & Hendry, A.P. 2010. Testing for mating isola-

tion between ecotypes: laboratory experiments with lake,

stream and hybrid stickleback. J. Evol. Biol. 23: 2694–2708.
Ragland, G.J., Sim, S.B., Goudarzi, S., Feder, J.L. & Hahn,

D.A. 2012. Environmental interactions during host race for-

mation: host fruit environment moderates a seasonal shift in

phenology in host races of Rhagoletis pomonella. Funct. Ecol.

26: 921–931.
Ramsey, J., Bradshaw, H.D. & Schemske, D.W. 2003. Compo-

nents of reproductive isolation between the monkeyflowers

Mimulus lewisii and M. cardinalis (Phrymaceae). Evolution

57: 1520–1534.
R€as€anen, K. & Hendry, A.P. 2014. Asymmetric reproductive

barriers and mosaic reproductive isolation: insights from

Misty lake-stream stickleback. Ecol. Evol. 4: 1166–1175.
R€as€anen, K., Delcourt, M., Chapman, L.J. & Hendry, A.P.

2012. Divergent selection and then what not: the conun-

drum of missing reproductive isolation in misty lake and

stream stickleback. Int. J. Ecol. 2012: 1–14.
Ravinet, M., Prod€ohl, P.A. & Harrod, C. 2013. Parallel and

nonparallel ecological, morphological and genetic divergence

in lake-stream stickleback from a single catchment. J. Evol.

Biol. 26: 186–204.
Reimchen, T.E., Stinson, E.M. & Nelson, J.S. 1985. Multivari-

ate differentiation of parapatric and allopatric populations of

threespine stickleback in the Sangan River watershed,

Queen Charlotte Islands. Can. J. Zool./Rev. Can. Zool. 63:

2944–2951.
Roesti, M., Hendry, A.P., Salzburger, W. & Berner, D. 2012.

Genome divergence during evolutionary diversification as

revealed in replicate lake-stream stickleback population

pairs. Mol. Ecol. 21: 2852–2862.
Roesti, M., Gavrilets, S., Hendry, A.P., Salzburger, W. & Ber-

ner, D. 2014. The genomic signature of parallel adaptation

from shared genetic variation. Mol. Ecol. 23: 3944–3956.
Rolshausen, G., Hobson, K. & Schaefer, H.M. 2010. Spring

arrival along a migratory divide of sympatric blackcaps (Syl-

via atricapilla). Oecologia 162: 175–183.
Rundle, H.D., Nagel, L., Boughman, J.W. & Schluter, D. 2000.

Natural Selection and Parallel Speciation in Sympatric Stick-

lebacks. Science 287: 306–308.
Schluter, D. 2000. Ecological character displacement in adap-

tive radiation. Am. Nat. 156: S4–S16.
Schwartz, A.K., Weese, D.J., Bentzen, P., Kinnison, M.T. &

Hendry, A.P. 2010. Both geography and ecology contribute

to mating isolation in guppies. PLoS ONE 5: e15659.

Scopece, G., Musacchio, A., Widmer, A. & Cozzolino, S. 2007.

Patterns of reproductive isolation in Mediterranean decep-

tive orchids. Evolution 61: 2623–2642.
Shimada, Y., Shikano, T., Kuparinen, A., Gonda, A., Leinonen,

T. & Meril€a, J. 2011. Quantitative genetics of body size and

timing of maturation in two-nine-spined stickleback (Pungi-

tius pungitius) populations. PLoS ONE 6: e28859.

Sobel, J.M. & Streisfeld, M.A. 2015. Strong premating repro-

ductive isolation drives incipient speciation in Mimulus

aurantiacus. Evolution 69: 447–461.
Sokołowska, E. & Kulczykowska, E. 2009. Environmental

influence on maturation and dominance relationships in the

three-spined stickleback (Gasterosteus aculeatus L.): tempera-

ture competes with photoperiod for primacy. Oceanol. Hydro-

biol. Stud. 38: 31–48.
Stearns, F.W., Tilmon, K.J. & Wood, T.K. 2013. Felsenstein’s

“one-allele model’’ of speciation: the role of philopatry in

the initial stages of host plant mediated reproductive isola-

tion in Enchenopa binotata. Curr. Zool. 59: 658–666.
Thompson, C.E., Taylor, E.B. & McPhail, J.D. 1997. Parallel

evolution of lake-stream pairs of threespine sticklebacks

(Gasterosteus) inferred from mitochondrial DNA variation.

Evolution 51: 1955–1965.
Wagner, M.R., Lundberg, D.S., Coleman-Derr, D., Tringe, S.G.,

Dangl, J.L. & Mitchell-Olds, T. 2014. Natural soil microbes alter

flowering phenology and the intensity of selection on flower-

ing time in a wild Arabidopsis relative. Ecol. Lett. 17: 717–726.
Warren, D.L., Glor, R.E. & Turelli, M. 2008. Environmental

niche equivalency versus conservatism: quantitative

approaches to niche evolution. Evolution 62: 2868–2883.
Weis, A.E. 2005. Direct and indirect assortative mating: a mul-

tivariate approach to plant flowering schedules. J. Evol. Biol.

18: 536–546.
Weis, A.E., Nardone, E. & Fox, G.A. 2014. The strength of assor-

tative mating for flowering date and its basis in individual

variation in flowering schedule. J. Evol. Biol. 27: 2138–2151.
Wright, S.J. & Calderon, O. 1995. Phylogenetic patterns among

tropical flowering phenologies. J. Ecol. 83: 937–948.
Yamamoto, S. & Sota, T. 2012. Parallel allochronic divergence

in a winter moth due to disruption of reproductive period

by winter harshness. Mol. Ecol. 21: 174–183.
Yeates-Burghart, Q.S., O’Brien, C., Cresko, W.A., Holzapfel, C.M.

& Bradshaw, W.E. 2009. Latitudinal variation in photoperiodic

response of the three-spined stickleback Gasterosteus aculeatus

in western North America. J. Fish Biol. 75: 2075–2081.

Supporting information

Additional Supporting Information may be found in the

online version of this article:

Table S1 Latitude and longitude coordinates for each

sample population.

Figure S1 Matrix of all pairwise Overlap values (upper

triangle) and HDist values (lower triangle). ‘Lake’ abbre-

viated as ‘L’ and ‘Stream’ abbreviated as ‘S’.

Data deposited at Dryad: doi: 10.5061/dryad.h44q0

Received 15 July 2015; revised 2 September 2015; accepted 10

September 2015

ª 2015 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IOLOGY . J . E VOL . B I O L . 2 9 ( 2 0 1 6 ) 4 7 – 5 7

JOURNAL OF EVOLUT IONARY B IO LOGY ª 20 1 5 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

Allochronic isolation in stickleback 57


