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Synopsis The Threespine Stickleback is ancestrally a marine fish, but many marine populations breed in fresh water (i.e., are
anadromous), facilitating their colonization of isolated freshwater habitats a few years after they form. Repeated adaptation to
fresh water during at least 10 My and continuing today has led to Threespine Stickleback becoming a premier system to study
rapid adaptation. Anadromous and freshwater stickleback breed in sympatry and may hybridize, resulting in introgression of
freshwater-adaptive alleles into anadromous populations, where they are maintained at low frequencies as ancient standing
genetic variation. Anadromous stickleback have accumulated hundreds of freshwater-adaptive alleles that are disbursed as few
loci per marine individual and provide the basis for adaptation when they colonize fresh water. Recent whole-lake experiments
in lakes around Cook Inlet, Alaska have revealed how astonishingly rapid and repeatable this process is, with the frequency
of 40% of the identified freshwater-adaptive alleles increasing from negligible (∼1%) in the marine founder to ≥50% within
ten generations in fresh water, and freshwater phenotypes evolving accordingly. These high rates of genomic and phenotypic
evolution imply very intense directional selection on phenotypes of heterozygotes. Sexual recombination rapidly assembles
freshwater-adaptive alleles that originated in different founders into multilocus freshwater haplotypes, and regions important
for adaptation to freshwater have suppressed recombination that keeps advantageous alleles linked within large haploblocks.
These large haploblocks are also older and appear to have accumulated linked advantageous mutations. The contemporary evo-
lution of Threespine Stickleback has provided broadly applicable insights into the mechanisms that facilitate rapid adaptation.

Introduction
Like many of his contemporaries, Charles Darwin
(1859) inferred that the distribution of species in ge-
ological time and geographical space provide strong
evidence for evolution as a product of biological his-
tory. Although common bent grass (Agrostis capil-
laris), which he had studied (Darwin Correspondence
Project, accessed January 23, 2022), had evolved resis-
tance to toxic soil on Roman copper mines in England

(Darwin 1859; McNeilly 1968) asserted that evolution
was too slow to detect in the present. Instead, he ar-
gued for natural selection by analogy with formation of
domesticated breeds by means of artificial selection.
Consequently, when Bateson (1900) reported indus-
trial melanism (Kettlewell 1973; Brakefield and Liebert
2000; Majerus 2009; Cook and Saccheri 2013) and
other cases of ongoing evolution came to light, they
were regarded as unrepresentative outcomes of hu-
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Fig. 1 Locations of young freshwater populations (YFPs; circles) and the anadromous founder (i.e., RS, diamond) of three experimentally
founded populations (i.e., CL, SL, WL) and the probable founder of one (i.e., LL) YFPs are represented by circles. Older populations are
darker. See Table 1 for site acronyms and information on the populations.

man habitat disturbance. One hundred and forty
years later, Hendry and Kinnison (1999) focused
attention on “contemporary evolution.” Many cases
have been recognized since then, and they stim-
ulated further research on contemporary evolution
(Hendry et al. 2008).

By 1999, however, research on contemporary evolu-
tion in the Threespine Stickleback (Gasterosteus aculea-
tus) had already been published (Klepaker 1993; Hagen
and Gilbertson 1973a), and we (the authors) had started
to make annual samples from a stickleback population
in Loberg Lake, Alaska (Bell 2001). This population ap-
parently was founded naturally by anadromous stickle-
back (Fig. 1) after the native population was extermi-
nated, and it had already begun to diverge for several
phenotypic traits (Bell 2001; Bell et al. 2004; Arif et al.
2009; Aguirre and Bell 2012; Furin et al. 2012; Bell and
Aguirre 2013) toward a freshwater phenotype (Fig. 2).
Encouraged by the high rate of evolution and the large
number of traits affected in the Loberg Lake stickle-
back population and by experimental results elsewhere
(Barrett et al. 2008), we founded three experimental
populations of Threespine Stickleback in three lakes
around Cook Inlet, Alaska in 2009 (Cheney Lake), 2011
(Scout Lake), and 2019 (Warfle Lake) using about 3000,
sexually mature, anadromous (i.e., sea-run) founders
from Rabbit Slough per lake (Bell et al. 2016). Roberts
Kingman et al. (2021) reported on genomic evolution
in the Loberg, Cheney, and Scout lake populations, in
which ∼40% (138/344) of the freshwater-adaptive allele
frequencies changed from about 0 to 50% within just 8
y (i.e., approximately 5 generations) after founding as

a result of positive selection. In this paper, we review
our previous studies of contemporary phenotypic, ge-
netic, and genomic evolution in Loberg, Cheney, and
Scout lakes during the last several decades and com-
ment briefly on six other Cook Inlet lake populations
that were founded within the last 100 y by anadromous
stickleback (Table 1).

Studying contemporary evolution in freshwater
Threespine Stickleback populations that were founded
within the last few decades (hereafter referred to as
“young freshwater populations”) by oceanic ancestors
(i.e., anadromous or marine; Bell and Foster 1994a)
can provide novel evolutionary insights. Stickleback
biology is very thoroughly studied (Wootton 1976,
1984; Ziuganov V. 1991; Paepke 1996; Östland-Nilsson
et al. 2007; von Hippel 2010; Bell and Foster 1994b)
because adaptation to freshwater conditions occurs
within a few decades and is manifested by changes
of numerous traits. Evolutionary processes have been
studied extensively in Threespine Stickleback, and it
has become an attractive model to study evolutionary
genetics and genomics (Gibson 2005; Kingsley and
Peichel 2007; Reid et al. 2021). Evolution in small fresh-
water isolates is so fast that new mutations rarely play
a major role in adaptation, and thus it is important to
recognize that the contemporary evolutionary genetics
and genomics of these populations must depend almost
exclusively on ample freshwater-adaptive, standing
genetic variation at hundreds of loci in the oceanic
ancestors (Colosimo et al. 2005; Schluter and Conte
2009; Bell and Aguirre 2013; Roberts Kingman et al.
2021).
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Fig. 2 Completely plated anadromous (A) and low-plated freshwater (B) Threespine Stickleback. Note differences in armor plating, body
shape, the sizes of the head, fins, and pelvic skeleton, and the position of the pectoral fin (Bell 1976).

Table 1 Lakes with young Threespine Stickleback populations in the Cook Inlet basin, Alaska

Site name
Latitude
(degrees)

Longitude
(degrees) Code

Cause of habitat
vacancy

Founding
year

Type of
founding

No. of
founders

Rabbit Slough 61.532 –149.266 RS NA NA NA NA

Knik Lake 61.461 –149.733 KL Rotenone 1982 Natural Unknown

Loberg Lake 61.558 –149.256 LL Rotenone 1982 Natural Unknown

Cheney Lake 61.204 –149.76 CL Rotenone 2009 Experimental 2964

Scout Lake 60.532 –150.842 SL Rotenone 2011 Experimental 3047

Warfle Lake 60.174 –151.221 WL Northern pike 2019 Experimental 2899

Mile 83 60.873 –149.037 M83 Railroad construction 1914 Natural Unknown

Mile 85 60.894 –149.066 M85 Highway construction 1966 Natural Unknown

Mile 87 60.914 –149.105 M87 Highway construction 1966 Natural Unknown

Mile 88 60.922 –149.136 M88 Highway construction 1966 Natural Unknown

Arc Lake 60.449 –151.105 AL Rotenone 2008 Unknown Unknown

The codes are used in Fig. 1 to identify populations. Founding year is known for experimentally founded populations but is maximal for naturally
founded ones (i.e., based on year lake formed or the native population exterminated).

The Threespine Stickleback is ancestrally
marine

The closest relatives to the sticklebacks (family Gas-
terosteidae) are marine (Kawahara et al. 2009), and
many Threespine Stickleback populations are oceanic,
indicating that the ancestral state for G. aculeatus is
most likely marine. The common occurrence of fresh-
water stickleback on islands (e.g., Iceland, Middleton Is-
land, Alaska) or in fjords (e.g., Cook Inlet, Alaska) has
resulted from repeated postglacial colonization of fresh-

water habitats from the sea since deglaciation within
the last 20 Ky (e.g., Lindsey 1962; McPhail and Lind-
sey 1970; Bell 1976; Schluter and Conte 2009; Bell
and Foster 1994a). Since anadromous Threespine Stick-
leback breed and start life in fresh water, they are
clearly preadapted (exapted, sensu Gould and Vrba
1982) to colonize it. Thus, studies of evolution in
YFPs of Threespine Stickleback can provide realis-
tic insights into the evolutionary process that actually
produced numerous, phenotypically divergent, resident
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freshwater populations along extensive Holarctic coast-
lines of North America and Eurasia, and throughout
low-lying interior regions of Europe (Bassham et al.
2018; Terekhanova et al. 2014; Roberts Kingman et al.
2021).

The antiquity of freshwater colonization

The earliest known fossil oceanic G. aculeatus is 13
My old (Bell et al. 2009), and there are several 10
My old stickleback records from marine and freshwa-
ter deposits (Bell 1994, 2009). Bell and Frank (unpub-
lished data) used the chronological distribution of fossil
Threespine Stickleback to estimate that the G. aculea-
tus species complex diverged from Ninespine Stickle-
back (Pungitius pungitius) 21 My old. Articulated fos-
sil stickleback from marine and freshwater deposits re-
semble extant populations from those habitats, so fresh-
water colonization by oceanic stickleback and subse-
quent adaptive radiations there must have been occur-
ring for at least 10 My. Since the divergent skeletal traits
of freshwater stickleback fossils are similar to those of
extant populations (Bell 1994, 2009), and many of these
traits are strongly genetically determined (Miller et al.
2014; Peichel and Marques 2017), the alleles for adap-
tation to fresh water must have been accumulating for
millions of years. This inference from the fossil record
now has extensive genomic support (Nelson and Cresko
2018; Varadharajan et al. 2019; Roberts Kingman et al.
2021).

Allelic recycling

Threespine Stickleback experience sharply contrasting
conditions in marine and freshwater habitats. For ex-
ample, the ocean is saline and clear, lacks structural
refuge, and has diverse, large-mouthed, predatory fishes
but no predatory insects. Colonization of fresh water
exposes oceanic Threespine Stickleback to many dra-
matic ecological differences and intense directional nat-
ural selection (Roberts Kingman et al. 2021; Schluter
et al. 2021). In northeastern Pacific stickleback, all but
two of 21 chromosomes had at least one significant
peak of divergence between oceanic and YFPs, and at
least seven chromosomes had large clusters of peaks
(Jones et al. 2012; Roberts Kingman et al. 2021). Al-
though freshwater stickleback populations are highly
divergent from their oceanic ancestors and isolated
from each other within numerous separate drainages
throughout their Holarctic range, they are highly con-
vergent for numerous phenotypic traits (Bell and Foster
1994a). Remarkably, convergent phenotypic evolution
in freshwater stickleback depends on hundreds of alle-
les that are often more closely related to each other than

to homologous alleles that predominate in their ma-
rine ancestors (Colosimo et al. 2005; Jones et al. 2012;
Roberts Kingman et al. 2021). Many of these freshwater-
adaptive alleles occur at low frequencies in their oceanic
ancestors throughout the northern hemisphere, and
especially in the northeastern Pacific (Colosimo et
al. 2005; Jones et al. 2012; Roberts Kingman et al.
2021).

The “transporter hypothesis”

The crew of the fictional starship Enterprise traveled
between distant locations using a “transporter ma-
chine,” which disaggregated their atoms at the point
of departure and reaggregated them at the destina-
tion. Schluter and Conte (2009) used the transporter
of the starship Enterprise as a metaphor for disaggre-
gation of freshwater-adaptive alleles that have been in-
troduced to anadromous stickleback populations by in-
trogressive hybridization with freshwater residents, and
their increase in frequency and reaggregation by sex-
ual recombination during adaptation of oceanic stick-
leback populations to freshwater habitats that they have
colonized.

Anadromous stickleback often enter freshwater habi-
tats to breed and hybridize with freshwater resident
stickleback, enabling flow of old, freshwater-adaptive al-
leles into anadromous populations by introgressive hy-
bridization (e.g., Hagen 1967; Jones et al. 2006; Karve
et al. 2008). Thus, when oceanic stickleback colonize
fresh water, they already possess standing genetic vari-
ation that is adaptive for fresh water at hundreds of loci
at the population level, but with each individual carry-
ing only a small fraction of the freshwater-adaptive al-
leles (i.e., they are disaggregated) (Barrett and Schluter
2007; Nelson and Cresko 2018; Roberts Kingman et
al. 2021). Natural selection in fresh water can increase
the frequencies of individual freshwater-adaptive alleles
rapidly, and sexual recombination can reaggregate them
within individuals within four to ten generations into
long freshwater haploblocks (Schluter and Conte 2009;
Roberts Kingman et al. 2021). Similarly, freshwater hap-
loblocks can re-enter marine environments through hy-
bridization, allowing them to be disaggregated again,
and ultimately be reconstituted in a distant freshwater
location.

For example, freshwater populations are often
monomorphic for the “low lateral plate morph” (i.e.,
<10 anterior lateral armor plates, Fig. 2B), but the
oceanic populations from which they evolved indepen-
dently are often monomorphic for the complete morph
(i.e., ∼33 lateral plates from head to tail; Fig. 2A; Bell
1981). Colosimo et al. (2004, 2005) showed that the
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Ectodysplasin (Eda) gene has a large effect on lateral
plate morphs, and that the low-morph Eda allele occurs
as a rare variant in oceanic populations across the en-
tire circumpolar distribution (see also Bell et al. 2010).
The genomic region containing Eda is actually highly
pleiotropic and associated with variation for plate num-
ber, neuromast number and pattern, body shape, and
schooling behavior, traits that differ between oceanic
and freshwater stickleback (Albert et al. 2007; Mills et
al. 2014; Greenwood et al. 2016; Peichel and Marques
2017; Archambeault et al. 2020). The phylogenetic tree
by Colosimo et al. (2005) was based on random DNA
sequences around the Threespine Stickleback genome
and was congruent with geographical distances among
populations of both oceanic and freshwater stick-
leback throughout their Holarctic range. However,
their gene tree based on the Eda region in the same
set of populations had two major branches: one for
almost all low morphs in freshwater populations and
another for complete morphs in oceanic populations
(Colosimo et al. 2005). Closely, related low morph alle-
les shared by geographically distant freshwater isolates
must have been present as standing genetic variation
in the founding oceanic ancestors (Colosimo et al.
2005). Jones et al. (2012) generalized this observation
from Eda; many SNP variants that predominate in
freshwater populations are also monophyletic with
respect to homologous alleles that predominate in
their oceanic ancestors. Roberts Kingman et al. (2021)
confirmed and extended this finding to additional
loci and increased the number of recycled genomic
regions detected by increasing the number of sampled
genomes 10-fold. Reuse of standing genetic variation
of freshwater-adaptive alleles enhances divergence after
freshwater colonization in the northeast Pacific, where
G. aculeatus is much older than in the Atlantic (Bell
1994, 2009) and contains freshwater-adaptive alleles
approximately five times as many loci detected in north
Atlantic populations (Fang et al. 2020; Magalhaes et
al. 2021). A substantial number of these freshwater-
adaptive alleles are more than 1 My old, substantially
older than many current populations in which they are
circulating.

Theoretical utility and limits of recently
founded freshwater Threespine Stickleback
populations

YFPs offer exceptional opportunities to study the dy-
namics of phenotypic, allele frequency, and whole
genome evolution. The rapid evolution of these popu-
lations enables analysis of evolutionary dynamics over
a few generations and even between successive genera-

tions (Bell and Aguirre 2013; Lescak et al. 2015; Roberts
Kingman et al. 2021; Schluter et al. 2021; Garcia-Elfring
et al. 2021). With a typical generation time of one or two
years (Baker 1994), it is practical to use long evolution-
ary time series from YFPs to study evolutionary dynam-
ics.

Many young freshwater stickleback populations have
originated after extermination of native populations
(Bell and Aguirre 2013; Bell et al. 2016), construction
of impoundments (Klepaker 1993; Bell and von Hippel
unpublished data), earthquakes (Gelmond et al. 2009;
Lescak et al. 2015), or deglaciation (von Hippel and
Weigner 2004) created vacant or new freshwater habi-
tats that were accessible to Threespine Stickleback only
from the ocean. Although geographically adjacent YFPs
are likely to be derived from the same or genetically
similar oceanic populations (Withler and McPhail 1985;
Taylor and McPhail 1999, 2000), they each experience
separate demographic histories and environmental con-
ditions. Even though they are not true replicates, ge-
ographically adjacent, young, freshwater populations
should have similar genetic variation and adapt to habi-
tats that contrast consistently with the ancestral marine
environment.

Evolutionary theory has focused primarily on the
evolutionary response to selection on phenotypes deter-
mined by new mutant alleles (Fisher 1930; Orr 1998).
New mutant alleles are random with respect to fit-
ness, unlikely to increase it, and they appear as single
copies that are likely to be lost by genetic drift, limiting
their potential to respond quickly to new environments
(Barrett and Schluter 2007). In contrast, multiple copies
of freshwater-adaptive alleles will usually be present in
founding oceanic populations, and are less likely to be
lost by drift, making adaptation from such standing ge-
netic variation a more plausible mechanism for repeated
and rapid evolution (Hermisson 2005; Matuszewski et
al. 2015; Bell et al. 2016).

Finally, it is possible that evolution observed in
young freshwater stickleback populations is common
but rarely observed in other species. For example,
the classic case of industrial melanism in British
peppered moths was noticed because many ama-
teur lepidopterists in Great Britain had collected pep-
pered moths (Biston betularia) in many places over
many decades (Cook and Saccheri 2013). Contem-
porary evolution in Threespine Stickleback (Bell and
Aguirre 2013), Darwin’s finches (Grant and Grant 2002;
Lamichhaney et al. 2017), and Anolis lizards (Stuart
et al. 2014) were noticed in the course of other re-
search. The results of research on contemporary evolu-
tion in YFPs of Threespine Stickleback may be broadly
applicable.
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Young freshwater Threespine Stickleback
populations in Cook Inlet lakes

In the Cook Inlet basin and adjacent Kenai Penin-
sula, Alaska, there is a total of 10 lake populations
that we know or believe were founded by anadro-
mous Threespine Stickleback within about the last 100
y (Fig. 1, Table 1). We founded populations in Cheney,
Scout, and Warfle lakes with anadromous stickleback
(Table 1) and have sampled them annually (Bell et al.
2016). The other putative YFPs were naturally founded.
We have studied the Loberg Lake population more ex-
tensively than any of the others (Aguirre and Bell 2012;
Roberts Kingman et al. 2021). Stickleback in Knik Lake
were exterminated in 1957 and 1982, and it appar-
ently was recolonized by anadromous stickleback that
evolved unusual lateral plate phenotypes (Francis et al.
1985). Three impoundments near Girdwood, Alaska at
miles 85, 87, and 88 of Seward Highway formed af-
ter the highway was reconstructed following the 1964
Great Alaska Earthquake. These impoundments must
have been colonized by anadromous stickleback after
the highway was repaired. An adjacent lake at mile 83
formed in about 1914, after construction of the Alaska
Railroad grade. Freshwater stickleback in all four of
these lakes breed in sympatry with anadromous stick-
leback from which they are phenotypically divergent
(Bell and von Hippel, unpublished data). Arc Lake was
treated with rotenone to exterminate fishes in 2008
(Massengill unpublished report). Threespine Stickle-
back sampled from it annually since 2018 closely re-
semble anadromous stickleback, which apparently col-
onized it since 2008 (Bell unpublished data). Contem-
porary evolution in these young populations is indi-
vidually interesting, and comparisons among them and
YFPs elsewhere (e.g., Klepaker 1993; Gelmond et al.
2009; Terekhanova et al. 2014; Lescak et al. 2015) can
produce general insights into evolutionary processes.

Contemporary phenotypic evolution in young
lake populations founded recently by
anadromous Threespine Stickleback

The extant Loberg Lake stickleback population was
established through unknown means by anadromous
stickleback after the lake was treated with rotenone in
1982 and has been sampled annually since 1990 (Bell
2001; Bell et al. 2004; Bell and Aguirre 2013). The Ch-
eney and Scout lake populations were established in
2009 and 2011, respectively, using about 3000 anadro-
mous stickleback from Rabbit Slough following their
treatment with rotenone to exterminate invasive north-
ern Pike, Esox lucius (Bell et al. 2016; Table 1). Pike pre-
dation in Warfle Lake (the most recently seeded lake)
eliminated the stickleback population, and then pike

were exterminated by exhaustive gill netting (Massen-
gill pers. comm.). Phenotypes of the Loberg, Cheney,
and Scout lake populations are evolving rapidly in the
direction of established resident freshwater populations
in the area for every morphological trait we have ex-
amined (Bell and Aguirre 2013), including body shape
(Fig. 3A and B), lateral plate morphs (Fig. 3C), opercu-
lum shape (Arif et al. 2009), low morph plate number
(Bell et al. 2004), and gill-raker number (Fig. 3D; Rivera,
unpublished data). There is also evidence that their life
history traits are evolving (Kurz et al. 2016; Baker et al.
2019). There has been consistent evolution of the fre-
quencies of lateral plate morphs and the major gene for
them (i.e., Ectodysplasin; Colosimo et al. 2005) during
the early generations in Cheney and Scout lakes and
later generations in Loberg Lake. The Warfle Lake sam-
ples have not yet been studied. Below, we discuss major
patterns of morphological and life history evolution in
these recently established stickleback populations. The
Loberg Lake population is the oldest and best studied
population, so it is treated most extensively.

Body shape and limnology (Figs. 2 and 3A and
B). Body shape varies substantially among Threespine
Stickleback populations in relation to local environ-
mental conditions (Walker 1997; Spoljaric and Reim-
chen 2007; Aguirre 2009). Oceanic stickleback have
robust but streamlined bodies with large fins (Fig.
2A) adapted for swimming long distances in the open
ocean (Aguirre et al. 2008; Aguirre 2009; Bell and
Foster 1994a). Freshwater resident stickleback popula-
tions that they give rise to typically have smaller bod-
ies and fins and an expanded abdominal region (Fig.
2B). The posterior tip of the pelvis and pectoral fin are
shifted forward, and the caudal peduncle is elongated
(Aguirre et al. 2008). Resident freshwater populations
also differ substantially among themselves, with a ma-
jor axis of variation ranging from benthic-feeding spe-
cialists (benthics, sensu McPhail 1994) at one extreme,
to planktivorous specialists (limnetics, sensu McPhail
1994) at the other, and many populations in between
(e.g., Baumgartner et al. 1988; Schluter and McPhail
1992; McPhail 1994; Walker 1997; Spoljaric and Reim-
chen 2007; Aguirre 2009; Willacker et al. 2010; Aguirre
and Bell 2012). Benthic populations inhabit shallow
lakes and mostly prey on large benthic invertebrates.
They are deeper-bodied and have shorter snouts and
caudal peduncles (Walker 1997; Aguirre and Bell 2012).
Planktivores inhabit deep lakes with limited benthic
prey and feed on zooplankton in open water. They have
elongated bodies, snouts, and caudal peduncles. Fresh-
water stickleback are usually allopatric, but a handful
of sympatric benthic–limnetic species pairs have been
reported from southern British Columbia, and either
ecotype may be sympatric with anadromous stickleback
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Fig. 3 Contemporary phenotypic evolution in YFPs in Loberg (L), Cheney (C), and Scout (S) lakes. Points are sample means. The earliest
values in each lake are similar to the anadromous Rabbit Slough ancestor and the latest approximate that of the original Loberg population.
(A) Principal component analysis (PCA) of body shape variation in YFPs. Numbers in parentheses on the axes are the percentage of
variation accounted for by each PC. Typical anadromous and established lake and stream populations from the Cook Inlet basin, Alaska,
and time series from the three young populations included in the analysis. (B) Closeup of body-shape evolution in the time series as in (A)
for the three young populations labeled with lake name and the last two digits of the collection year. (C) Evolution of the relative
frequency of low plate morphs (see Fig. 2B) in the the three young lake populations. The x-axis indicates years since the populations were
founded by anadromous stickleback. Values for Years Since Founding for Loberg Lake points are estimates. (D) Evolution of the mean
gill-raker number in the three young lake populations. The x-axis is the same as in (C).

during the breeding season (Schluter and McPhail 1992;
McPhail 1994; Gow et al. 2008).

Contemporary evolution of body shape in recently
established stickleback populations was rapid after
freshwater colonization, and they became indistin-
guishable from long-established resident freshwater
populations within a few decades. Aguirre and Bell
(2012) studied contemporary body shape evolution in
the Loberg Lake stickleback from 1990 to 2009. Body
shape in 1990, the year that the new population was dis-
covered, resembled that of anadromous stickleback, al-
though stable isotope data and infection with Schisto-
cephalus indicate that they were born in fresh water. By
1992, the shape of the Loberg population diverged sub-
stantially from that of anadromous stickleback, occu-
pying a location in shape space characteristic of stream
and lake benthic populations. After 1992, the popula-
tion evolved more slowly in the general direction of
the extinct Loberg Lake population, diverging approxi-
mately 68% of the distance separating its putative ances-
tor and the extinct native population by 2009 (Aguirre
and Bell 2012). Extending this time series through 2021
with new data shows that the population has contin-
ued to evolve steadily towards the extinct Loberg Lake

population, with the means for 2020 and 2021 appear-
ing remarkably close to the extinct population mean
(Fig. 3B).

The early stickleback samples from Cheney and
Scout lakes showed strikingly similar body shape di-
vergence. Body shape means for samples from the first
generation born in fresh water in each (2010 and 2012,
respectively) were close to the means of their anadro-
mous ancestor, indicating a limited effect of phenotypic
plasticity, despite experimental evidence for body shape
phenotypic plasticity (Wund et al. 2012; Leaver and
Reimchen 2012). The populations then evolved rapidly
in the direction of stream and lake benthic populations
in the region, overlapping with early samples from the
Loberg Lake time series. The occupation of the same
portion of the body shape space early in the time series
by all three recently established populations suggest that
body shape divergence is predictable in YFPs.

Lateral plate morphs (Figs. 2 and 3C). Lateral plates
are bony defensive structures that vary greatly in num-
ber within and among stickleback populations and
even within families. The phenotypes are convention-
ally classified as complete, partial, and low morphs (Fig.
2) based on the number and distribution of plates on the
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flanks (Hagen and Gilbertson 1972, 1973b; Bell 1981;
Hagen and Moodie 1982; Baumgartner and Bell 1984;
Bell and Foster 1994a). Oceanic populations, which
develop in marine water, where plates are apparently
energetically inexpensive to produce (Marchinko and
Schluter 2007) and where there is no physical refuge
from predatory fish (Reimchen 2000) and they presum-
ably experience extensive fish predation but not insect
predation (Marchinko 2009), are typically monomor-
phic for the complete morph with 30–36 (modally 33)
large lateral plates and forming a keel on the caudal
peduncle. Although some freshwater populations are
monomorphic or polymorphic for the complete morph,
the low morph predominates and is often monomor-
phic in fresh water along the Pacific coast of North
America (Miller and Hubbs 1969; Hagen and Gilbert-
son 1972; Hagen and Moodie 1982; Baumgartner and
Bell 1984). Lateral plates are subject to strong natu-
ral selection and are likely influenced by a number
of factors (Hagen and Gilbertson 1972, 1973b; Bell
1984; Reimchen 2000; Barrett et al. 2008; Jamniczky
et al. 2018). The occurrence of low morphs is com-
mon in habitats with reduced fish and increased insect
predation (Reimchen 1994) and may provide a selec-
tive advantage through increased somatic growth rates
in freshwater environments (Marchinko and Schluter
2007; Barrett et al. 2008) and reduced vulnerability to
insect predation (Marchinko 2008). Enhanced fast-start
performance has been documented in individuals with
low lateral plate numbers and may also contribute to
their loss (Taylor and McPhail 1986; Bergstrom 2002).

Rapid evolution of lateral plate morph frequencies
has been documented in most recently established
freshwater populations examined (Klepaker 1993; Bell
et al. 2004, 2016; Gelmond et al. 2009; Bell and Aguirre
2013; Lescak et al. 2015; Roberts Kingman et al. 2021).
In Loberg Lake, low morph stickleback appeared 1 y af-
ter the population was discovered (1991) and rapidly
increased in frequency, becoming the most common
morph by 1994 and increasing to a frequency of 75%
by 2001 (Bell et al. 2004). Extending the time series in-
dicates that low morphs achieved a frequency of 96% by
2017 (Fig. 3C), and complete morphs have declined to
a frequency of 1%. The Cheney and Scout populations
followed a similar trajectory to that of the Loberg Lake
population early in the time series; low morph fish ap-
peared within the first few years of founding and rapidly
increased to frequencies of 33% in 7 y in Cheney Lake,
and of 21% after 6 y in Scout Lake (Fig. 3C).

Low morph lateral plate number is the most thor-
oughly studied Threespine Stickleback phenotype (e.g.,
Miller and Hubbs 1969; Hagen and Gilbertson 1972;
Reimchen 1994). It has also evolves in the Loberg Lake
population (Bell 2001; Bell et al. 2004). It is associ-

ated with predation regime, with higher plate counts
(means ∼7) associated with fish predation (Hagen and
Gilbertson 1972; Reimchen 1994). When low morphs
first appeared in Loberg Lake, they averaged 6.87 plates
per side, suggesting that the ancestral low morph lat-
eral plate number is relatively high. By 2001, mean low
morph lateral plate number declined to 6.37. Unpub-
lished data collected since 2001 show an erratic pattern
of change without a clear trend. Lateral plate number in
completes showed a more marked decline from 32.9 to
31.3 between 1990 and 2001.

Gill-raker number (Fig. 3D). Gill raker-number and
length are negatively correlated with food particle size
among fish species (Magnuson and Heitz 1971) and
among stickleback populations (Hagen and Gilbertson
1972; Gross and Anderson 1984). Gill-raker number is
highly heritable (Hagen and Gilbertson 1972; Hermida
et al. 2002; Aguirre et al. 2004) and several QTL with
moderate effects for gill raker morphology have been
identified on ChrIV and ChrXX, and many QTL with
small effects have been found on other chromosomes,
such as ChrVI, ChrXI, and ChrXIII (e.g., Miller et al.
2014; Conte et al. 2015). In stickleback, oceanic popu-
lations typically have high gill-raker counts (mean ∼22)
for feeding on zooplankton (Gross and Anderson 1984;
Aguirre et al. 2008), while freshwater populations can
have lower (to 14) or higher (to 24) counts, depending
on diet (Gross and Anderson 1984; Walker 1997).

All three of the recently established stickleback pop-
ulations experienced gill-raker number reduction early
in their time series. In Loberg Lake stickleback, the
mean gill-raker number (22.34) of the earliest sample
(1990) did not differ significantly from that (mean =
22.36) of the nearby Rabbit Slough anadromous popu-
lation (Aguirre et al. 2008). It declined abruptly by 1992
(mean = 21.42) and then more gradually and irregu-
larly thereafter (Bell et al. 2004, Rivera et al. unpublished
data). Extending the time series past 2001, the gradual
declining trend has continued, with several annual sam-
ples falling well below the mean of the extinct Loberg
Lake population sampled in 1982 (mean = 20.94). Sim-
ilarly, the mean gill-raker number was very close to that
of their anadromous ancestor in the first two years of
sampling in Cheney and Scout lakes. After the second
year of sampling, mean gill-raker number dropped pre-
cipitously by more than one gill-raker in both popu-
lations, becoming similar to those observed in Loberg
Lake later in the time series (Fig. 3D).

Life history traits. Body size, age at reproduction, and
clutch mass and size (i.e., number of ripe eggs) in fe-
male Threespine Stickleback vary greatly among pop-
ulations (Baker 1994; Baker et al. 2008) and are highly
heritable (Snyder 1991). Anadromous stickleback from
Rabbit Slough return to fresh water to breed after 1–4 y,
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but they breed most often at age 3 (Rollins et al. 2017).
Even younger, smaller anadromous stickleback tend to
be larger than most freshwater stickleback (Rollins et al.
2017). Variation among established freshwater popula-
tions (Baker et al. 2008) predicted evolution of lower re-
productive effort (relative clutch mass), smaller clutch
size, and reduced age at reproduction. Egg size varied
among established populations, and evolution in young
lake populations could not be predicted.

Evolution of life-history traits has been studied in the
Loberg Lake population by Baker et al. (2019) and in the
Cheney and Scout lake populations by Kurz et al. (2016).
In Loberg Lake, reproductive effort and clutch size stan-
dardized for average female body size (standard length)
declined by 28% and 41%, respectively, from ancestral
values over about 21 generations in approximately 30 y.
Their decline was substantial and rapid, with a strong
cyclical pattern, possibly reflecting density-dependent
selection. Age at reproduction among females also de-
clined because percentages of reproducing age-1 fe-
males increased. Egg size did not change significantly.

Sampling in Loberg Lake for life history variation did
not begin until several years after colonization, but the
earliest samples from Cheney and Scout lakes help fill
this early sampling gap. The first few years of life his-
tory variation can be complex. A high frequency of age-
1 females reproduced during the first year after intro-
duction, but female reproduction in subsequent years
was mostly at age 2 (Kurz et al. 2016). Frequent breeding
by age-1 females during the first generation in the lake,
when age-2 females were absent, suggests that the age at
which stickleback reproduce may be facultative. Age-2
females and males, which were absent from the lakes 1 y
after founding, may normally suppress breeding by age-
1 females. Reproductive effort and size-adjusted clutch
size also increased abruptly in the first year after intro-
duction (Kurz et al. 2016).

Assortative mating between YFPs and the anadro-
mous ancestor. G. aculeatus is a species complex or
superspecies (Bell 1976, 1995; Bell and Foster 1994a)
that is composed mostly of diverse allopatric popu-
lations. However, it also contains pairs of sympatric,
phenotypically divergent populations, including resi-
dent freshwater and anadromous populations (McPhail
1994; McKinnon and Rundle 2002). Sympatric anadro-
mous and freshwater stickleback are phenotypically di-
vergent (e.g., Bell and Foster 1994a), and they typically
exhibit at least partial reproductive isolation in sympa-
try and sometimes produce fertile hybrids (Hagen 1967;
Jones et al. 2006). Several factors contribute to isolation
between them (McPhail 1994), and positive assorta-
tive mating is included among them (Hay and McPhail
1975). Differences in body size are particularly impor-
tant for mate choice in Threespine Stickleback (McPhail

1994; Nagel and Schluter 1998; McKinnon et al. 2004;
Boughman et al. 2005), and freshwater stickleback are
usually much smaller than anadromous ones, providing
a criterion for positive assortative mating (e.g., McPhail
1994; McKinnon et al. 2004; Karve et al. 2008).

Lake populations founded recently by anadromous
stickleback quickly decline in body size. Baker et al.
(2019) reported that the body length of reproductive fe-
males declined in Loberg Lake from about 71 mm in the
presumptive anadromous ancestor to 45 mm in 1992,
and fluctuated between approximately 45 and 48 mm
for 30 y (21 estimated generations) after establishment.

Furin et al. (2012) reported mean standard lengths
(SL) of about 46 mm in reproductive Loberg males
and females used in 2004 and 2005 for no-choice mat-
ing trials. They observed partial reproductive isolation
between Loberg Lake and anadromous Rabbit Slough
stickleback. Anadromous males and Loberg females
rarely mated, but anadromous females and Loberg
males readily mated. This difference is consistent with
male preference for larger females, which tend to have
more eggs. In contrast, both sexes of Loberg Lake stick-
leback mated readily with stickleback from another res-
ident freshwater population, indicating that the par-
tial isolation was specifically between Loberg and the
anadromous ancestral form. However, Rabbit Slough
stickleback have two major size classes (Rollins et al.
2017), and Rabbit Slough males from the smaller size
class were more likely than larger ones to mate with
Loberg Lake females, suggesting that assortative mat-
ing depended strongly on body size. Sympatric repro-
duction of divergent anadromous and young freshwa-
ter stickleback in four lakes near Girdwood, Alaska
indicates speciation of freshwater stickleback within
decades after anadromous stickleback founded them
(Bell and von Hippel, unpublished data).

Contemporary genomic evolution in young
freshwater populations founded recently by
anadromous Threespine Stickleback

Within just 5 y after introducing anadromous Three-
spine Stickleback to Cheney and Scout lakes (Table 1),
striking shifts were observed both in the freshwater-
adaptive phenotypic traits (Bell et al. 2004; Aguirre and
Bell 2012; Bell et al. 2016) described above and nu-
merous genomic regions spanning several key chro-
mosomes (Roberts Kingman et al. 2021; Schluter et al.
2021; Fig. 4A and B). Similar phenotypic shifts were
also observed in Loberg Lake samples made a few years
after natural colonization (1982–88). At the genomic
level, the Eda region matched the rapid increase of the
low-plate morph (O’Brown et al. 2015; Roberts King-
man et al. 2021; Schluter et al. 2021). This shift in allele
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Fig. 4 Contemporary genomic evolution in the three YFPs in Loberg, Cheney, and Scout lakes. (A) Numbers of rapidly increasing
freshwater-adaptive peaks on the 21 chromosomes. (B) Cochran-Mantel-Haenszel test-statistic values for peaks of divergence across
ChrIV based on combined results from the three YFPs. Note the extensive increase for large portions of ChrIV. Light blue bars mark the
locations of 69 peaks of divergence between oceanic and established freshwater populations. Red indicates significant
Bonferroni-corrected change in the three YFPs. (C) The number of significant QTL per chromosome that overlap with peak regions of
evolution in the three YFPs. (D) The number of significant QTL per chromosome that overlap with peak regions of divergence between
long-established populations in northeast Pacific lakes. (E) The magnitude of sequence evolution (FST) on corresponding chromosomes of
the Cheney and Scout lake populations from the year of founding until 2017. Sequence divergence is highly correlated among the
populations. Red, FST >0.1; pink, FST >0.03, blue, FST <0.025. Red points are for the most important chromosomes (i.e., greatest number
of significantly divergent peaks) for freshwater adaptation.

frequency at a single nucleotide polymorphism (SNP)
identified as a strong candidate to be the causative SNP
for low-platedness in Threespine Stickleback (O’Brown
et al. 2015) was also observed in Cheney and Scout
lakes, which started out at a frequency of less than 1%
in both lakes at founding and was estimated to be 59.7%
in Cheney and 50.6% in Scout by 2017, representing 9
and 7 y of evolution, respectively (Roberts Kingman et
al. 2021).

To assess annual allele frequency changes across the
Threespine Stickleback genome (∼450 Mb) in these
three populations, pooled samples were sequenced (i.e.,
pool-seq) with ∼100 individuals per annual sample
since founding of the Cheney (2009–17) and Scout
(2011–17) lake populations and from 2001 to 2017
for Loberg Lake (Roberts Kingman et al. 2021). Rapid
shifts in allele frequencies were observed across the
genome. They were not restricted to a few candidate
regions (e.g., Eda), but numerous significant changes
in SNP frequencies were observed on most chromo-
somes. These significant SNPs were used to define
freshwater-adaptive regions of peak divergence (hap-
lotypes, 344 regions across 21 chromosomes, Fig. 4A)
that were diverging from their anadromous ancestor in
these isolates and included 17.57 Mb (∼3.73%) of the
Threespine Stickleback genome (Roberts Kingman et
al. 2021). Estimates of annual variation in effective pop-
ulation size (Ne) showed that the Cheney and Scout
populations bottlenecked 3 y after founding (Fig. 5) and

bottlenecking was followed by significant increases in
the frequencies of freshwater-adaptive peaks (Roberts
Kingman et al. 2021).

About 97% of the rapidly evolving freshwater-
adaptive regions overlapped with sequences that dif-
fer strongly between long-established freshwater and
oceanic Threespine Stickleback populations in the
northeastern Pacific. A smaller fraction of them are
shared with freshwater populations in the Atlantic
basin, which apparently were derived within the last
100 kya from Pacific basin populations and lost a sub-
stantial amount of standing genetic variation (Bell 1994,
2009; Fang et al. 2020; Roberts Kingman et al. 2021).
This observation highlights the important point that
standing genetic variation in the Alaskan oceanic pop-
ulations is crucial for rapid adaptation in Alaskan lake
populations derived recently from oceanic stickleback.
Similarly, many of the same freshwater-adaptive loci di-
verged in freshwater populations that were founded by
oceanic stickleback after the Great Alaskan Earthquake
of 1964 (58 y ago) uplifted terrain on Alaskan islands
where they are located (Lescak et al. 2015; Bassham et
al. 2018). In contrast, however, Terekanova et al. (2014),
identified substantially fewer freshwater-adaptive loci
in Atlantic basin lake stickleback derived within the last
several hundred years from oceanic stickleback.

Peak regions of rapid divergence were concentrated
on several key chromosomes with concentrations of
loci that are consistently divergent for freshwater-
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Fig. 5 Box plots of effective population size (Ne, left y-axis) for each chromosome between successive points of the time series
experiments for Scout (A) and Cheney lakes (B). Stars indicate the estimates for specific chromosomes, with black stars indicating
estimates for ChrIV and white stars for ChrXV, which are the most divergent and a “neutral” chromosome, respectively. The catch per
unit effort (CPUE; Bell et al. 2016) is also plotted for all samples during each year (right y-axis) with black circles.

adaptive alleles in established freshwater populations
and oceanic Threespine Stickleback (Fig. 4A, B, and E).
Genetic differentiation (FST) among chromosomes was
estimated in the seeded lakes from the start of the
experiments through 2017. Chromosomes with few
to no freshwater-adaptive peaks (e.g., ChrXV) experi-
enced little divergence, and those with substantial num-
bers of peaks (ChrI, ChrIV, ChrVII, and ChrXXI; Fig.
4A) showed significant differentiation from the year
of founding (Fig. 4E). Several of these peak regions
overlapped with known quantitative trait loci (QTL;
Peichel and Marques 2017) that differ between oceanic
and freshwater populations, particularly on ChrIV and
ChrXXI (Fig. 4C and D). The greatest overlap was as-
sociated with defense traits (e.g., lateral plate num-

ber, plate size, spine length) on the left arm of ChrIV,
which manifested significant changes in allele frequen-
cies along most of the chromosome (Fig. 4B and C).
Several QTL with large effects (i.e., % variation ex-
plained; PVE >20%) for various traits overlap at a
specific region of ChrIV encompassing the Eda gene,
which has been shown to have a strong pleiotropic
effect on several freshwater adaptive traits (Albert et
al. 2007; Archambeault et al. 2020). In addition to
concentration of these peak regions on a few key
chromosomes and overlap with known QTL, genomic
architecture facilitates linkage among these regions.
Many QTL for important phenotypic traits overlapped
with regions of rapid evolution in recently founded
populations and with regions of divergence between
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long-established freshwater and oceanic populations
in the northeast Pacific. The estimated recombination
landscape for the stickleback genome demonstrates that
freshwater-adaptive peaks are often found in regions of
low overall recombination rate relative to the rest of the
chromosome, keeping them linked in freshwater envi-
ronments. However, local recombination hotspots also
occur between major divergent peaks, likely facilitat-
ing rapid disaggregation in the marine environment and
reassembly after colonization of fresh water (Roberts
Kingman et al. 2021), as envisioned in the transporter
hypothesis (Schluter and Conte 2009). In addition,
chromosome rearrangements are also associated with
marine-freshwater divergence. They include three large
chromosomal inversions on ChrI, ChrXI, and ChrXXI,
which suppress recombination and keep regions associ-
ated with freshwater adaptation linked together (Jones
et al. 2012). These regions increased rapidly in fre-
quency in Loberg, Cheney, and Scout lakes. Similarly,
chromosome fusions identified on ChrIV and ChrVII
were also associated with low recombination and an in-
crease in QTLs associated with marine-freshwater di-
vergence (Liu et al. 2022).

Finally, compared to previous estimates of selection
coefficients (s) from genomic data (Thurman and Bar-
rett 2016), estimates of s based on allele-frequency tra-
jectories are exceptionally high for freshwater-adaptive
alleles during contemporary evolution in YFPs (Roberts
Kingman et al. 2021). Individual SNPs with the highest
rates of increase and greatest repeatability across popu-
lations had s values of 0.08 to 0.53. The estimated s on
Eda in an experimental cross was 0.5 (SD 0.09), reflect-
ing twice the rate of survival of F2 offspring that were
homozygous for the freshwater allele compared to ho-
mozygotes for the marine allele (Schluter et al. 2021).
However, simulations in Roberts Kingman et al. (2021)
indicated that it is unlikely that any individual locus has
such a high s. Rather individual SNPs have smaller s co-
efficients (i.e., gradients; sensu Lande and Arnold 1983)
and work in concert with other advantageous SNPs at
neighboring peaks (i.e., linked haplotypes) to produce
larger s values (i.e., differentials), conflicting with Thur-
man and Barrett’s (2016) results.

Contemporary evolution of the genes that
matter in young freshwater populations
founded recently by anadromous Threespine
Stickleback

Several candidate genes that are divergent between
anadromous and freshwater populations have been
identified. The genetic changes that underlie pheno-
typic evolution are generally not in protein-coding re-
gions, but rather in sequences that influence tissue-

specific regulation of gene expression. Therefore, the
phenotypic changes are often for loss or reduc-
tion of phenotypic expression in the freshwater form
(Colosimo et al. 2004, 2005; Cresko et al. 2004; Miller
et al. 2007; O’Brown et al. 2015). A freshwater-adaptive
allele of Bmp6 is down-regulated relative to the an-
cestral allele, but it actually causes more robust pha-
ryngeal teeth (Cleves et al. 2014, 2018; Erikson et
al. 2015). Genes involved in phenotypic divergence
between anadromous and freshwater populations are
summarized in Table 2. Although several of these phe-
notypes have not been measured in our young popu-
lations, we assessed the overlap and proximity of the
evolutionary peak regions to the genomic regions of
these known genes. Genes of known function on ChrIV
overlapped with identified peaks, and putative causative
SNPs fell within these same peak regions. These genes
control two major defense traits. Eda (discussed above)
has a major effect on lateral plate and a myriad of other
freshwater-adaptive traits. The other two genes Msx2a
and Stc2a are both involved in spine length and fall
within the same peak. Several studies have shown that
regions important in freshwater adaptation form su-
pergenes, where linkage imposes a strong association
among these important regions (e.g., Erickson et al.
2015; Roberts Kingman et al. 2021b). The genes known
to influence other diverging traits did not overlap with
peaks in our experimental young populations, either be-
cause they are not rapidly evolving in them or because
their regulatory sequence falls within an adjacent peak.
Further studies measuring these traits in these young
populations will provide more insights into the relation-
ship between genetic function and contemporary evo-
lution.

Conclusion
Freshwater Threespine Stickleback populations have
been founded innumerable times over millions of years
by oceanic stickleback throughout their Holarctic range
(Lindsey 1962; McPhail and Lindsey 1970; Bell 1976,
1994, 2009; Bell and Foster 1994a). The freshwater iso-
lates diversify in relation to local conditions and un-
dergo adaptive radiation (e.g., Hagen and Gilbertson
1972; Bell 1976, 1984; Campbell 1985; Reimchen et al.
1985; Spoljaric and Reimchen 2007).They evolve a set
of convergent phenotypic traits that are absent from
their oceanic ancestors (Bell 1976; 1984). Although
these populations are isolated within countless, separate
drainages, the alleles responsible for their convergent
evolution are shared by common ancestry (DeFaveri
et al. 2011; Jones et al. 2012; Roberts Kingman et al.
2021). Hundreds of these freshwater-adaptive alleles
are carried by oceanic populations as standing genetic
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Table 2 Genes, phenotypes, and genomic regions that are divergent between oceanic and freshwater populations

Gene
position

Peak
overlap

Peak
distance (bp)

Gene Chr Traits Gene start Gene end Peak start Peak end Left peak Right peak

Eda IV Plate number, lateral line 12,812,614 12,822,840 12,763,334 13,010,434

Msx2A IV Spine length 13,918,256 13,919,508 13,858,584 14,016,284

stc2a IV Spine length 13,942,770 13,946,215 13,858,584 14,016,284

Kitlg XIX Pigmentation 13,883,368 13,887,611 2,556,653 627,854

Gdf6 XX Plate height 15,862,030 15,867,274 1,751,160

Bmp6 XXI Pharyngeal tooth
number

7,979,101 8,010,074 762,722 259,155

Tfap2a XXI Brachial bone length 8,408,774 8,421,539 139,545 100,140

The peak overlap indicates genetic regions that overlap with genes of known function, and the peak start and peak end denote the base position
ranges associated with the stickleback genome GasAcu 1.4. The left peak and right peak indicate the number of base pairs away from the nearest
peak is from the gene of interest, if there is no overlap between a gene and peak.

variation that is quickly assembled by strong natural se-
lection after colonization of fresh water into a genome
that encodes typical freshwater phenotypes (Schluter
and Conte 2009; Jones et al. 2012; Lescak et al. 2015;
Magalhaes et al. 2020; Roberts Kingman et al. 2021). Re-
markably, our results show that much of the characteris-
tic phenotypic and genomic divergence between ances-
tral oceanic and their freshwater descendants can evolve
within the first few decades after freshwater populations
are derived from oceanic ancestors.

New freshwater populations continue to be founded
naturally by oceanic stickleback (Bell and Aguirre
2013), and they can be established experimentally
(Terekhanova et al. 2014; Bell et al. 2016). These young
freshwater isolates evolve very rapidly, as we show, and
this phenomenon enables acquisition of unique insights
into evolutionary dynamics. Combined with our excep-
tionally deep and broad knowledge of Threespine Stick-
leback biology (Wootton 1976, 1984; Ziuganov 1991;
Bell and Foster 1994a; Paepke 1996; Östland-Nilsson
et al. 2007; von Hippel 2010) and excellent molecular
genetic and genomic tools (Kingsley and Peichel 2007;
Peichel and Marquez 2017; Reid et al. 2021), these YFPs
provide exceptional opportunities to study the evolu-
tionary dynamics of phenotypes, genes, and genomic
architecture (Roberts Kingman et al. 2021). They also
provide the material to investigate general issues in evo-
lutionary molecular genetics and genomics.

Ten YFPs on the Kenai Peninsula or within the Cook
Inlet basin, Alaska, vary for the time since they were
founded by anadromous stickleback (Table 1). They are
readily accessible and offer excellent opportunities to
study the genetic and genomic foundations for pheno-
typic divergence and speciation. Freshwater habitats on
Alaskan islands originated after 1964 and offer simi-
lar opportunities but are less accessible (Gelmond et
al. 2009; Lescak et al. 2015; Bassham et al. 2018). We

plan to continue to make annual samples from Loberg,
Cheney, Scout, and “Warfle” lakes and possibly other
young lake populations. We will extend phenotypic time
series through at least 2022 to infer whether morpho-
logical divergence is consistent among populations and
will compare them and the other young populations
to infer whether divergence of our latest samples from
each population from their presumptive anadromous
ancestors have followed a common time course. Com-
parison of morphological outcomes combined with ge-
nomic divergence in these 10 young populations can
provide insights into the influence of genetic constraint
(Connallon and Hall 2018) on the evolutionary re-
sponse of phenotypes, genes, and genomes to selec-
tion. In addition, advanced genomic approaches are
now more readily available and implementable, allow-
ing for the investigation of which traits these diverging
regions influence as well as the epigenomic landscape,
which may be important in influencing adaptation in
the early years after founding, before allele frequencies
change.

Three YFPs in impoundments at miles 85, 87, and 88
of Seward Highway, near Girdwood, Alaska must have
formed nearly simultaneously and open to Cook Inlet
within 5 km of each other (Table 1). They were proba-
bly founded roughly simultaneously since 1964 by a sin-
gle anadromous population, with which they still breed
in sympatry but from which they are sufficiently iso-
lated to diverge for many phenotypic traits (Bell and von
Hippel, unpublished data). Their founders were finite
populations drawn from a single ancestral population
and must have experienced genetic drift independently
and may experience somewhat different ecological con-
ditions. They are nearly replicate populations that we
will compare closely. In addition, unlike other YFPs in
Cook Inlet, they breed in sympatry with anadromous
populations, with which they may still hybridize, and
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the effects and levels of gene flow on divergence, se-
lection against freshwater adaptive alleles in anadro-
mous populations, and isolating mechanisms can be
studied.

Since Hendry and Kinnison (1999) drew attention
to contemporary evolution, studies of this theoretically
important phenomenon have proliferated (Hendry et al.
2008, Sanderson et al. 2022). However, substantial con-
temporary evolution is difficult to recognize and proba-
bly far more common than appreciated. It is usually dis-
covered serendipitously during unrelated research. For
example, Bell (2001) discovered contemporary evolu-
tion in the Loberg Lake stickleback population while
sampling for research on pelvic girdle reduction (Bell
et al. 1993; Bell and Ortí 1994). Even when contempo-
rary evolution is detected, only two or a few generations
are usually sampled (Hendry et al. 2008). Samples must
be made frequently enough and for long enough to es-
timate true rates of evolution and to resolve patterns of
change through time (Gingerich 2019). Thus, investiga-
tors should be vigilant for opportunities to study con-
temporary evolution and, without assurance of success,
make periodic samples at fine enough intervals to re-
solve evolutionary patterns.
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