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Freshwater populations of threespine stickleback
(Grasterosteus aculearus) along the coast of western North
Amenca exhibit extensive morphological divergence
from marine conspecifics, the presumed ancestors to
freshwater populations (Hagen and McPhail, 1970, Bell,
1976). Marine sticklebhacks are characterized by a com-
plete series of bony lateral plates (30 to 35 per side)
and prominent dorsal and pelvic spines. Typically,
freshwater sticklebacks resemble the marine form, but
can be distinguished by a deeper, slightly smaller body,
and fewer lateral plates (usually three ta eight per side).
On the Queen Charlotte Islands (QCI), an archipelago
80 kilometers off the coast of British Columbia, Can-
ada, freshwater populations of stickleback have been
found that have highly derived morphological char-
acters. These include gigantism in body size, complete
loss of lateral plates and loss of dorsal and pelvic spines
(Moodie, 1972; Moodie and Reimchen, 19764,
Reimchen, 1980, 1984; Reimchen et al., [985). Pop-
uwlations with modest divergence in one or more of
these traits occur elsewhere in the circumboreal dis-
tribution of the species including California (Miller and
Hubbs, 1969), Alaska (Francis et al., 1986} and the
Quiter Hebrides (Campbell, 1979).

Geological evidence suggests that much of the Pacific
coast of Narth America, north of the coterminous
United States, was under the Cordilleran Ice Sheet dur-
ing the last {Fraser) glaciation (Flint, 1971; Clague,
L9894). Since ice sheets extended well beyond present
day shorelines, almost to the edge of the continental
shelf (Dyke and Prest, 1987; Blaise et al., 1990), coastal,
islands, including the QCI, were presumed to be devaid
of significant Pleistacene biological refugia (Suther-
land-Brown, 1968; Sutherland-Brown and Nasmith,
1962). Morphological differentiation between marine
sticklebacks and some of the highly distinctive fresh-
water forms was therefore ascribed to rapid post-glacial
evolutionary divergence {(Moodie and Reimehen,
19764).

A suite of unique biolegical features on the QCI have
led to suggestions that parts of the islands were ice free
during the last glacial advance (Calder and Taylor,
1948). Endemism ocecurs in QCI birds and mammals
(McCabe and Cowar, 1945; Foster, 19645), crustaceans
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(Bousfield, 1958) and insects (Kavanaugh, 1980). There
are disjunct distributions of plants. Several vascular
plant species are found only an the QCI and northwest
Vancouver Island (Ogilvie, 1989), parts of which are
also suspected of having escaped glaciation (Heusser,
1960). Many bryophytes occur within the QCI and
western Europe or southeast Asia, but not elsewhere
within the western hemisphere (Schofield, 1969, 1989).
These patterns of distribution are presumed to result
from large-scale extirpation of widely distributed spe-
cies apart from lacal pockets that persisted in ice-free
habitats (Heusser, 1989; Taylor, 1989).

Recent radiocarbon analyses and plant macrofossil
data from Graham Island in northern QCI provide
additional support for a refugium. At Cape Ball, on
western. Graham Island (Fig. 1), Wamer et al. (1982)
have shown that deglaciation and recolonization of
aquatie and terrestrial floral communities occurred by
16,000 years B.P. As this is close to the glacial maxi-
murm o5 the adjacent mainland, source communities
rmust have persisted on or close to Cape Ball for the
site to have been so rapidly colonized. Isosiatic de-
pression in the vicipity of Graham Island was consid-
erably less than on the adjacent mainland, an indica-
tion of a thin localized ice cover in the area (Warner
et al., 1982).

Patterns of mitochondrial DINA (mtDINA) diversity
in freshwater fishes are being examined with increasing
frequency (for example, Bermingham and Avise, 1984;
Billington and Hebert, | 988; Bentzen et al., 1989; Ber-
natchez and Dodson, 1991; Meyer et al., 1990) and
most species exhibit some geographic structuring of
the mtDNA phylogenetic assemblages. In these stud-
ies, major genetic breaks and their times of divergence
have been associated with, historical vicariant events,
such as watershed isolation or coalescence, Pleistacene
glaciation ar lake formation {(for review, see Avise et
al., 198%7a). In a preliminary study of mtDINA variation
in threespine sticklebacks from central Graham Island,
QCI, high similarity was observed hetween several
morphologically divergent populations and a sample
of marine sticklebacks, consistent with a post-glacial
origin of the freshwater populations (Gach and
Reimchen, 1989). In the present study, we expand this
ariginal survey to encompass nine endemic freshwater
populations from throughout the QCI and compare
these with. sticklebacks from the surrounding marine
habitat, the adjacent mainland and the Atlantic Ocean.
Our objective was to exarine patterns and approxi-
mate times of stickleback colonization in an effort 1o
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Collection localities for Gasterosteus. Marine populations —Masset Inlet (MI), Nova Scotia (NS) and

Sheldon’s Lageon (SL). Freshwater populations —Boulton Lake (BO), Drizzle Lake (DR), Harclda Lake (HA),
Imber Lake {IM), Mayer Lake (MY), Rouge Lake (RO), Serendipity Lake (SE), Shritnp Lake (SR), Skidegate
Lake (SK) and Van Lake (VA). Hatched area denotes glacial outwash plain (Argonaut Plain).

distinguish between pre-glacial and post-glacial colo-
nization.

MATERIALS AND METHODS

Sampling sites are shown in Figure |. These com-
prise the fallowing: four lakes from the Argonaut Plain
(Imber, Serendipity, Harelda, Rouge) having popula-
tions of sticklebacks with major reduction. in spines
and lateral plates {(Reimchen, 1984; Reimchen, unpubl.
data); two localities from central Graham Island (Driz-
zle Lake, Mayer Lake) which contain giant stickle-
backs) (Moodie, 1972; Reimchen et al,, 1983); one
lacality from central Graham Island (Boulton Lake)
which has spine-deficient sticklebacks (Reimchen,
198Q); one lacality from the western coast of Graham
Island (Van Lake) with undifferentiated low-plated
sticklebacks (Reimchen, 1983); one locality from
northern Mareshy Island (Skidegate Lake) having giant
sticklebacks, ane locality from mainland British Co-
lumbia (Shrimp Lake) with undifferentiated low-plated
sticklebacks; one marine locality from northern Gra-
ham Island (Masset Inlet) with fully plated stickle-
hacks; one marine locality from northern Moresby Is-
land (Sheldan’s Lagoon) with fully plated sticklebacks;
and one marine Jocality from the Atantic Ocean (Nova
Scotia) with, fully plated sticklebacks.

Adult sticklebacks were collected from each locality
with minnow traps or nets and transferred live to the
laboratory. Sample size ranged fram 10 to 16 for each
site except for Nova Scotia where only three individ-
uals were processed. Total cellular DNA {nuclear and
mitochondrial) was extracted from 147 individuals.
Samples were digested with 10 restriction endonucleas-
es (HinFl, Bgfl, EcoRI, HindIll, Psl, Poull, Sstl, Ssdl,
Sall, and Hincll). Due to low yields of mtDNA, 10
individuals were not surveyed with the monotypic en-
zyme SsfIl and two from Van Lake were not surveyed
for HindIIl. Resulting fragments were separated by
electrophoresis through 1% agarose gels and transferred
to nylon membranes by Southemn blotting techniques
{Southern, 1975; Wahl etal., 1979). The entire mtDINA.
genome of threespine sticklebhacks, cloned into the plas-
mid pUCI19, was radioactively labeled (Rigby et al.,
1977y and hybridized to membrane-bound DINA at
63°C in a solution of 7% SDS, 1.0 mM EDTA and
0.263 M Na,HPQ,, pH 8.0 (Church and Gilbert, 1984).
Membranes were washed and then exposed to X-ray
film for one to three days.

Restriction site maps of all enzymes used in the sur-
vey, except HinFl, which recognizes a pentanucleotide
sequence, were constructed using both double and par-
tial digestion methods (see Sambrook et al., 1989).
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Haplotype composition, nucleon diversity estimates, and estimates of maximum divergence from

Pacific marine haplotypes for (asterosteus populations. & = individuals surveyed. The largest of pairwise
divergence estimates between haplotypes from a given locality and the most closely related from Pacific marine
samples was used as a measure of the maximum amount of divergenee of a population from Pacifie marine

sticklebacks.
Muclean. Maximum divergence
Haplatype diversity from nearest marine
Lacatian {M) {frequensy) A haplatype abserved

Queen Charlotte Island lakes

Drizzle (12} A 0 1]

Boulton (%) AT, DM, G 0.417 0.564

Mayer (L1} A{3), H(®) 0.436 (.564

Skidegate (12) A4}, B (1), H{6), T{1) 0.682 (.868

Van {11} C(1), F{lO) 0.182 0.268
Queen Charlotte Argonaut Plain lakes

Rouge (10) L {10}y a 2.455

Harelda (16) A(9), C(, L% 0.608 2.455

Serendipity (15) A{6), C(),L(8) 0.591 2,455

Imbre (15) A(3),B2),C(N KLy, L{ 0.581 2.091
Mainland Lake

Shrimp (12) A (R), H (4) 0.485 0.564
Pacific marine Jocalities

Masset (8) A3, CH) 0.536 —

Sheldon (13) A(8),C(4),E() 0.564 —
Atlantic marine locality

Nova Scotia (1) IT{3) N/A 1.151

Restriction sites produced by a given enzyme were
mapped relative to the positions of cleavage sites gen-
erated by at least two other enzymes. Of the 40 sites
located, 18 were polymaorphic (Fig. 2a). Since a large
number of fragments were generated by HinFI, these
restriction sites were not mapped. Nucleotide diversity
between pairs of haplotypes was estimated from mapped
site differences using the maximum likelihood method
of Nel and Tajima (1983).

A Wagner parsimony network of the 12 mtDNA
haplotypes was constructed from site presence-absence
data using PAUP (Phylogenetic Analysis Using Par-
simony, version R, written by D. Swofford, Illinois
Natural History Survey, Champaign, Illinois). A ma-
jority tule consensus tree and reliability statements of
the branch nodes of the maximum parsimony network
were estimated using the bootstrapping algorithmm (with.
100 replicates).

Nucleon diversity was calculated (Eq. 7, Nei and
Tajima, 1981). We tested whether there was hetero-
geneity among Pacific populations for haplotype fre-
guencies using RX.C tests of independence. The two
marine populations (Sheldon and Masset) were com-
bined, as their frequencies were not significantly dif-
ferent (G =0.71, P=0.4). Yate’s correction was applied
for small sample sizes (see Sakal and Rohlf, 1981).

REesULTs aND Discussion

We identified 11 miDNA haplotypes from the Pa-
cific region. These include a commen form (43% of
individuals sampled), designated as A, four haplotypes
with moderate frequencies (12 to 17%) and six rare
haplotypes (< 7%). Haplotype frequencies at each la-

cality, nucleon diversity and maximum. sequence di-
vergence are shown in Table . Significant heteroge-
neity in haplotype freguencies exists among locations
sampled (G, = 266.02, P < 0.001). Nucleon diversity
ranges from zero at Drizzle Lake and Rouge Lake to
0.75 at Imber Lake where there were five haplotypes
among 15 individuals.

Based on restriction-site patterns, two distinct
mtDNA lineages were evident in the Wagner parsi-
maony network (Fig. 2b); this grouping was supported
in 100% of the bootstrapping replicates. Lineage des-
ignations were also concordant with restriction frag-
ment patterns generated hy the pentanucleotide enzyme
HinFL The fAirstlineage is compaosed of nine haplotypes
of which all but one can be derived from the closest
haplotype by a single site change. The haplotypes were
widespread, occurring in marine waters and in fresh-
waters from the mainland of British Columbia and
from the Queen Charlotte Islands. Laocalities include
stickleback populations that range from underived an-
cestral forms through to highly divergent populations
with gigantism in body size (Moodie and Reimchen,
1976a). This assemblage of related haplotypes will he
referred to as the Marine lineage, The second lineage
was composed of two haplotypes (K, L) which were at
least seven sites removed from the Marine lineage.
These were restricted 1o the Argonaut Plain on the
northeastern region of Graham Island (Fig. 1} and will
be referred to as the Argonaut lineage.

Pairwise estimates of sequence divergence between
Argonaut and Marine haplotypes averaged 2.49% (2.09
ta 2.84%). Using the rate of mtDNA sequence diver-
gence calibrated for mammals of 2% per million years
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(Brown et al., 1979), the Argonaut and Marine lineages
would have diverged 1.2 million years B.P. near the
beginning of the Pleistocene. Uncertainties in calibra-
tion and differential rates of mt DN A evolution {Vawter
and Brown, 1986, Moritz et al., 1987, Thomas and
Beckenbach, 1989) limit confidence in this estimate,
but even if the rates were an order of magnitude higher,
the mean time for divergence of the Argonaut and
Marine lineages would be over 100,000 years B.P., well
before the last glacial advance. The absence in marine
waters of the Argonaut haplotypes in addition to the
absence of the seven intermediate haplotypes between
the Argonaut lineage and Marine haplotypes strongly
suggests that the lineage has been isolated in a fresh-
water refugium throughout the last glacial advances
and perhaps throughout much of the Pleistocene. Fur-
thermore, large phylogenetic discontinuities (breaks
between arrays of related haplotypes) of the magnitude
observed in several of the Argonaut locations have
heen rarely reported for conspecifics from a single col-
lection site (see Avise et al., 19874). Where observed,
such patterns have been associated with secondary con-
tact between long separated populations (Bermingham
and Awvise, 19864; Gonzalez-Villasenor and Powers,
1990). Morphological data show no evidence for cur-
rent introgression between marine sticklebacks and the
distinct forms found in the Argonaut populations
{Reimchen, 1984). Passibly, genetic exchange may have
occurred during the elevated sea levels about 8,000
years B.P. when submerged river valleys an the Ar-
gonaut Plain (Clague, 19895) could have given marine
sticklehacks access to these endemic lake populations.

Characterization of the Atlantic mtDNA haplotype
(I} accentuates the divergence observed in the Queen
Charlotte localities. Currently, the northern extent of
. aculeatus in the Pacific Ocean is the Bering Strait;
in the western. Atlantic, the species cccurs to the north-
ern region of Hudson Bay {Wootton, 1984} and there
are no extant populations of sticklebacks across the
central Arctic. Other fish species show comparable sep-
aration between Pacific and the Atlantic basins but the
duration of the separation is poorly known (Herman
and Hopkins, 1980; Grant and Stahl, 1988). The 8,000
km of coastline separating Nova Scotia and Queen
Charlotte Island populations as well as the current dis-
continuity in distribution might be expected to yield
mtDNA that is more divergent than the potentially
overlapping populations of the Argonaut Plain. Yet the
Atlantic haplotype near Nova Scotia is less divergent
from the Pacific haplotypes around the Queen Char-
lotte Islands {1.15% divergence) than the Pacific ma-
rine haplotypes are from the Argonaut lineage (2.09%
minimum divergence; see Table |} suggesting that the
Atlantic and Pacific Gasterosteus haplotypes have di-
verged more recently.

An alternative interpretation to prolonged isclation
in the Argonaut Plain is post-glacial colonization by
marine sticklebacks followed by rapid differentiation.
The substitution rates of non-neutral mutations in small
populations that have undergone repeated bottlenecks
can be more rapid than in those with a very large
population size (Ohta, 1973, 1976). In Drosophila, rates
of mtDNA evolution were three times higher in small
than in large populations (Desalle and Templeton,
1988). The highest frequencies of the L haplotype in
Queen Charlotte Gasterosteus were found in the two

NOTES AND COMMENTS

smallest lakes (approximately 1 ha), where bottlenecks
could have occurred. However, the L haplotype is found
in two separate watersheds. For this hypothesis to be
correct would require parallel evolution of the L hap-
lotype, concomitant loss of intermediate haplotypes
and an evolutionary rate several orders of magnitude
higher than those reported in the literature (Brown et
al, 1982; Hixson and Brown, 1986; Powell ev al., 1986).

Pre-glacial colonization would alsa be refuted if the
Argonaut lineage haplotypes or any of the intermediate
haplotypes between the Argonaut and the Marine lin-
eages were discovered in marine waters. That we did
not detect these haplotypes in marine localities may
simply reflect sampling error, a probable event if fre-
querncies of the Argonaut or intermediate haplotypes
were very low and restricted in geographical distribu-
tron. This cannot be excluded without further sampling
in marine habitats. Yet there are several difficulties
with this interpretation. Morphological and allozyme
data demonstrate minimal population substructuring
in maring sticklebacks relative to that observed in
freshwater habitats (Bell, 19764, Withler and McPhail,
1985). As well, restricted spatial distribution of highly
divergent mtDNA haplotypes in species inhabiting
geographically continuous marine habitats would be
very unusual (cf. Avise et al., 19874, 19874},

All of the stickleback populations with the Argonaut
mtDNA lineage are characterized by major reduction
of bouy lateral plates and frequently, fish Jack all plates
{Reimchen, unpubl. data); this represents a highly de-
rived condition for Gasterasteus (Bell, 1976). The pop-
ulation in Rouge Lake, which is monomorphic for the
Argonaut haplotype, exhibits some of the most pro-
nounced reduction in spines observed in the species
{Reimchen, 1984). As well, it is symbiotic with an
unusual taxon of dinoflagellate, an association which
appears to have no counterpart elsewhere in the cir-
cumbareal distribution of either group (Reimchen and
Buckland-Nicks, 1990; Buckland-Nicks et al., 1990).
When these factors are taken in concert with the pre-
dicted divergence time derived from miDNA, an ex-
tended pre-glacial history in the Argonaut Plain is
suggested. If a refugium was large enough to support
freshwater fish throughout the Pleistocene, then other
aquatic and terrestrial biota may also have persisted
during this period. Recognition of a divergent haplo-
type in any of the other endemic taxa from the region
would increase confidence in the implications of the
present study and if upheld, would influence paleo-
zoogeographic reconstruction of western North Amer-
ica.
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