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ABSTRACT

Geographic patterns of genetic diversity depend on a species’ demographic properties in a given habitat,
which may change over time. The rates at which patterns of diversity respond to changes in demographic
properties and approach equilibrium are therefore pivotal in our understanding of spatial patterns of
diversity. The brook charr Salvelinus fontinalis is a coastal fish exhibiting limited marine movements, such
that a stable one-dimensional isolation-by-distance (IBD) pattern should be observed over the whole range.
Its range, however, recently shifted northward such that northern populations may still be in the process
of reaching equilibrium. We investigated variation in IBD patterns, genetic divergence, and allelic richness
atsix microsatellite markers in 2087 anadromous brook charr from 59 rivers along the most likely postglacial
colonization route. We observed a decrease in allelic richness, together with an increase in differentiation
and a decrease in IBD in the most recently colonized northern populations, as expected following recent
colonization. Contrary to expectation, however, similar patterns were also observed at the southernmost
part of the range, despite the fact that these populations are not considered to be newly colonized. We
propose that the loss of dispersal capabilities associated with anadromy may have caused the southernmost
populations to evolve relatively independently of one another. This study thus demonstrated that changes
in a species’ geographic range and dispersal capabilities may contribute to shaping geographic patterns

of genetic diversity.

ITH few exceptions (e.g., WHITLOCK 1992; DyB-

DAHL 1994; GiLES and GOUDET 1997), population
geneticists have considered that the current partitioning
of genetic diversity in space reflects a species’ long-term
interaction with the habitat in which it reproduces. The-
oretical results have been obtained for increasingly real-
istic models of populations, among which isolation-
by-distance (IBD) models are widely used because they
account for the common observation that dispersal
capabilities of many species are limited in most habitats.
Obviously, such models predict an increase of genetic
differences with geographic distance (WRIGHT 1943).
This pattern of increase has been analytically derived
using asymptotic properties of the equilibrium, i.e., after
sufficient time has elapsed for patterns to be established
and stabilized (SAwWYER 1977). Equilibrium should be
more obvious when dispersal occurs along a linear tran-
sect than across a two-dimensional area (KiMmura and
WEI1ss 1964) and has been included within inference
frameworks designed to estimate demographic parame-
ters such as No? or Nm, the products of effective pop-
ulation size N by either the mean square of parent-
offspring distance o (RousseT 1997) or the fraction of
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a population replaced by migrants each generation m
(SLaTkIN 1993). These methods are commonly used in
the empirical literature of both plant and animal species
(e.g., NEIGEL 1997; BoHONAK 1999; PoGsoN et al. 2001
and references therein).

Such inferences, however, neglect to consider that
ecosystems are dynamic by nature (MCARTHUR and
WiLsoN 1967; Avisk 2000) and that species’ ranges ex-
pand and shrink, sometimes at a fast pace (BROWN et
al. 1996; KIRKPATRICK and BArRTON 1997; Davis and
Suaw 2001). The quaternary period in particular was
one of tremendous periodic shifts in the range of most
northern temperate species (HEwrTT 2000). During this
period, species followed the ice limit, successively ad-
vancing and retreating, such that one may question the
assumption that the timescale of these fluctuations was
very large relative to the time required for equilibrium
patterns to establish. Indeed, although that time is quan-
titatively poorly known (but see SAWYER 1976; SLATKIN
1993; HarDY and VEKEMANS 1999 for IBD patterns),
the geographic distribution of genetic diversity of many
species still bears the footprint of recent natural distur-
bances they each experienced (reviewed in HEwITT
2000), thus providing empirical evidence that the rate
of approach to equilibrium may be slow in comparison
with the disturbance regime. This is problematic since
contemporary spatial patterns of diversity should then
be viewed as reflecting primarily past disturbances
rather than current population dynamics and would
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therefore interfere with our understanding of the inter-
action between evolutionary processes and spatial pat-
terns of genetic diversity. From a practical point of view,
this is also of concern since reliable estimates of migra-
tion rates or dispersal distances are increasingly de-
manded as integral elements of applied management
and conservation decisions.

SLATKIN (1993) showed theoretically that in a species
expanding its range instantaneously to a new habitat,
the correlation between genetic and geographic dis-
tances should first be low and then increase progres-
sively until the pattern of increase reaches its stationary
value. The pattern of increase should be most obvious
in a one-dimensional habitat and be first attained at
short geographic distances before the pattern spreads
over larger geographic distances. The size of the region
where IBD is evident should increase with the parame-
ter \/2 Nmr, where T is the time since the foundation of
the population, mis the fraction of migrants each gener-
ation, and Nis the subpopulation size. Thus, with small
Nm values (low number of migrants each generation)
and recent foundation (small 7), the observed rate of
increase of genetic differences with distance in recently
settled systems may reflect foundation processes rather
than contemporary demographic parameters, especially
at wider geographic scales.

Empirical studies monitoring the evolution of spatial
patterns of genetic diversity provide an important con-
tribution to our understanding of the origin of geo-
graphic patterns of genetic diversity (BOILEAU et al.
1992; WartrLock 1992; DyBpaHL 1994; HoSSART-
MCcKEY et al. 1996; GILEs and GOUDET 1997). Yet, they
remain rare in the literature, mainly because dealing
analytically with spatial and temporal heterogeneity in
demographic parameters is inherently difficult. Popula-
tions located at the expanding edge of a species’ range
typically show a high occurrence of dispersing pheno-
types (THOMAS ¢t al. 2001) and low allelic richness (e.g.,
TABERLET et al. 1998; FRYDENBERG el al. 2002), while
differentiation can be either decreased (e.g., DYBDAHL
1994; GREEN e/ al. 1996; BERNATCHEZ and WILsON 1998;
WiLcock et al. 2001) or increased (BERLOCHER 1984;
Jonnson 1988; WaiTLOCK 1992; MCCAULEY et al. 1995;
INGVARSSON and GILEs 1999; Comps et al. 2001), de-
pending on the dynamic of colonization (SLATKIN 1977;
IBRAHIM et al. 1996; AUSTERLITZ el al. 1997, 2000; LE
CorrEe and KReMER 1998). Empirical data on the evolu-
tion of IBD patterns during the early settlement of a
species in a new habitat remain even scarcer (but see
LeBLOIS et al. 2000; BARRAT et al. 2001; KINNISON et al.
2002). A first approach relies on demographic estimates
and a colonization scenario showing that IBD should
have been apparent if sufficient time had elapsed (e.g.,
LeBLOIS ef al. 2000; KINNISON et al. 2002). A drawback
of this approach is that it relies entirely on the precision
of demographic estimates and often cannot be disentan-

gled from statistical impediments to detect an IBD sig-
nal. Indeed, the absence of a clear pattern of IBD in
species with restricted dispersal is typically taken as an
indication that populations depart from equilibrium
conditions, even if a precise knowledge of recent demo-
graphic events is lacking (e.g., HELLBERG 1995; BAER
1998; HurcHIisoN and TEMpPLETON 1999; EHRICH and
SteNsETH 2001). Using a second approach, other stud-
ies have compared IBD patterns among sets of popula-
tions of different ages (GREEN ef al. 1996; BARRAI et al.
2001) and ascribed differences in IBD patterns to their
temporal evolution. This comparative approach re-
quires a large amount of data and thus typically confines
the comparison to a limited number of discontinuous
sets of populations within a small portion of the species’
range (north vs. south in North America, GREEN et al.
1996; United States vs. Europe, BARRAI et al. 2001).
Furthermore, because habitat structure and migration
patterns may eventually vary among sets of populations,
it may also be difficult to control for several sources of
additional variation when the number of samples is
small. In sum, although empirical studies have provided
important insights into the evolution of geographic pat-
terns of genetic diversity, they have remained limited
in scope by the number of populations surveyed, by the
lack of knowledge of historical events and demography,
and by uncertainties about the precise migration pat-
tern of the species in a given habitat.

This study is based on a nearly exhaustive sampling of
brook charr (Salvelinus fontinalis Mitchill) populations
exhibiting anadromy (seasonal migrations between
fresh- and saltwater used for reproduction and feeding,
respectively) along a linear coast associated with a tem-
poral gradient of colonization. This gradient allowed
us to infer the temporal evolution of IBD patterns from
their spatial variation along the linear coast. The brook
charr is endemic to northeastern North America
(Power 1980), where the quaternary period resulted
in a series of rapid northward and southward shifts of the
whole biota (HocuTT and WiLEY 1986; PieLou 1991).
These dramatic climatic oscillations came to an end no
earlier than 18,000 years ago, and the last northward
shift in distribution followed the retreat of the Wiscon-
sinian Ice Sheet from eastern Canada (11,000 YBP; DYKE
and PresT 1987). Because the ice cap retreated from
south to north, the brook charr reinvaded eastern Can-
ada northward from the single “Atlantic” glacial refug-
ium (DANZMANN el al. 1998) located off the Atlantic
coast of New England (ScamipT 1986). No paleontolog-
ical data are available on the dynamic of recolonization,
but marine movements of brook charr appear to be
restricted to the coastal fringe, suggesting that colonists
had to follow the coastline to colonize rivers they now
inhabit. The Gulf of Maine was freed of ice 13,000 years
ago (BORNs et al. 1985) and the lower north shore of
the St. Lawrence River (Quebec, Canada) 10,000 years
ago (DEnTON and TERENCE 1980), so the minimum
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time span between colonization of both areas was 3000
years. Furthermore, because brook charr populations
had to follow their invertebrate prey, which in turn had
to follow vegetational range shifts (DE VERNAL et al.
1993), they could not establish instantaneously, and the
date of ice retreat therefore provides a maximum time
frame within which the last colonization must have oc-
curred. For instance, palynological studies indicate that
modern vegetation developed in western Labrador only
~3770 years ago (DE VERNAL and HILLAIRE-MARCEL
1987). The south-north gradient thus also corresponds
to a time gradient, whereby northern charr populations,
putatively younger, were founded at least 3000 years
later than southern populations and possibly as much
as 9230 years later. Although there seem to be no major
physiological constraints to rare long-distance migration
events as long as salinity and temperature conditions
remain tolerable, distances covered over a season by
brook charr in the coastal zone are typically short
(WHITE 1942; J. vAN DE SANDE, A. CURRY and F. G.
WHORISKEY, unpublished results). Because tolerable
temperature and salinity conditions for brook charr are
found only in the coastal fringe, distances swum in ma-
rine open waters are probably even more limited (WHITE
1942; BESNER and PELLETIER 1991).

Taken together, one can predict from the one-dimen-
sional nature of coastal areas and the restricted move-
ments of anadromous brook charr that IBD should be
apparent if time was sufficient for an IBD pattern to
establish. Therefore, we first tested the null hypothesis
of no correlation between coastal and genetic distances.
Second, if equilibrium was reached all along the 4992
km of coastline, then no variation in the slope of the
IBD relationship should occur along this south-north
temporal gradient. Alternatively, if the effect of coloni-
zation was still perceptible, a lower IBD slope should
be observed among the most recently settled popula-
tions. We thus tested the null hypothesis of no variation
in the slope of IBD along the colonization gradient.
Third, if colonization processes still prevail at the north-
ern edge of the range, they should also translate into
differences in levels of genetic diversity and divergence
relative to more southern populations. We thus also
tested the null hypothesis of no spatial variation of intra-
population genetic diversity and the extent of genetic
divergence.

MATERIALS AND METHODS

Sampling design: A total of 2087 anadromous brook charr
were collected from 52 rivers along the Canadian Atlantic
coast and from 7 rivers from Anticosti Island, Quebec, Canada
(mean N = 35.4, Table 1, Figure 1). This sampling covers
nearly 75% of all important rivers inhabited by anadromous
brook charr in the region. The brook charr occurs in coastal
habitats as far south as North Carolina (McCrRIMMON and

CaMPBELL 1969), but no anadromous movements are currently
known to occur south of the Gulf of Maine (Figure 1; BiGELow
and SCHROEDER 1953). Therefore, samples were collected
from one of the southernmost rivers where anadromous move-
ments currently occur (Hunter’s Brook in Acadia National
Park, Maine, labeled km 0) and spanned northward over 4992
km of coastline to the lower north shore of the St. Lawrence
River (Figure 1). All fish were collected either in river mouths
or in the downstream section of the rivers, below any physical
barrier to migration. Distances among river mouths were mea-
sured along the coastline on 1/250,000 topographic maps.
No major stocking occurred for the species in coastal areas,
such that all populations can be considered as native. Adipose
fins were nonlethally removed and preserved in 95% ethanol
for genetic analyses.

Microsatellite diversity within and among populations: Total
DNA was isolated using a standard phenol-chloroform proto-
col (SAMBROOK et al. 1989), and individuals were genotyped
at six microsatellite loci (SFO-12, SFO-18, SFO-23, SFO-8, SSA-
197, and MST-85) as described in CaSTRIC et al. (2001).

The number of different alleles per locus was standardized
to the smallest sample size (N = 13, i.e.,, 26 alleles sampled),
using a rarefaction method that estimates the expected num-
ber of alleles in a sample of a given size (PETIT et al. 1998).
Although our mean sample size was much higher (N = 35.4),
PETIT et al. (1998) showed that their method provides an
efficient way to directly compare estimates of allelic richness
among populations with different sample sizes. Genetic diver-
sity was quantified by the observed heterozygosity H, and the
unbiased estimate of heterozygosity corrected for the sampling
bias (Hy, NET 1987). Population means of genetic diversity in
the present study were compared to those observed in Maine
for populations strictly restricted to landlocked freshwater
habitats (CASTRIC et al. 2001), using the Student’s #test in
Statview v.5.01. (SAS INSTITUTE 1998).

Departures from Hardy-Weinberg (HW) proportions were
tested in each sample using an approximation of an exact
test based on a Markov chain iteration implemented in the
Genepop software package version 3.1 (RAyMoND and Rous-
SET 1995). Multilocus values of significance for HW tests were
obtained following Fisher’s method to combine probabilities
of exact tests (SOKAL and RoHLF 1995). Critical significance
levels for multiple testing were corrected following the sequen-
tial Bonferroni procedure (a = 0.05, & = 59; Rick 1989). The
extent of deviation from HW proportions was quantified by
WEIR and CoCKERHAM’s (1984) estimator of Fg (f) at each
locus in each river using Genetix 4.02 (BELKHIR et al. 2000).
We also tested whether the same loci consistently exhibited
stronger deficits across all populations using Kendall’s concor-
dance method (SoxaL and RoHLF 1995, p. 593).

Heterogeneity of allele frequencies among samples was
tested with Genetix’s permutation procedure using 2000 per-
mutations in the global test and 30,000 permutations in the
pairwise test to maintain the tablewide significance level ata =
0.05 after sequential Bonferroni correction (k= 1711 pairwise
comparisons). Global population differentiation was esti-
mated in Genetix by WEIR and COCKERHAM’s (1984) Fyr esti-
mator 0. A neighbor-joining phenogram based on CAVALLI-
SrorzA and EDWARDS’s (1967) chord distance was constructed
using Phylip 3.57c (FELSENSTEIN 1993) to depict the pattern
of genetic relationships among populations. Support for the
topology was estimated using 1000 bootstrap replicates.

Isolation by distance: Patterns of IBD were analyzed using
RoOUSSET’s (1997) regression-based framework. With finite
variance of parental position relative to offspring position (o?),
a linear relationship is expected between Fs/(1 — Fyr) and
distance between populations pairs (j) in a one-dimensional
linear habitat: Fsr/(1 — Fr) = A,/ (4No) + j/ (4No%e), where
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TABLE 1
Anadromous brook charr samples collected
Coastal distance Latitude  Longitude

Label Sample location Geographic region from km 0 N w N
1 Hunter’s brook (Acadia National Park) Gulf of Maine 0 40
2 Riviere Kennebecassis Bay of Fundy 280 45° 19" 00”7 66° 08" 00” 41
3 Dolan Brook Bay of Fundy 345 45° 21' 00” 65° 38" 00” 33
4 Cornwallis River Bay of Fundy 530 45° 06" 00”7 64° 21" 00” 40
5  Acacia Brook Bay of Fundy 786 44° 35" 00” 65° 45" 00”7 25
6  Jordan River, Nova Scotia Bay of Fundy 1086 43° 46" 007 65° 14’ 00” 29
7 Petite Riviére Atlantic Coast, Nova Scotia 1166 44° 14’ 00”7 64° 26’ 00” 29
8 West River, St. Mary Atlantic Coast, Nova Scotia 1406 45° 15" 00”7 62° 04’ 00” 24
9 Baddeck River Atlantic Coast, Nova Scotia 1806 46° 05’ 00” 60° 52" 00” 39
10 Clyburn Brook Adantic Coast, Nova Scotia 1886 46° 40" 00”7 60° 24" 00” 30
11 McKenzies River Magdalen Shelf 1956 46° 48" 25”7 60° 49" 35”7 30
12 South River Magdalen Shelf 2126 45° 36" 00”7 61° 55" 00” 38
13 Wallace River Magdalen Shelf 2302 45° 49’ 00”7 63°31' 00” 24
14 Black River Magdalen Shelf 2522 47° 03" 00”7 65°13" 00” 15
15 Riviere Kouchibouguacis Magdalen Shelf 2522 46° 47" 00”7 64° 54’ 00” 30
16 Cains Brook Magdalen Shelf 2582 45° 41’ 00”7 65° 02" 00”7 17
18 Riviere Tabusintac Magdalen Shelf 2676 47° 20" 00”7 64° 56" 00” 36
19 Riviére Jacquet Chaleur’s Bay 2956 47° 55" 00”7 66° 01’ 00” 23
20 Riviere Matapedia Chaleur’s Bay 2959 47° 58" 177 66° 56" 32”7 19
21 Riviere Patapedia Chaleur’s Bay 2959 47° 51" 00”7 67° 23" 00” 23
22 Riviere Restigouche Chaleur’s Bay 2959 48° 04’ 00”7 66° 20" 00” 30
23 Riviere Nouvelle Chaleur’s Bay 3019 48° 06’ 14”7 66° 16’ 58” 30
24 Riviere Petite-Cascapedia Chaleur’s Bay 3079 48°09' 26” 65° 51" 14”7 46
25 Riviere Bonaventure Chaleur’s Bay 3110 48° 25" 16” 65° 30" 15”7 50
26 Riviere Port Daniel Chaleur’s Bay 3141 48° 10" 01”7 64° 57" 45” 35
27  Riviere de ’Anse a Beaufils Chaleur’s Bay 3212 48° 28" 15”7 64° 18" 33”7 46
28  Ruisseau Murphy Chaleur’s Bay 3251 48° 34" 19”7 64° 17" 42”7 31
29  Riviere St. Jean Gaspésie 3286 48° 46" 08” 64° 26" 51”7 35
30 Riviere York Gaspésie 3301 48° 48" 577 64° 33" 18" 19
31 Riviere de ’Anse a Valleau Gaspésie 3421 49° 05’ 00”7 64° 33" 00” 55
32 Riviere Grande Vallée Gaspésie 3453 49° 14’ 00”7 65° 08" 00” 49
33  Ruisseau Manche d’Epée Gaspésie 3476 49° 15" 00” 65° 26" 00” 57
34  Riviere Mont-Louis Gaspésie 3499 49° 14’ 00”7 65° 44" 00”7 42
35 Riviere Marsoui Gaspésie 3525 49° 13" 00”7 66° 04" 00”7 21
36  Riviere Ste. Anne Gaspésie 3558 49° 08" 00”7 66° 30" 00” 15
37  Riviere Cap-Chat Gaspésie 3578 49° 06’ 00”7 66° 40" 00” 28
38 Rivieére Ste. Marguerite (Saguenay) North shore St. Lawrence 3958 48° 15" 49”7 69° 56’ 47”7 50
39  Riviere des Escoumins North shore St. Lawrence 3990 48° 20" 50”7 69° 27" 00” 50
40  Riviere Laval North shore St. Lawrence 4030 48° 46" 00”7 69° 03" 00” 68
41  Riviere Godbout North shore St. Lawrence 4158 49°19' 00”7 67° 35" 00”7 22
42 Riviere Trinité North shore St. Lawrence 4188 49° 25" 05”7 67° 18" 16” 50
43 Riviere du Calumet North shore St. Lawrence 4214 49° 37" 007 67° 13" 00” 48
44 Riviere Ile de Mai North shore St. Lawrence 4264 49° 55" 38” 66° 57" 50”7 50
45 Riviere Moisie North shore St. Lawrence 4344 50° 16" 00”7 65° 56" 00” 49
46  Riviere St. Jean North shore St. Lawrence 4472 50° 17" 00”7 64° 20" 00” 50
(continued)

Nis the effective subpopulation size, A, is a constant depen-
dent on the shape of the dispersal distribution (constant
in SAWYER 1977, Equation 2.4), and € is the distance among
consecutive habitat patches. A permutation method imple-
mented in Genetix 4.02 (2000 permutations) was used to test
the significance of Mantel’s correlation coefficient between
coastal distance and Fsp/ (1 — Fsp). We then tested whether

IBD was constant over geographic scales by computing the
regression slope of Fg/ (1 — Fgr) over coastal distance, succes-
sively including pairwise comparisons of populations sepa-
rated by increasingly large distances. For example, the slope
at 100 km was obtained by including pairs of populations
separated by 100 km or less, whereas all pairs at 200 km or
less were included for the 200-km slope.
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TABLE 1
(Continued)
Coastal distance Latitude  Longitude
Label Sample location Geographic region from km 0 N w N
47 BaieJohann-Beetz Lower north shore St. Lawrence 4592 50° 17" 00” 62° 48" 00” 13
48 Riviere Washicoutai Lower north shore St. Lawrence 4736 50° 18’ 00” 60° 52" 00” 48
49 Riviere Watasheistic Lower north shore St. Lawrence 4846 50° 24" 00” 59° 50" 00” 31
50 La Tabatiére Lower north shore St. Lawrence 4896 50° 50" 00” 58 59’ 00” 48
51 Riviere St. Augustin Lower north shore St. Lawrence 4944 51° 12" 00” 58° 35" 00”7 46
52 Riviere St. Paul Lower north shore St. Lawrence 4992 51° 27" 00”7 57° 42" 00” 41
Al Riviere Bec-Scie Anticosti Island — 49° 43’ 00”7 64° 03" 20”7 30
A2 Riviere a la Loutre Anticosti Island — 49° 37" 00”7 63° 48" 00” 27
A3 Riviere Jupiter Anticosti Island — 49° 28" 34”7 63° 35" 377 26
A4 Riviere Ferrée Anticosti Island — 49° 09’ 15”7 62° 42" 55” 45
A5 Riviere Chaloupe Anticosti Island — 49° 08’ 00”7 62° 32" 00” 32
A6 Riviere Patate Anticosti Island — 49° 43" 00” 62° 55" 00”7 24
A7 Riviere McDonald Anticosti Island — 49° 45" 277 63° 03’ 10” 15

Geographic regions based on coastal morphology.

Isolation by distance on the way toward equilibrium: The
evolution of IBD patterns along the colonization gradient was
further investigated using a sliding-window analysis based on
RousseT’s (1997) inference framework described above and
programmed in the mathematics computer language Maple 6
(WATERLOO 1999). Because northward colonization most likely
followed the coastline, coastal distance from the southernmost
population was used as a surrogate for age of populations. A
constant width window was slid along the coast, successively in-
cluding different sets of populations from the southernmost
population (population 1 at coastal kilometer 0) to the north-
ernmost population (population 52 at kilometer 4992). Since
they are geographically isolated from all others by marine
open waters, samples from Anticosti Island were excluded from
this analysis. The width of the window (600 km) was chosen as
a compromise so as to be as narrow as possible while constantly
including at least four populations over the main part of the
range. To consistently compare values across geographic areas,
sampling density was kept constant by resampling all possible
sets of four populations within each window if it included
more than four populations (final density = 1 sample every
150 km) and by removing the window from the analysis other-
wise. The slope and intercept of the least-squares regression
line of all possible four-population subsamples were computed
within each 600-km window, and their mean over all possible
combinations was plotted against the location of the southern
end of the window (in kilometers). The window was then
shifted by a 10-km increment northward along the coast and
computations of the mean slope and mean intercept were
performed again with the populations now included in the
new 600-km span. The slope provides an estimate of No? and
should progressively increase in recent systems (more north-
ern populations) evolving toward equilibrium (SLATKIN 1993;
see RousseT 1997 for the equivalence with Slatkin’s notation
system). The intercept provides an estimate of A,/ (No) and
is thus also dependent upon the shape of the distribution via
the parameter A;. Leptokurtic dispersal distributions tend to
be characterized by large A;, such that variation in the inter-
cept can reveal variations in ¢ or variations in the shape of
dispersal distances. The variation pattern of the slope and
intercept along the coast was investigated using a cubic spline
analysis in GLMS 4.0 (ScHLUTER 1988), thus making no prior

assumption about the form of the relationship. Values for
parameter A were chosen to provide smooth curves (N =
10), and 10,000 bootstrap replicates were used to depict the
sampling variability of the fitted function. As the geographic
variation in slope and intercept depicted by the cubic spline
analysis closely matched a quadratic model (see RESULTS), the
significance of this model was further tested using a permuta-
tion method that took into account the nonindependence of
data points generated by the sliding-window analysis due to the
inclusion of some of the same populations within successive
windows. To that end, population locations along the coastline
were randomly shuffled 1000 times in a manner that preserved
the spatial structure of the sampling design. As above, the
variation of IBD slope and intercept for each of these random
configurations was described using the sliding-window analy-
sis, except that all populations were considered within each
window, such that the variation pattern in random replicates
had the same dependence structure as the original pattern.
A best-fit second-order regression line was fitted on each repli-
cate, and the quadratic term compared to the observed one to
generate the probability that the observed pattern of quadratic
variation in either slope or intercept of the IBD relationship
did not differ from random expectation.

Joint evolution of IBD, Fsy, and allelic richness: If coloniza-
tion processes still prevail at the northern edge of the range
and can be detected on IBD patterns, they may also have left
their footprint on allelic richness and on the extent of genetic
divergence (Fsr). A cubic spline analysis was first used to investi-
gate the variation pattern of the number of alleles and Fyr
along the coast (A = 12 and N = 10, respectively), and the
significance of the quadratic term was tested for I5; by permut-
ing populations along the coast, as described above. Allelic
richness is computed for each population independently, such
that successive data points are statistically independent from
each other (in contrast with data from the sliding-window
analysis). Consequently, the significance of the quadratic term
of the best-fit second-order regression line for allelic richness
was tested using a backward stepwise model simplification
procedure (in Statview) to determine whether a quadratic
correlation explained significantly more variance than a linear
correlation. Because geographic variations in genetic diversity
may compromise the use of the fixation index [ as an indica-
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F1GURE 1.—Location of brook charr samples. Numbers refer to locations in Table 1. The southernmost population is labeled
kilometer 0 and is close to the southern limit of the anadromous brook charr distribution. Distances were linearly measured

along the coast in a northward direction to kilometer 4992.

tor of population differentiation (PETIT et al. 1995; HEDRICK
1999; WHiTLOCK and McCAULEY 1999), a second analysis was
run by standardizing Fsr estimates by the maximal theoretical
value they could reach at a given level of diversity in a window:
1 — H.

RESULTS

Microsatellite diversity within and among popula-
tions: High levels of allelic richness and genetic diversity
were found at all loci (see supplemental appendix at
http:/www.genetics.org/supplemental/; Figure 2A).
Thus, consistently more alleles were found within the
anadromous than within the landlocked populations
from Maine (CasTrIic et al. 2001; t = 6.086, P << 0.0001).
A globally significant heterozygote deficit was observed
over the whole data set (Fs = 0.0817, P < 0.0005).
Kendall’s rank test revealed that several loci were consis-
tently more affected than others (P = 0.0057), thus
suggesting that technical artifacts such as nonamplifying
alleles (CALLEN et al. 1993) or small allele dominance
(WATTIER et al. 1998) at specific loci (SFO-8 and MST-
85) may have contributed to the deficit. The rank corre-
lation was, however, very weak (Kendall’'s W = 0.05),
and the deficit could be detected over all loci (P <

0.0005 for all six loci, supplemental appendix at http:/
www.genetics.org/supplemental/), suggesting that nonar-
tifactual explanations also have to be taken into account
(CasTRIC et al. 2002). Namely, heterozygote deficits
could partly result from a Walhund effect in several
rivers (e.g., Boura et al. 2002), which would bias the
estimation of genotype frequencies, but not that of al-
leles. Furthermore, because no spatial pattern was obvi-
ous in the distribution of deficits, the occurrence of
heterozygote deficits in several samples is unlikely to
affect any of our main interpretations and conclusions.

Significant heterogeneity of allele frequencies was ob-
served among populations (P < 0.0005). The global Fyy
value was 0.1068, but this figure varied geographically
(Figure 2B). Significant differences in allele frequencies
were observed in 1695/1711 pairwise comparisons
(99.1%) after sequential Bonferroni correction (final o =
0.00323). As indicated by the neighborjoining pheno-
gram (Figure 3), geographically proximate populations
generally tended to be genetically similar. With the ex-
ception of Anticosti Island populations, significant boot-
strap values were restricted to the tip nodes, suggesting
that no strong barrier to gene flow existed along the
coast. In contrast, populations from Anticosti Island
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FIGURE 2.—Variation in geographic patterns of genetic diversity along the south-north colonization gradient following the
coastline. (A) Number of alleles over the six microsatellite loci. The number of alleles was standardized to a constant sample
size (N = 26 alleles) using a rarefaction method (PETIT et al. 1998). (B) Geographic variation in f4r, depicted using a sliding-
window analysis. A 600-km-wide window was shifted along the coast in 10-km increments. Each data point refers to the mean Fyy
over all possible combinations of four populations within each window. Windows including fewer than four populations were
discarded. (C) Geographic variation in the slope of the isolation-by-distance relationship revealed by the sliding-window analysis.
(D) Geographic variation in the intercept of the isolation-by-distance relationship revealed by the sliding-window analysis. Thin
solid lines are the estimated regression functions from a cubic spline analysis with 1 standard deviation above and 1 standard
deviation below represented as dotted lines. Thick solid lines are the best-fit quadratic relationships against which variation

patterns were tested.

clustered together with strong statistical support (boot-
strap = 86%), thus providing direct support for the
hypothesis that open marine waters act as a strong bar-
rier to gene flow in anadromous brook charr. All further
analyses were thus restricted to samples collected along
the coast (i.e., excluding Anticosti).

Analysis of isolation by distance patterns: The genetic
similarity of geographically proximate populations was
further confirmed by the strong and highly significant
correlation observed over the whole data set between
distance and genetic divergence (Figure 4, Mantel’s test,
P < 0.0005). The best-fit regression model had a slope
of 3.37 X 107° km™' and an intercept of 0.07743. The
slope, however, varied as a function of the spatial scale at
which the relationship was examined (Figure 5). When
considering only pairs of populations separated by <50
km, considerable variation in the value of the slope was
found (range = —0.00111-0.00247). This was followed

by a log-linear decrease of the slope with increasing
spatial scale (Figure 5).

Isolation by distance evolving toward equilibrium:
There was considerable geographic variation in the re-
gression slope of the IBD pattern, especially at distances
<1500 km from the southernmost sample, where nega-
tive as well as positive values were observed (Figure 2C).
However, the median value of slopes was near zero,
suggesting the absence of any significant trend in IBD
pattern at distances <1500 km. When excluding south-
ern populations <1500 km from the analysis, the cubic
spline analysis revealed a maximum value of the slope
near population 30 at kilometer 3366 with a decline
both in more northern and in more southern regions.
The permutation test provided further indication that
geographic variation in the IBD slope was quadratic.
Thus, the probability that the quadratic term of the
second-order regression was similar to random expecta-
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tion was only P= 0.0606. Similarly, geographic variation
in the IBD intercept was more likely to fit a quadratic
than alinear model (P = 0.0196). Thus, the lowest value
for parameter A,/ (No) was observed at kilometer 2646

0.6 7 i
Mantel’s test:
P <0.0005
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~ 0.4 o g
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L:-f' L] = L]
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F1cure 3.—Neighborjoin-
ing phenogram based on D
distances depicting genetic
similarities among popula-
tions. Population numbers re-
fer to Table 1. Confidence val-
ues for nodes are percentages
over 1000 bootstrap repli-
cates. Note the tight cluster-
ing with a high bootstrap
value of 86% for the Anticosti
Island  populations. Only
bootstrap values >50% are
shown.

between populations 17 and 18 (Figure 2D). Statistics
of commercial landings for the species do not indicate

any trend of reduction in population size N toward the
north (MarLouiN 1996). Consequently, according to
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FIGURE 4.—Isolation-by-distance
relationship between all popula-
tion pairs, where Fyp/ (1 — Fgr) was
regressed over coastal distances.
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RousseT (1997), the northward increase in intercept
values suggests either higher A, (e.g., due to a more
leptokurtic dispersal pattern) or lower o (e.g., due to
reduced migration rate).

Joint evolution of IBD, Fg;, and allelic richness: As
observed for IBD slope and intercept, allelic richness
varied geographically, with a quadratic model capturing
significantly more variance than a linear model (Figure
2A, P=0.002). The highest number of alleles was found
at intermediate distance (kilometer 2945 in Chaleur’s
Bay near population 19; Figures 1 and 2A) with a lower
allelic richness observed either northward or southward.
The sliding-window analysis revealed that Fgr reached a
minimum value at intermediate distances (kilometer
2444 between populations 13 and 14) compared to ei-
ther farther north or farther south, with a significant
pattern of quadratic variation (Figure 2B, P < 0.001).
Correcting for variation in intrapopulation diversity also
provided a significant quadratic pattern of latitudinal
variation (P < 0.001, data not shown), indicating that
the different upper bounds possibly reached by Fsr with
different levels of diversity were not responsible for this
pattern.

DISCUSSION

This study provided evidence for important variation
in geographic patterns of genetic diversity and structur-
ing among anadromous brook charr populations. As
predicted from its life history, IBD appeared to be the
basic process shaping population genetic structure in
this species. Yet, the comparative analysis also showed
that contemporary patterns of IBD, allelic richness, and
genetic divergence varied with the putative time since
population founding. This suggests that the timescale
required for equilibrium patterns to settle may be of
the same order of magnitude as that of demographic
disturbances experienced by brook charr over a large

portion of its range during postglacial times. However,
contrary to the expected variation if the system had been
progressively approaching a single equilibrium state,
spatial patterns did not remain constant at the southern
end of the range, where populations have most likely
been present for a longer period of time. We propose
that anadromy as a form of dispersal has declined in the
region that was first colonized following deglaciation,
leading to increased fragmentation, which is now blurring
the patterns that were initially shaped by the interaction
between drift and migration. Our results therefore indi-
cate that the temporal window within which latitudinal
patterns of genetic diversity reflect the species’ long-
term interaction with its habitat may be narrow.
Biology of seawater migrations: This study also pro-
vided insights into the patterns of coastal movement in
the brook charr. Higher levels of intrapopulation ge-
netic diversity were found compared to landlocked pop-
ulations from Maine (CasTrIC et al. 2001), indicating
that the higher opportunities for migration provided
by the coastal habitat translate into a more even distribu-
tion of genetic diversity among populations. Despite
high connectivity in anadromous relative to freshwater
populations, brook charr found in different rivers, even
those separated by short distances, were genetically dis-
tinct, indicating that straying rates are low and/or hom-
ing behavior is precise. This was most obvious among
southern populations, where the regression model pre-
dicted 24.8 alleles over the six microsatellite loci for the
southernmost population (kilometer 0). This value was
similar to levels found in lacustrine populations from
Maine (CAaSTRIC et al. 2001), suggesting that reduction
in expression and, perhaps, loss of anadromy toward the
south rendered populations as isolated as landlocked
populations. The significant correlation observed be-
tween Fgr/ (1 — Fgr) and geographic distance together
with the strong clustering of Anticosti populations also
confirmed earlier direct observations of limited move-
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ments of brook charr in high-salinity waters (WHITE
1942) and precluded the possibility of cross-inlet migra-
tion, thus providing additional support for the one-
dimensional migration model. Such limited movements
may be due to the species’ limited tolerance for high
salinity water, although other mechanisms may also be
involved. The observation of repeated incursions of fish
into nonnatal rivers before entering their “home” river
(SMITH and SAUNDERS 1958) suggests that the potential
for straying is higher than the actual level of genetic
exchanges among rivers and consequently that the hom-
ing behavior is active and strong in brook charr. Direct
observations and experimental data, however, remain
elusive (but see KEErE and WINN 1991). Field observa-
tions of fish repeatedly returning to spawn on the same
spawning grounds within a river (S. LENORMAND and
J- J. DopsoN, unpublished data) and evidence for ge-
netic distinctiveness of fish spawning on different spawn-
ing grounds within the same river system (BouLA et al.
2002) provide further support for the hypothesis that
homing can be very precise.

Initial formation of spatial patterns: “The rise . . .”:
Given the current knowledge on the species’ biology
and assuming equilibrium conditions, no pronounced
variation in the spatial patterns of allelic richness, popu-
lation divergence, or IBD would be expected. Yet, each
of these patterns decreased with increased distance
northward. Because northern latitudes are also the most
recently colonized regions along the temporal gradient,
our data support the hypothesis that colonization pro-
cesses are still prevailing in shaping spatial patterns of
genetic diversity among northern charr populations.
Such a gradient of genetic diversity has also been re-
ported in phylogeographic studies and has been inter-
preted as the result of sampling processes during coloni-
zation from southern glacial refugia (HEwiTT 1996;
Avise 2000). These studies also suggested that mutation
rate and/or subsequent migration are usually too low
for equilibrium levels of allelic richness to recover. The
effect of colonization on population differentiation is
less straightforward because it depends on the number
and origin of colonists (SLATKIN 1977; LE CorrE and
KREMER 1998). Assuming that the pattern of migration
operating at earlier times of colonization was compara-
ble to that observed among contemporary populations,
colonists would have been successively drawn from the
most recent populations at every step of the process.
With numerous colonists, the sampling effect should
have been negligible and lower levels of divergence
among populations would have been expected in recent
compared to older populations (SLATKIN 1993; BERNAT-
cHEZ and WiLsoN 1998). In contrast, with a low number
of colonists, a stepwise colonization would involve suc-
cessive founder events and should thus lead to increased
divergence in recently colonized populations (LE CORRE
and KrReMER 1998). The general increase of divergence
and decrease in allelic richness we observed in northern

populations therefore suggest that founder effects may
have prevailed at times of recolonization following de-
glaciation. Assuming constant N and o across popula-
tions, the increased intercept of the IBD relationship
(related to parameter A;/No) in northern areas further
indicates a leptokurtic distribution of dispersal distances
during colonization (high A;). If so, the dynamic of
migration of new areas would differ from that observed
among populations that were established earlier in time.
Contrasts between early colonization and subsequent
migration dynamics have been proposed in other stud-
ies, especially for plants where colonization occurs
through seeds while subsequent gene flow primarily
occurs through pollen (Comps et al. 2001). In salmonids,
exponential demographic growth of salmonid popula-
tions is frequently reported after removal of barriers to
migration (e.g., BRYANT et al. 1999; TREMBLAY ef al.
2001). Competition may thus quickly intensify following
population founding, resulting in reduction of fitness
of subsequent migrants compared to colonists (NICH-
oLs and HEwiTT 1994; DAvis and SHAW 2001).

“. .. and fall”: disruption of spatial patterns and the
evolution of dispersal: Assuming that nonequilibrium
dynamics had been the sole factor explaining the ob-
served variation of latitudinal patterns of genetic diver-
sity, then such patterns should have remained constant
once established at equilibrium. Clearly, this was not
the case, as all observed patterns were more likely to be
quadratic than linear. Thus, allelic richness and IBD
slope decreased, while the extent of population differ-
entiation fyr increased among southern populations
compared to those at intermediate distances from the
south. That is, a trend toward increased fixation and
spatial patterns of population structuring that varied
randomly was evidenced among the most southern pop-
ulations. Similar trends of increased population fixation
at range margins have been observed in other taxa,
including the green frog Rana pretiosa (GREEN et al.
1996) and the brown trout Salmo trutta (Bouza et al.
1999), and have been interpreted as reflecting a lack
of adaptation of the species to the marginal habitat.
Why then have southern populations of anadromous
brook charr evolved toward increased fragmentation?
Increased population fixation could be due to a de-
crease in either population size or the species’ dispersal
capability. Although no anadromous individuals occur
farther south than the Gulf of Maine, coastal popula-
tions of freshwater resident brook charr still exist and
show no dramatic decline in census size. For example,
CURRY et al. (2002) counted >1500 adult fish in the
Kennebecasis river (sample 2) in a single season. Thus,
lower population size seems unlikely to explain the
changes observed in spatial patterns of genetic diversity
among the most southern populations. In contrast,
CURRY et al. (2002) reported that fish from the Kenne-
becasis river remained in salinity <5%o (compared to
35%o for typical seawater), thus precluding any possibil-
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ity for movement among rivers. We therefore propose
two nonexclusive hypotheses for reduction of anadromy
and increased fragmentation among southern brook
charr populations. Because body growth is enhanced in
the marine environment due to higher food availability,
the benefits for switching between habitats may out-
weigh the costs of physiological acclimations to a hyper-
and a hypoosmotic environment (Boura et al. 2002).
As such, anadromy may be viewed as a form of seasonal
migration driven by the productivity gradient between
fresh- and saltwater. Because this gradient declines in
intensity from north to south, selective pressures for
anadromous behavior are predicted to become weaker
and eventually disappear (Gross et al. 1988). On the
other hand, since anadromous behavior also provides
the opportunity to reproduce in a different river, it is
also subjected to the forces driving the evolution of
dispersal (reviewed in CLOBERT el al. 2001). Habitat
instability ranks among the most powerful forces select-
ing for dispersal (GanpoN and MicHALAKIS 2001), while
a costly dispersal form should decline in frequency in
a stable environment (VAN VALEN 1971; OLIVIERI ¢! al.
1995, Figure 3; Copy and OVERTON 1996). Assuming
that the habitat occupied by the brook charr in postgla-
cial times can be considered as stable, theory therefore
predicts that anadromy should have decreased more
among southern populations. The rate of decrease may
be slow (PARADIS 1998) and depends on several parame-
ters, including the fitness cost of dispersing (OLIVIERI
et al. 1995), mutation rate, and the level of habitat frag-
mentation (PARADIS 1998). To summarize, whatever the
explanations for the loss of anadromy our results clearly
indicate that southern brook charr populations are
highly fragmented relative to more northern ones. As
genetic exchanges decrease between them, populations
drift independently from each other, thus disrupting
the pattern of IBD observed among more northern pop-
ulations.

Scale dependence of IBD patterns: As pointed out
by RousseT (1997, 2001) but rarely considered in em-
pirical studies (but see HELLBERG 1995; RUCKELSHAUS
1998; EnricH and STENSETH 2001), the estimation of
demographic parameters from the slope of the IBD
relationship is strongly affected by the spatial scale of
observation. Our results showed that the IBD slope var-
ied greatly until scales of 50 km were considered and
then decreased with increasing geographic scale. Simi-
lar fading of IBD at larger geographic scales has been
observed in several species (HELLBERG 1995; JoHNSON
and Brack 1998; ExricH and STENSETH 2001) and has
received various explanations. First, as genetic differ-
ences increased with geographic distances, Fgr may pla-
teau if it reaches its upper bound at large geographic
distances. The mean expected heterozygosity was 0.72,
such that the maximum theoretical Fy value should
be ~0.28 (HEDRICK 1999). Because this value is much
higher than the level of differentiation actually observed

(st = 0.11), a plateau seems unlikely to have been
reached in this study. Second, the fading of IBD could
reflectanonequilibrium situation. The spatial scale over
which an IBD signal should be apparent during the
transitory period toward equilibrium in a one-dimen-
sional array of populations depends upon the parame-
ter \/2 Nmt (SLATKIN 1993). Thus, for recent systems
(small 7 values), IBD may be weak over large geographic
scales and may consequently remain undetected. Third,
and nonexclusively, mutation may not remain negligible
relative to migration over large geographic scales. Be-
cause mutations arise randomly in space, theory predicts
that their effect should be similar to island migration
(Crow and Kmmura 1970), therefore weakening the
relationship between genetic and geographic distances.
Regardless of the exact explanation for this scale depen-
dence, it is problematic since the slope of IBD is com-
monly used in empirical studies to estimate No?. Rous-
SET (1997, 2001) advocates the use of prior independent
estimates of o to delimit the scale over which the linear
relationship between Fy/ (1 — Fy) is expected to hold
reasonably well.

In addition to scale dependence, important latitudi-
nal variation in IBD slope was observed even when con-
trolling for the scale of analysis and sampling density.
As detailed above, those variations probably arise from the
spatio-temporal variation in migration rate and patterns of
dispersal, which compromises the use of inference meth-
ods assuming spatial homogeneity and temporal stability.
New analytical methods, such as maximum-likelihood
frameworks (BEERLI and FELSENSTEIN 1999; BAHLO and
GrirriTH 2000), represent promising avenues that may
allow inclusion of parameters for an explicit coloniza-
tion scenario and the rate of decrease of the migrating
phenotype. The joint estimation of migration rates, rate
of colonization, and cost of dispersal that would max-
imize the likelihood of observing the data may thus
become possible in the near future.

Conclusions: Processes underlying spatial patterns of
genetic diversity must be correctly identified and accu-
rately understood since they may impact a species’ po-
tential to respond to selection and to persist in the face
of changing environments (KIRKPATRICK and BARTON
1997; THOMAS et al. 2001). To that end, population
genetics approaches have usually considered static sys-
tems, whereby spatial patterns of genetic diversity reflect
a species’ ecological characteristics with little consider-
ation for their evolution through time. The assumption
of temporal stability may prove especially unlikely in
evolutionarily young systems, because it may fail to cap-
ture the dynamic essence of spatial patterns of genetic
diversity, as was exemplified in this study. Furthermore,
because a species’ form of dispersal can evolve, the
assumption of spatial homogeneity and temporal stabil-
ity of demographic parameters may also be questioned.
Most attempts to characterize the genetic impacts of
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habitat fluctuations have been focused on relatively
small geographic scales in the framework of an extinc-
tion-recolonization dynamic of metapopulations (e.g.,
SLATKIN 1977; McCAULEY 1993). At a wider geographic
and temporal scale, however, the availability of suitable
habitat has also constantly fluctuated due to the cycling
nature of climatic changes (PieLou 1991). This study
thus reinforces the view that a biogeographic perspec-
tive is essential to fully understand the evolution of
geographic patterns of genetic variation.

We thank L. Papillon, S. Martin, R. St.-Laurent, T. Gosselin, J. van
de Sande, D. Courtemanche, R. A. Curry, and F. Whoriskey (University
of New Brunswick); A. Gaudrault, J. Labonté, M. Dorais, and J. P.
Lebel (Société Faune et Parcs, Québec); M. Fournier (Société des
Etablissements de plein Air du Québec); J. McMillan (Department
of Fisheries and Ocean, Nova Scotia); B. Patterson (Club Le gourmet);
R. Firth (Corporation de Gestion des rivieres Matapédia et Patapédia);
R. Kippen (Club Kegaska); R. Deroy (Pourvoirie de la Haute St.-Jean);
E. Tremblay and L. Leblanc (Kouchibouguac National Park, New
Brunswick); R. Cormier (ZEC de la riviere Bonaventure); J. Patterson
(Corporation de Développement de la riviere Madeleine); C. Cyr
(Destination Chic-Choc); J. Bouchard (Association Les Castillons);
and G. Lemieux (ZEC de la riviere Cap-Chat) for their help during
sampling. Technical help in the laboratory by L. Papillon, S. Martin,
C. Landry, and M. Parent was instrumental during this project and
is gratefully acknowledged. V.C. thanks P. Duchesne for introducing
him to Maple programming. Maple programs developed for the slid-
ing-window analysis are available upon request from the authors. We
also thank J. Turgeon, R. Leblois, D. Fraser, and G. Perry for critically
reading previous versions of the manuscript. Constructive comments
by A. E. Otto and two anonymous referees greatly helped to improve
the article. Funding for this study was provided by a Natural Science
and Engineering Research Council strategic grant to L.B. This is a
contribution to the research program of Québec-Océan.

LITERATURE CITED

AUSTERLITZ, F., B. JUNG-MULLER, B. GopELLE and P. H. Gouyon, 1997
Evolution of coalescence times, genetic diversity and structure
during colonization. Theor. Popul. Biol. 51: 148-164.

AUSTERLITZ, F., S. MARIETTE, N. MAacHON, P. H. GouvonN and B.
GODELLE, 2000  Effects of colonization processes on genetic di-
versity: differences between annual plants and tree species. Genet-
ics 154: 1309-1321.

AvVIsE, . C., 2000  Phylogeography: The History and Formation of Species.
Harvard University Press, Cambridge, MA.

BAER, C. F., 1998 Species-wide population structure in a southeast-
ern U.S. freshwater fish, Heterandria formosa: gene flow and bioge-
ography. Evolution 52: 183-193.

Banro, M., and R. C. GrirriTH, 2000 Inference from gene trees in
a subdivided population. Theor. Popul. Biol. 57: 79-95.

BARrral, 1., A. RODRIGUEZ-LARRADE, E. MamoLinI, F. MANNT and C.
ScaroLrr, 2001 Isonymy structure of USA population. Am. J.
Phys. Anthropol. 114: 109-123.

BEERLI, P., and J. FELSENSTEIN, 1999 Maximum-likelihood estima-
tion of migration rates and effective population numbers in two
populations using a coalescent approach. Genetics 152: 763-773.

BELKHIR, K., P. Borsa, L. CHIkHI, N. RAUFASTE and F. BONHOMME,
2000 GENETIX 4.02, Logiciel Sous Windows Pour la Génétique des
Populations. Laboratoire Génome, Populations, Interactions, Uni-
versité de Montpellier II, Montpellier, France.

BERLOCHER, S. H., 1984  Genetic changes coinciding with the coloni-
zation of California by the walnut husk fly, Rhagoletis completa.
Evolution 38: 906-918.

BERNATCHEZ, L., and C. C. WiLsoN, 1998  Comparative phylogeogra-
phy of Nearctic and Palearctic fishes. Mol. Ecol. 7: 431-452.

BESNER, M., and D. PELLETIER, 1991 Adaptation of the brook trout,

Salvelinus fontinalis, to direct transfer to sea water in spring and
summer. Aquaculture 97: 217-230.

BicerLow, H. B., and W. C. SCHROEDER, 1953 Fishes of the Gulf of
Maine. Fish. Bull. 74: 120-121.

BonoNAK, A.J.,1999  Dispersal, gene flow, and population structure.
Q. Rev. Biol. 74: 21-45.

BoiLeau, M. G., P. D. N. HEBERT and S. S. ScHwWARTZ, 1992 Non-
equilibrium gene frequency divergence: persistent founder ef-
fects in natural populations. J. Evol. Biol. 5: 25-39.

Borns, H. W., P. LasaLLe and W. B. THomPsON, 1985 Late pleisto-
cene history of Northeastern New England and adjacent Québec.
Special paper no. 197, The Geological Society of America, Boul-
der, CO.

Boura, D., V. CasTrIc, L. BERNATCHEZ and C. AUDET, 2002 Physio-
logical, endocrine, and genetic bases of anadromy in brook charr
(Salvelinus fontinalis) of the Laval River (Québec, Canada). Envi-
ron. Biol. Fishes 64: 229-242.

Bouza, C,, J. Arias, J. CASTRO, L. SANCHEZ and P. MARTINEZ, 1999
Genetic structure of brown trout, Salmo trutta L., at the southern
limit of the distribution range of the anadromous form. Mol.
Ecol. 8: 1991-2001.

BrowN, J. H., G. C. STEVENS and D. M. KaurMAN, 1996 The geo-
graphic range: size, shape, boundaries, and internal structure.
Annu. Rev. Ecol. Syst. 27: 597-623.

BryanT, M. D., B. J. FRENETTE and S. J. McCurDpY, 1999 Coloniza-
tion of a watershed by anadromous salmonids following the instal-
lation of a fish ladder in Margaret Creek, southern Alaska. N.
Am. J. Fish. Manage. 19: 1129-1136.

CALLEN, D. F., A. D. THoMmPsON, Y. SHEN, H. A. ParLLIPs, R. 1. RicH-
ARDS et al., 1993 Incidence and origin of “null” alleles in the
(AC)n microsatellite markers. Am. J. Hum. Genet. 52: 922-927.

CasTric, V., F. BoNNEY and L. BERNATCHEZ, 2001  Landscape struc-
ture and hierarchical genetic diversity in the brook charr, Salveli-
nus fontinalis. Evolution 55: 1016-1028.

CasTric, V., K. BELKHIR, L. BERNATCHEZ and F. BonHOMME, 2002
Heterozygote deficiencies in small lacustrine populations of
brook charr Salvelinus fontinalis Mitchill (Pisces, salmoninae): a
test of alternative hypotheses. Heredity 89: 27-35.

CAVALLI-SFORzA, L. L., and A. W. F. EDwARDSs, 1967 Phylogenetic
analysis: models and estimation procedures. Evolution 32: 550—
570.

CLOBERT, J., E. DANCHIN, A. A. DHONDT and J. D. NicHots, 2001
Dispersal. Oxford University Press, Oxford.

Copy, M. L., and J. M. OVERTON, 1996 Short-term evolution of
reduced dispersal in island plant populations. J. Ecol. 84: 53-61.

Cowmps, B., D. GomoRry, J. LErouzey, B. THIEBAUT and R. J. PETIT,
2001 Diverging trends between heterozygosity and allelic rich-
ness during postglacial colonization in the European beech. Ge-
netics 157: 389-397.

Crow, J. F., and M. KiMmURA, 1970  An Introduction to Population Genel-
ics Theory. Harper & Row, New York.

CURrRy, R. A., D. SpArks and J. VAN DE SANDE, 2002 Spatial and
temporal movements of a riverine brook trout population. Trans.
Am. Fish. Soc. 131: 551-560.

DanzMaNN, R. G., R. P. M. MorGaN, M. W. JoNES, L. BERNATCHEZ
and P. E. TasseN, 1998 A major sextet of mitochondrial DNA
phylogenetic assemblages extant in Eastern North American
brook trout (Salvelinus fontinalis): distribution and postglacial
dispersal patterns. Can. J. Zool. 76: 1300-1318.

Davis, M. B, and R. G. Suaw, 2001 Range shifts and adaptive re-
sponses to quaternary climate change. Science 292: 673-679.

DenTON, G. H,, and J. H. TERENCE, 1980 The Last Great Ice Sheets.
Wiley, New York.

DE VERNAL, A., and C. HILLAIRE-MARCEL, 1987 Paleoenvironments
along the Laurentide Ice Sheet margin and timing of the last ice
maximum and retreat. Geogr. Phys. Quat. 41: 265-278.

DE VERNAL, A., ]. Guior and J.-L. TuroN, 1993 Late and postglacial
paleoenvironments of the gulf of St. Lawrence: marine and terres-
trial palynological evidence. Geogr. Phys. Quat. 47: 167-180.

Dyppanr, M. F., 1994 Extinction, recolonization, and the genetic
structure of tidepool copepod populations. Evol. Ecol. 8: 113—
124.

DyKE, A. S., and V. K. PresT, 1987 Late Wisconsinian and Holocene
history of the Laurentide Ice Sheet. Geogr. Phys. Quat. 41: 237—
263.

EnricH, D., and N. C. STENSETH, 2001  Genetic structure of Siberian



Rise and Fall of Isolation by Distance 995

lemmings (Lemmus sibiricus) in a continuous habitat: large patches
rather than isolation by distance. Heredity 86: 716-730.

FELSENSTEIN, J., 1993 PHYLIP (Phylogeny Inference Package), Version
3.5¢c. Department of Genetics, University of Washington, Seattle.

FRYDENBERG, J., C. PERTOLDI, J. DAHLGAARD and V. LOESCHCKE, 2002
Genetic variation in original and colonizing Drosophila buzzatii
populations analyzed by microsatellite loci isolated with a new
PCR screening method. Mol. Ecol. 11: 181-190.

GANDON, S., and Y. MicHALAKIS, 2001 Multiple causes for the evolu-
tion of dispersal, pp. 155-167 in Dispersal, edited by J. CLOBERT,
E. DancHIN, A. A. DHONDT and J. D. NicHoLs. Oxford University
Press, Oxford.

GiLEs, B. E., and G. GoubpET, 1997 A case study of genetic structure
in a plant metapopulation, pp. 429-454 in Metapopulation Biology:
Ecology, Genetics and Evolution, edited by 1. A. HANskI and M. E.
GiLPIN. Academic Press, London.

GREEN, D. M., T. F. SHARBEL, ]. KEARSLEY and H. KAISER, 1996 Post-
glacial range fluctuation, genetic subdivision and speciation in
the western North American spotted frog complex, Rana pretiosa.
Evolution 50: 374-390.

Gross, M. R., R. M. CoLEMAN and R. M. McDowaLL, 1988 Aquatic
productivity and the evolution of diadromous migration. Science
239: 1291-1293.

Harpy, O. J., and X. VEKEMANS, 1999 Isolation by distance in a
continuous population: reconciliation between spatial autocorre-
lation analysis and population genetics models. Heredity 83: 145—
154.

Heprick, P. W., 1999 Highly variable loci and their interpretation
in evolution and conservation. Evolution 53: 313-318.

HELLBERG, M. E., 1995  Stepping-stone gene flow in the solitary coral
Balanophyllia elegans: equilibrium and non-equilibrium at differ-
ent spatial scales. Mar. Biol. 123: 573-581.

Hewitt, G, 1996 Some genetic consequences of ice ages, and their
role in divergence and speciation. Biol. J. Linn. Soc. 58: 247-276.

Hewrrt, G., 2000 The genetic legacy of the Quaternary ice ages.
Nature 405: 907-913.

Hocurt, C. H., and E. O. WiLEY, 1986 The Zoogeography of North
American Freshwater Fishes. John Wiley & Sons, New York.

Hoss&RT-McKEY, M., M. VALERO, D. MAGDA, M. JARRY, J. CUGUEN
et al., 1996 The evolving genetic history of a population of
Lathyrus sylvestris: evidence from temporal and spatial genetic
structure. Evolution 50: 1808-1821.

HurcHisoN, D. W., and A. R. TEMPLETON, 1999  Correlation of pair-
wise genetic and geographic distance measures: inferring the
relative influences of gene flow and drift on the distribution of
genetic variability. Evolution 53: 1898-1914.

IsraHIM, K. M., R. A. NicHoLs and G. M. HeEwrtt, 1996 Spatial
patterns of genetic variation generated by different forms of
dispersal during range expansion. Heredity 77: 282-291.

INGVARSSON, P. K., and B. E. GILES, 1999 Kin-structured colonization
and small-scale genetic differentiation in Silene Dioica. Evolution
53: 605-611.

Jonnson, M. S., 1988 Founder effects and geographic variation in
the land snail Theba pisana. Heredity 61: 133-142.

Jonnson, M. S., and R. Brack, 1998  Effects of isolation by distance
and geographical discontinuity on genetic subdivision of Littoraria
cinglage. Mar. Biol. 132: 295-303.

Keerg, M. L., and H. E. WiNN, 1991 Chemosensory attraction to
home stream water and conspecifics by native brook trout, Salveli-
nus fontinalis, from two southern New England streams. Can. J.
Fish. Aquat. Sci. 48: 938-944.

Kimura, M., and G. H. Weiss, 1964 The stepping-stone model of
population structure and the decrease of genetic correlation with
distance. Genetics 49: 561-576.

KinnisoN, M. T., P. BEnTzeN, M. J. UNwIN and T. P. QuiNN, 2002
Reconstructing recent divergence: evaluating nonequilibrium
population structure in New Zealand chinook salmon. Mol. Ecol.
11: 739-754.

KIRKPATRICK, M., and N. H. BArRTON, 1997 Evolution of a species’
range. Am. Nat. 150: 1-23.

LeBLoi1s, R., F. RousseT, D. TikeL, C. MoriTz and A. Estoup, 2000
Absence of evidence for isolation by distance in an expanding
cane toad (Bufo marinus) population: an individual-based analysis
of microsatellite genotypes. Mol. Ecol. 9: 1905-1909.

LE CORRE, V., and A. KREMER, 1998 Cumulative effects of founding
events during colonization on genetic diversity and differentia-

tion in an island and stepping-stone model. ]J. Evol. Biol. 11:
495-512.

MALOUIN, S., 1996 La péche commerciale de I'omble de fontaine
anadrome sur la Cote-Nord. Report to Ministére de I’Environne-
ment et de la Faune du Québec, Québec, Canada.

McARTHUR, R. H., and E. O. WiLsoN, 1967 The Theory of Island
Biogeography. Princeton University Press, Princeton, NJ.

McCauLey, D. E., 1993  Evolution in metapopulations with frequent
local extinction and recolonization. Oxf. Surv. Evol. Biol. 9: 109-
134.

McCauLky, D. E., J. RAVEILL and J. ANTONOVICS, 1995 Local found-
ing events as determinants of genetic structure in a plant meta-
population. Heredity 75: 630-636.

McCrimMON, H. R,, and J. S. CampBELL, 1969 World distribution
of brook trout, Salvelinus fontinalis. ]J. Fish. Res. Board Can. 26:
1699-1725.

N1, M., 1987  Molecular Evolutionary Genetics. Columbia University
Press, New York.

NEIGEL, J. E., 1997 A comparison of alternative strategies for estimat-
ing gene flow from genetic markers. Annu. Rev. Ecol. Syst. 28:
105-128.

Nicnors, R. A,, and G. HEwrirT, 1994 The genetic consequences
of long distance dispersal during colonization. Heredity 72: 312—
317.

Ouivierl, 1., Y. MicHALAKIS and P.-H. Gouyon, 1995 Metapopula-
tion genetics and the evolution of dispersal. Am. Nat. 146: 202—
228.

Parapis, E., 1998 Interactions between spatial and temporal scales
in the evolution of dispersal rate. Evol. Ecol. 12: 235-244.
PeTIT, R. J., N. BAHRMAN and P. H. BArRADAT, 1995 Comparison
of genetic differentiation in maritime pine (Pinus pinaster Ait.)
estimated using isozyme, total protein and terpenic loci. Heredity

75: 382-389.

PeTIT, R. J., A. EL MOoUsaDIK and O. Pons, 1998  Identifying popula-
tions for conservation on the basis of genetic markers. Conserv.
Biol. 12: 844-855.

Pierou, E. C., 1991  After the Ice Age: The Return of Life to Glaciated
North America. University of Chicago Press, Chicago.

Pocson, G. H., C. T. TaccarT, K. A. MEsa and R. G. BOUTILIER,
2001 Isolation by distance in the Atlantic cod, Gadus morhua,
at large and small geographic scales. Evolution 55: 131-146.

POwWER, G., 1980 The brook charr Salvelinus fontinalis, pp. 141-203
in Charr: Fishes of the Genus Salvelinus, edited by E. K. BALON. Dr.
W. Junk Publishers, The Hague, The Netherlands.

RayMoND, M., and F. RousskT, 1995  Genepop (version 3.1),a popu-
lation genetics software for exact tests and ecumenicism. J. Hered.
86: 248-249.

Rice, W. R., 1989  Analysing tables of statistical tests. Evolution 43:
223-225.

RousskT, F., 1997 Genetic differentiation and estimation of gene
flow from [-statistics under isolation by distance. Genetics 145:
1219-1228.

Rousskr, F., 2001 Inferences from spatial population genetics, pp.
239-269 in Handbook of Statistical Genetics, edited by D. J. BALDING,
M. Bisnor and C. CANNINGS. John Wiley & Sons, West Sussex,
UK

RuckeLsHaus, M. H., 1998 Spatial scale of genetic structure and
an indirect estimate of gene flow in eelgrass, Zoostera marina.
Evolution 52: 330-343.

SAMBROOK, J., E. F. FriTsH and T. MANIATIS, 1989 Molecular Cloning:
A Laboratory Manual, Ed. 2. Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, NY.

SAS INSTITUTE, 1998  Statview (Version 5.01). SAS Institute, Cary, NC.

SAWYER, S., 1976  Results for the stepping-stone model for migration
in population genetics. Ann. Prob. 4: 699-728.

SAWYER, S., 1977 Asymptotic properties of the equilibrium probabil-
ity of identity in a geographically structured population. Adv.
Appl. Prob. 9: 268-282.

SCHLUTER, D., 1988 Estimating the form of natural selection on a
quantitative trait. Evolution 42: 849-861.

ScumipT, R. E., 1986 Zoogeography of the northern Appalachians,
pp- 137-159 in Zoogeography of North American Freshwater Fishes,
edited by C. H. HocutT and O. E. WiLEY. John Wiley & Sons,
New York.

SLATKIN, M., 1977 Gene flow and genetic drift in a species subject
to frequent local extinctions. Theor. Popul. Biol. 12: 253-262.



996 V. Castric and L.

SLATKIN, M., 1993 Isolation by distance in equilibrium and non-
equilibrium populations. Evolution 47: 264-279.

SmitH, M. W., and J. W. SAUNDERS, 1958 Movements of brook trout,
Salvelinus fontinalis (Mitchill), between and within fresh and salt-
water. J. Fish. Res. Bd. Can. 15: 1403-1449.

SokAL, R. R., and F. J. RoHLF, 1995  Biometry, Ed. 3. W. H. Freeman,
San Francisco.

TaBERLET, P., L. FUMAGALLI, A.-G. WusT-SAucY and J. F. CossoN,
1998 Comparative phylogeographyand postglacial colonization
routes in Europe. Mol. Ecol. 7: 453-464.

Taomas, G. D, E. . BoDswORTH, R. ]. WILsoN, A. D. StMmMoONs, Z. G.
DavIEs el al., 2001 Ecological and evolutionary processes at
expanding range margins. Nature 411: 577-581.

TREMBLAY, S., F. CARON, C. GROLEAU and D. DEscHAMPS, 2001  Bilan
de Uexploitation du saumon au Québec en 2000. Faune et Parcs Qué-
bec, Québec, Canada.

VAN VALEN, L., 1971 Group selection and the evolution of dispersal.
Evolution 25: 591-598.

WATERLOO, 1999  Maple Release 6. Waterloo, Waterloo, ON, Canada.

WATTIER, R., C. R. ENGEL, P. SAUMITOU-LAPRADE and M. VALERO,

Bernatchez

1998 Short allele dominance as a source of heterozygote defi-
ciency at microsatellite loci. Experimental evidence at the dinu-
cleotide locus Gv1CT in Gracilaria gracilis (Rhodophyta). Mol.
Ecol. 7: 1569-1573.

WEIR, B. S., and C. C. CockERHAM, 1984  Estimating F-statistics for
the analysis of population structure. Evolution 38: 1358-1370.

Warte, H. C., 1942 Sea life of the brook trout (Salvelinus fontinalis).
J. Fish. Res. Bd. Can. 5: 471-473.

WaitLock, M. C., 1992 Nonequilibrium population structure in
forked fungus beetles: extinction, colonization and the genetic
variance among populations. Am. Nat. 139: 952-970.

WHITLOCK, M., and D. McCAULEY, 1999 Indirect measures of gene
flow and migration: Fgr doesn’t equal 1/(4Nm+1). Heredity 82:
117-125.

WiLcock, H. R.; A. G. HiLbrew and R. A. NicHoLs, 2001 Genetic
differentiation of a European caddisfly: past and present gene
flow among fragmented larval habitats. Mol. Ecol. 10: 1821-1834.

WRIGHT, S., 1943 Isolation by distance. Genetics 28: 139-156.

Communicating editor: S. P. OTTO



