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Origins of endemic stickleback from the Queen
Charlotte Islands: mitochondrial and
morphological evidence

B.E. Deagle, T.E. Reimchen,! and D.B. Levin

Abstract: Recently, two divergent mitochondrial lineages were described in a survey of 12 scattered populations of the
threespine stickleback (Gasterosteus aculeatus) on the Queen Charlotte Islands (QCI), western Canada, one of which,
possibly a relict lineage, was subsequently shown to characterize stickleback from the western Pacific near Japan. In the
present study, we assayed 985 fish from 85 QCI populations for mitochondrial lineage using a restriction enzyme test.
Our data indicate that the relict lineage was largely limited (18 of 20 populations) to adjacent watersheds in the
northeast corner of the QCI close to a suspected glacial refugium, but we also found the lineage in two remote lakes on
the west coast of the QCI, distant from any known refugia. We obtained a sample of 33 stickleback from the mid-Pacific
and found both mitochondrial DNA (mtDNA) lineages, strongly suggesting ongoing dispersal of these fish across the
Pacific, and inconsistent with previous suggestions of relict status for one of the lineages. Morphologically derived
traits, such as loss of armour and loss of spines, occurred in both lineages, but these were more prevalent in the
Japanese lineage. Surprisingly, 19 localities had both lineages, and within each of these there were no significant
univariate or multivariate associations between lineages and morphology, suggesting few if any reproductive barriers
between the divergent mtDNA lineages.

Résumé : Récemment, deux lignées mitochondriales divergentes ont été décrites a partir d’un inventaire de 12 populations
dispersées de I’Epinoche  trois épines (Gasterosteus aculeatus) dans les iles de la Reine-Charlotte, dans I’Ouest
canadien, lignées dont 1’une, peut-étre relicte, posséde des caractéristiques semblables a celles des épinoches de I’ouest
du Pacifique, pres du Japon. Nous avons utilisé des enzymes de restriction pour faire I’analyse de I’ADNmt de 985 poissons
appartenant a 85 populations de I’archipel. Nos données indiquent que la lignée relicte est en grande partie restreinte
(18 de 20 populations) a des bassins adjacents du coin nord-est de 1’archipel, aux environs de ce que ’on soupgonne
étre un refuge glaciaire, mais la lignée a également été trouvée dans deux lacs retirés de la coOte ouest de 1’archipel, loin
de tout refuge connu. Nous avons analysé I’ADN mitochondrial (ADNmt) de 33 épinoches du milieu du Pacifique et y
avons constaté la présence des deux lignées, ce qui indique que ces poissons se dispersent encore actuellement dans tout
le Pacifique, et qui contredit les hypotheses antérieures d’une lignée relicte. Des caractéristiques morphologiques
évoluées, telles la perte de la cuirasse et la perte d‘épinqs, ont été observées chez les deux lignées, mais plus

fréquemment chez les €pinoches de la lignée japonaise. Etonnamment, les deux lignées ont été retrouvées ensemble en
19 localités et, a aucune d’elles nous n’avons constaté d’association unidimensionnelle ou multidimensionnelle entre
lignée et morphologie, ce qui indique qu’il existe peu de barri¢res génétiques entre les deux lignées divergentes d’ADNmt.

[Traduit par la Rédaction]

introduction

The threespine stickleback (Gasterosteus aculeatus), widely
distributed in marine and coastal fresh waters of the northern
hemisphere, has become an important taxon for evaluating a
diverse range of evolutionary processes. Freshwater coloniza-
tion by morphologically conservative anadromous stickleback
has resulted in a radiation of form and behaviour exceptional
among fishes (reviews in Wootton 1976, 1984; Bell and
Foster 1994). On the Queen Charlotte Islands (QCI) off
the west coast of Canada, stickleback display morphological
variation over short distances as great as that seen throughout
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the circumboreal distribution of the species (Moodie and
Reimchen 1973, 1976a; Reimchen et al. 1985). Natural
selection is a major factor in the differentiation seen in these
insular populations (Moodie 1972; Moodie and Reimchen
1976b; Reimchen 1980, 1983, 1994). Uncertainties remain
as to whether the more divergent forms have been recently
derived in postglacial periods or are relicts of an ancient
lineage that may have survived in ice-free refugia postulated
for the area (Foster 1965; Kavanaugh 1980; Warner et al.
1982; Schofield 1989; Ogilvie 1989; Taylor 1989).
Preliminary comparisons of restriction fragment length
polymorphisms for mitochondrial DNA (mtDNA) of the
putative marine ancestor and several divergent freshwater
stickleback populations, including the giant stickleback and
a spine-deficient stickleback, indicated recent differentiation
(Gach and Reimchen 1989). Further mitochondrial studies
of 12 QCI stickleback populations (O’Reilly et al. 1993)
identified two major lineages differing by 2.4% sequence
divergence; one of the lineages characterized marine and
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the majority of freshwater populations and the second lineage
was limited to four populations exhibiting a highly derived
unarmoured morphology. This second lineage was found
only in populations from the northeast corner of the islands
near a postulated Wisconsin refugium. Stickleback in one of
these populations carried a highly anomalous parasitic dino-
flagellate (Reimchen and Buckland-Nicks 1990). These data
were most consistent with an extended preglacial history for
these unarmoured stickleback (O’Reilly et al. 1993).

A subsequent global survey of stickleback mtDNA cyto-
chrome b sequences identified a large genetic break between
populations from the western Pacific area (Japanese lineage)
and from most populations in Europe and North America
(Euro-North American lineage) (Orti et al. 1994). Samples
from the QCI were unusual because they included represen-
tatives from both lineages. The relict lineage identified by
O’Reilly et al. (1993) in the unarmoured stickleback cor-
responded to the Japanese cytochrome b lineage, while the
second, more common QCI lineage corresponded to the Euro-
North American cytochrome b lineage. The Japanese lineage
was also found in several localities near putative refugia in
Alaska. Orti et al. (1994) concluded that these disjunct popu-
lations within the Japanese lineage represent relicts that
survived in ice-free areas of coastal North America.

Despite the apparent divergent histories of the two line-
ages, three of the QCI populations that had highly derived
morphologies contained both lineages (O’Reilly et al. 1993).
Intrapopulation mtDNA polymorphisms of this type have
been observed previously in natural populations (Moran and
Kornfield 1993), but the apparent restriction of this poly-
morphism to small, morphologically derived populations
makes this case peculiar. Lineage sorting in small popula-
tions typically leads to haplotype fixation (Avise et al. 1987).
Reproductive isolation between the lineages could account
for the persistence of both lineages, and if so, one suspects
that there will be ecological differentiation between the line-
ages which should be reflected in some morphological traits.

Our objectives in this study are, firstly, to determine
the broad geographical distribution of the ‘‘relict’” lineage
to further focus the search for the putative refugium, and
secondly, to test for any associations between mtDNA
lineage and morphology within and among localities. This
information will provide a historical framework for evalu-
ating the remarkable morphological radiation among the
insular populations.

Materials and methods

In total, 974 stickleback from 82 populations were collected through-
out the QCI in the summers of 1993 and 1994 (Figs. | and 2).
Sample sites included lakes and ponds and to a lesser extent streams
and estuaries. Most sites were in the northeast part of Graham
Island, which is where the greatest number of stickleback popula-
tions occur, including most of the divergent forms. Fish were cap-
tured using standard minnow traps. An average of 12 specimens per
locality were kept and stored individually in 95% ethanol until
further processing. Toward the completion of the study, speci-
mens of threespine stickleback were collected by K. Myers and
K. Negasawa from the mid-Pacific Ocean (45°31'N, 179°24'W).
These were obtained from the stomachs of steelhead and pink
salmon caught on July 24, 1994, by a Japanese research vessel.
These stickleback were fully intact and only weakly digested, sug-
gesting that they had been swallowed close to the area where the
salmon were caught.
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Total cellular DNA was isolated from 0.1—0.5 g of muscle
tissue. The tissue was ground in hexadecyltrimethylammonium bro-
mide (CTAB) buffer (100 mM Tris—HCI, pH 8.0; 1.4 M NaCl,;
20 mM EDTA; 2% CTAB; 0.2% 2-mercaptoethanol) at 60°C and
incubated in the same buffer for 30 min at 60°C. The DNA was
purified with chloroform — isoamyl alcohol and precipitated with
ethanol — ammonium acetate (Doyle and Doyle 1987). To distinguish
between the two divergent lineages a restriction-enzyme test was
used. Although this method does not detect variation within each of
the lineages, it allows the examination of a large number of indi-
viduals, which is critical for accurate mapping of the distribution of
the two groups. The sequences of a 747 base pair (bp) fragment of
the cytochrome b gene from the Japanese and Euro-North American
lineages are known (Orti et al. 1994). These sequences were analyzed
using Mapdraw (DNASTAR Inc., Madison, Wis.) for restriction-
site differences. A Nsil site is present at position 288 of the Euro-
North American lineage but is absent from the Japanese lineage.
Nlalll cuts both lineages at position 399 and has additional diag-
nostic restriction sites on the Euro-North American lineage frag-
ment. Polymerase chain reaction (PCR) was used to amplify a 831-bp
fragment containing the diagnostic restriction sites. Primers used
were L14724 (5'-CGAAGCTTGATATGAAAAACCATCGTTG-3")
and H15525 (5'-TTTGCAGGGGTAAAATTATCAGGAT-3') (Orti
et al. 1994). Amplifications were carried out in a total volume of
20 pL containing 1 uM of each primer, 100 mM Tris (pH 8.8),
0.01% Triton X-100, 2.5 mM MgCl,, 10—1000 ng genomic
DNA, and 0.5 units of Taq Polymerase (Cetus). Resulting PCR
products were digested without purification with Nsil and frag-
ments were separated by electrophoresis through a 2.0% agarose
gel. If the PCR product cut into two fragments (337 and 494 bp)
the individual was assigned to the Euro-North American lineage. If
the PCR product remained uncut, it was digested with Nlalll to
verify that the individual belonged to the Japanese lineage. The
mtDNA from some individuals could not be amplified using the
above primers, so the L14724 primer was used with H15149
(5'-AAACTGCAGCCCCTCAGAATGATATTTGTCCTCA-3')
(Kocher et al. 1989), yielding a PCR product 485 bp long. This PCR
product contained the diagnostic Nsi1 site. A Hincll site present only
inthe Japanese lineage at position 228 of the known sequence was also
used to assay some individuals after this PCR product was obtained.

Morphological data were obtained from all the QCI stickleback
collected (N = 974), in addition to 80 stickleback from five localities
sampled by O’Reilly et al. (1993). Each fish was measured for stan-
dard length (SL), maximum body depth, and pelvic spine length, and
the number of lateral plates on the left side of the body, position of the
lateral plates, presence —absence of spines (first, second, and third
dorsal, left pelvic, right pelvic, and anal), and sex were determined.
Reductions in number of spines were grouped into two categories:
(1) all spines present and (2) one or more spines absent. Body depth
and pelvic spine length, which are body-size dependent, were adjusted
to an average body length of 50 mm SL, based on the total sample
regression slope for each trait (Hagen and Gilbertson 1972). Although
slopes differed visually among populations, sample sizes were too
low to detect statistical departures from equality and we have assumed
equality of slopes. As an estimate of average adult body size for the
populations, we used data from larger samples collected during previ-
ous surveys of these lakes (Reimchen et al. 1985; Reimchen 19924;
T.E. Reimchen, unpublished data). Stream distance (km) from the
sampling locality to the ocean was measured on 1 : 50 000 ordinate
survey maps and log-transformed. Stream channels on these maps
are frequently incomplete for small lakes and the distances are only
approximations. We examined the association between DNA lineage
and morphology using (i) a correlation matrix for the total data set
based on mean population values for each variable, (i) multiple
regressions for the total data set, and for a reduced data set, includ-
ing only localities with both lineages, and (iii) Wilcoxon’s signed-
rank tests for individual localities with both lineages. All statistical
tests were run with SPSS (release 6.0; Norusis 1993). For assessing
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Fig. 1. (a) Location of the Queen Charlotte Islands (QCI) and the collection site in the open
Pacific (®). (b) Locations of study populations of threespine stickleback on the Queen
Charlotte Islands (excluding the northeast corner of Graham Island; see Fig. 2). Populations
marked with an asterisk include samples from O’Reilly et al. (1993). The sample size is 12
unless otherwise noted in parentheses.
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Fig. 2. Location of study populations of threespine stickleback from the northeast corner of Graham
Island. Populations marked with an asterisk include samples from O’Reilly et al. {(1993). The sample
size is 12 unless otherwise noted in parentheses.
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the significance of multiple comparisons in the correlation matrix

been found previously (O’Reilly et al. 1993). Only 1 popula-

and the signed-rank tests, we calculated table-wide probabilities
using the sequential Bonferroni test (Rice 1989).
Resuits

The Japanese lineage was identified from 20 QCI population
samples, including the 4 populations in which the lineage had

tion was monomorphic for the Japanese lineage (N = 20),
while 19 populations contained fish from both of the line-
ages. Samples from the remaining 62 populations included in
this study consisted entirely of fish from the Euro-North
American lineage (Figs. 3, 4). The population samples con-
taining the Japanese lineage were mainly from the north-
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Fig. 3. Geographic distribution of the two mtDNA lineages on the Queen Charlotte
Islands (excluding the northeast corner of Graham Island; see Fig. 4). An asterisk

indicates that samples from O’Reilly et al. (1993) are included.
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east corner of Graham Island. There were two exceptions,
Escarpment Lake and Gudal Lake, which are both on the
west coast of the QCI. All QCI population samples included
in this study that contained fish with the fully plated mor-
phology, which is ubiquitous among marine and recently
derived freshwater isolates of the species, were found to belong
to the Euro-North American lineage. A single fully plated
fish from an estuary at the north of Graham Island (Delkatla
Slough) lacked the diagnostic Nsil restriction enzyme site,
but Nlalll and Hincll restriction fragments showed that the
fish belonged to the Euro-North American lineage. Among
the sample of 33 stickleback from the site in the mid-Pacific,
both mtDNA lineages were identified: 27 individuals belonged
to the Japanese lineage and 6 to the Euro-North American
lineage.

Previous studies showed that the fish from Rouge Lake
were characterized by reduction in relative spine length, fre-
quent reduction in number of spines (73% of individuals),

and frequent loss of all lateral plates (62 % of all individuals,
X = 0.6) (Reimchen 1984), and this was the only sample
(N = 10) monomorphic for the Japanese lineage (O’Reilly
et al. 1993). Consequently, we suspected that these mor-
phological traits might characterize QCI fish within the
Japanese lineage.

A cross-correlation matrix of DNA lineage (percentage
with Japanese lineage) against stream distance and mean
values of morphological parameters is shown in Table 1. The
incidence of the Japanese lineage was not statistically cor-
related with stream distance, SL, relative body depth, or
number of lateral plates, but it was significantly and inversely
correlated with relative spine length and directly correlated
with incidence of spine loss, both of which were highly
correlated with each other.

Multiple-regression analysis using the population means
of the seven variables explained only a small proportion of
the variability between the lineages (R?> = 16%, ANOVA,
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Fig. 4. Geographic distribution of the two mtDNA lineages at the northeast corner of
Graham Island. An asterisk indicates that samples from O’Reilly et al. (1993) are included.
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P < 0.001). Examination of the standardized regression ((3)
coefficients shows that incidence of spine loss (SPLOSS) was
the only variable that contributed significantly to the regres-
sion equation (Table 2). Although an important predictor of
lineage, spLoss is not restricted to populations with the
Japanese lineage (Fig. 5). In Boulton Lake, about 80% of the
stickleback have lost spines, yet the Japanese lineage has not
been detected in this population.

The statistical association between spLOSS and incidence
of the Japanese lineage in the total data set might be a geo-
graphical and statistical artifact. Spine loss among these
populations occurs only in the muskeg lowlands of northeast
Graham Island, possibly as a result of functional adaptations
(Reimchen 1980, 1992a), and this could be coincidental to
the prevalence of the Japanese lineage in the area. Further-

more, many of the 67 samples lacking the Japanese lineage
occur in more mountainous habitats, where fish are exposed
to a predation regime that favours completely spined pheno-
types (Reimchen 1994). To obtain a better evaluation of
DNA lineage and morphology, we excluded all localities that
were monomorphic and performed the multiple regression
on dimorphic samples. Using the same variables as with the
total data set, these data (Table 2, mixed populations.) yield
a stronger overall association (multiple R? = 56%, F =
21.6, P < 0.001), but among the seven variables, relative
body depth (BD50) was the only significant variable in the
regression, and it was inversely related to frequency of
the Japanese lineage. Spine loss (spLOSS) and relative spine
length (sp50), the two significant variables in the correlation
matrix, did not account for any significant component of the
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Fig. 5. Scatterplot of the frequency of the Japanese mtDNA lineage (DNAJP) against
spine loss among samples. The star represents 63 localities (names are excluded to
minimize clutter).
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Table 1. Correlation matrix for DNA lineage and population parameters.
DNA  LNDIS POPSL  SAMPSL BDS0 sp50 SPLOSS PLATE

DNA 1.00 -0.03 0.17 0.14 —-0.06 —0.38* 0.41* -0.21
LNDIS 1.00 0.47* 0.41* -0.25 —-0.13 0.11 —0.53*
POPSL 1.00 0.89* -0.16 —0.03 0.08 -0.31
SAMPSL 1.00 0.00 0.00 0.03 -0.24
BD50 1.00 0.43* —-0.26 0.32
sp50 1.00 —0.63* 0.46*
SPLOSS 1.00 -0.20
PLATE 1.00

Note: pNA, percent occurrence of the Japanese lineage in the sample; LNDIS, natural
logarithm of the distance to marine waters along the stream; popsL, population standard length;
saMPpsL, sample standard length; BDS50, adjusted body depth; spS0, adjusted pelvic spine length;
sPLOsS, incidence of spine loss; PLATE, plate number. The sample size is 87 for all comparisons.

*Significant at P < 0.0018, using sequential Bonferroni correction (two-tailed).

Table 2. Multiple-regression analyses of DNA lineage, marine distance, and morphology of the stickleback.

B coefficient

Multiple  Adjusted
N R R? Fe LNDIS POPSL SAMPSL  BDSO sPS0  SPLOSS  PLATE
Total sample 87 0.41 0.16 17.3** —-0.07 0.13 0.13 0.05 —-0.20 0.41** -0.13
Mixed populations 19 0.75 0.53 21.6** —0.05 036 024 -0.75** -0.02 0.04 -0.03
White Creek watershed 8 0.92 0.83 338+« —0.16 —-0.36 0.02 -0.32 —-0.06 0.42 —0.92**

Note: For an explanation of abbreviations of morphological traits see Table 1. N is the number of populations.
“From ANOVAs.

*P < 0.05.

**P < 0.01.



1052 Can. J. Zool. Vol. 74, 1996

Fig. 6. Scatterplot of the frequency of the Japanese mtDNA lincage (DNAIJP) against
mean lateral plate number among samples in the White Creek watershed.
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variance. Absence of lateral plates, which was identified in
the preliminary mtDNA survey as a characteristic of the
Japanese lineage, is in fact found in both lineages. Three of
the localities in which plates were completely absent were
monomorphic for the Euro-North American lineage. Although
two of these localities had the Japanese lineage elsewhere in
the watershed, one (Slim Lake) was geographically isolated
from other freshwater populations.

We obtained samples from eight localities in the White
Creek watershed. Over a distance of 5 km, frequencies of
Japanese haplotypes ranged from 0% at the mouth to 100% in
the headwaters at Rouge Lake. The five variables accounted for
83% of the total variance in haplotype frequencies (Table 2),
but only one variable, PLATE, contributed a significant com-
ponent to the regression. A scatterplot of DNA against plate
number is shown in Fig. 6.

If the lineages are reproductively isolated, it is reasonable
to expect that a morphological signature would be evident
within localities containing both lineages. Our sample sizes
are small and this limits any substantive analyses. Overall,
there were 95 possible comparisons between lineage and
morphology among the 19 localities. Use of sequential
Bonferroni correction for multiple tests indicates that none
of the 95 comparisons reached the required table-wide sig-
nificance level (P < 0.0002) (Table 3).

Discussion

mtDNA phylogeography

The presence of the two divergent stickleback mtDNA line-
ages on the QCI results from a combination of historical

processes. The first is the origin of the two mtDNA lineages,
and we will follow the suggestion by Orti et al. (1994) that
these groups diverged early in the Pleistocene during sepa-
ration of the stickleback populations on either side of the
Pacific Ocean. The second is the more recent event that led
to the present-day distribution of these two lineages on the
QCI. In a previous study involving 12 localities (O’Reilly
et al. 1993), the Japanese lineage was observed only from the
Argonaut Plain in the northeast region of Graham Island, and
it was absent from five widely dispersed lakes elsewhere in
the archipelago. In the present study, involving 87 popula-
tions, we find that stickleback with the Japanese lineage are
largely, but not exclusively, restricted to a small geographi-
cal area on the Argonaut Plain. More significantly, we have
also identified the lineage in two disjunct localities on the
west coasts of Graham Island and Moresby Island.

The cluster of populations containing the Japanese lineage
in the northeast corner of Graham Island is surrounded by
populations in which only the Euro-North American lineage
was detected. This distribution suggests that the Japanese
lineage represents either a group of relict populations or is
the result of a single source population that dispersed into a
restricted group of watersheds (e.g., Bernatchez and Dodson
1991). Based on radiocarbon dates, Rouge and Serendipity
ponds, which both contain high frequencies of the Japanese
lineage, are between 5000 and 9500 years old (Warner 1984;
R.W. Mathewes, personal communication) and therefore are
unlikely candidates for a refugium. In fact, most of the north-
east region of Graham Island is a broad low-lying plain
covered in Late Pleistocene glacial outwash gravels, so it is















