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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
at six 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.

WITH few exceptions (e.g., Whitlock 1992; Dyb- a population replaced by migrants each generation m
(Slatkin 1993). These methods are commonly used indahl 1994; Giles and Goudet 1997), population
the empirical literature of both plant and animal speciesgeneticists have considered that the current partitioning
(e.g., Neigel 1997; Bohonak 1999; Pogson et al. 2001of genetic diversity in space reflects a species’ long-term
and references therein).interaction with the habitat in which it reproduces. The-

Such inferences, however, neglect to consider thatoretical results have been obtained for increasingly real-
ecosystems are dynamic by nature (McArthur andistic models of populations, among which isolation-
Wilson 1967; Avise 2000) and that species’ ranges ex-by-distance (IBD) models are widely used because they
pand and shrink, sometimes at a fast pace (Brown etaccount for the common observation that dispersal
al. 1996; Kirkpatrick and Barton 1997; Davis andcapabilities of many species are limited in most habitats.
Shaw 2001). The quaternary period in particular wasObviously, such models predict an increase of genetic
one of tremendous periodic shifts in the range of mostdifferences with geographic distance (Wright 1943).
northern temperate species (Hewitt 2000). During thisThis pattern of increase has been analytically derived
period, species followed the ice limit, successively ad-using asymptotic properties of the equilibrium, i.e., after
vancing and retreating, such that one may question thesufficient time has elapsed for patterns to be established
assumption that the timescale of these fluctuations wasand stabilized (Sawyer 1977). Equilibrium should be
very large relative to the time required for equilibriummore obvious when dispersal occurs along a linear tran-
patterns to establish. Indeed, although that time is quan-sect than across a two-dimensional area (Kimura and
titatively poorly known (but see Sawyer 1976; SlatkinWeiss 1964) and has been included within inference
1993; Hardy and Vekemans 1999 for IBD patterns),frameworks designed to estimate demographic parame-
the geographic distribution of genetic diversity of manyters such as N�2 or Nm, the products of effective pop-
species still bears the footprint of recent natural distur-ulation size N by either the mean square of parent-
bances they each experienced (reviewed in Hewittoffspring distance �2 (Rousset 1997) or the fraction of
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
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be viewed as reflecting primarily past disturbancesences et Technologies de Lille, 59 655 Villeneuve d’Ascq Cedex,
France. E-mail: vincent.castric@univ-lille1.fr rather than current population dynamics and would

Genetics 163: 983–996 ( March 2003)



984 V. Castric and L. Bernatchez

therefore interfere with our understanding of the inter- gled from statistical impediments to detect an IBD sig-
nal. Indeed, the absence of a clear pattern of IBD inaction between evolutionary processes and spatial pat-
species with restricted dispersal is typically taken as anterns of genetic diversity. From a practical point of view,
indication that populations depart from equilibriumthis is also of concern since reliable estimates of migra-
conditions, even if a precise knowledge of recent demo-tion rates or dispersal distances are increasingly de-
graphic events is lacking (e.g., Hellberg 1995; Baermanded as integral elements of applied management
1998; Hutchison and Templeton 1999; Ehrich andand conservation decisions.
Stenseth 2001). Using a second approach, other stud-Slatkin (1993) showed theoretically that in a species
ies have compared IBD patterns among sets of popula-expanding its range instantaneously to a new habitat,
tions of different ages (Green et al. 1996; Barrai et al.the correlation between genetic and geographic dis-
2001) and ascribed differences in IBD patterns to theirtances should first be low and then increase progres-
temporal evolution. This comparative approach re-sively until the pattern of increase reaches its stationary
quires a large amount of data and thus typically confinesvalue. The pattern of increase should be most obvious
the comparison to a limited number of discontinuousin a one-dimensional habitat and be first attained at
sets of populations within a small portion of the species’short geographic distances before the pattern spreads
range (north vs. south in North America, Green et al.over larger geographic distances. The size of the region
1996; United States vs. Europe, Barrai et al. 2001).where IBD is evident should increase with the parame-
Furthermore, because habitat structure and migrationter √2 Nm�, where � is the time since the foundation of
patterns may eventually vary among sets of populations,the population, m is the fraction of migrants each gener-
it may also be difficult to control for several sources ofation, and N is the subpopulation size. Thus, with small
additional variation when the number of samples isNm values (low number of migrants each generation)
small. In sum, although empirical studies have providedand recent foundation (small �), the observed rate of
important insights into the evolution of geographic pat-increase of genetic differences with distance in recently
terns of genetic diversity, they have remained limitedsettled systems may reflect foundation processes rather
in scope by the number of populations surveyed, by thethan contemporary demographic parameters, especially
lack of knowledge of historical events and demography,

at wider geographic scales.
and by uncertainties about the precise migration pat-

Empirical studies monitoring the evolution of spatial tern of the species in a given habitat.
patterns of genetic diversity provide an important con- This study is based on a nearly exhaustive sampling of
tribution to our understanding of the origin of geo- brook charr (Salvelinus fontinalis Mitchill) populations
graphic patterns of genetic diversity (Boileau et al. exhibiting anadromy (seasonal migrations between
1992; Whitlock 1992; Dybdahl 1994; Hossært- fresh- and saltwater used for reproduction and feeding,
McKey et al. 1996; Giles and Goudet 1997). Yet, they respectively) along a linear coast associated with a tem-
remain rare in the literature, mainly because dealing poral gradient of colonization. This gradient allowed
analytically with spatial and temporal heterogeneity in us to infer the temporal evolution of IBD patterns from
demographic parameters is inherently difficult. Popula- their spatial variation along the linear coast. The brook
tions located at the expanding edge of a species’ range charr is endemic to northeastern North America
typically show a high occurrence of dispersing pheno- (Power 1980), where the quaternary period resulted
types (Thomas et al. 2001) and low allelic richness (e.g., in a series of rapid northward and southward shifts of the
Taberlet et al. 1998; Frydenberg et al. 2002), while whole biota (Hocutt and Wiley 1986; Pielou 1991).
differentiation can be either decreased (e.g., Dybdahl These dramatic climatic oscillations came to an end no
1994; Green et al. 1996; Bernatchez and Wilson 1998; earlier than 18,000 years ago, and the last northward
Wilcock et al. 2001) or increased (Berlocher 1984; shift in distribution followed the retreat of the Wiscon-
Johnson 1988; Whitlock 1992; McCauley et al. 1995; sinian Ice Sheet from eastern Canada (11,000 YBP; Dyke
Ingvarsson and Giles 1999; Comps et al. 2001), de- and Prest 1987). Because the ice cap retreated from
pending on the dynamic of colonization (Slatkin 1977; south to north, the brook charr reinvaded eastern Can-
Ibrahim et al. 1996; Austerlitz et al. 1997, 2000; Le ada northward from the single “Atlantic” glacial refug-
Corre and Kremer 1998). Empirical data on the evolu- ium (Danzmann et al. 1998) located off the Atlantic
tion of IBD patterns during the early settlement of a coast of New England (Schmidt 1986). No paleontolog-
species in a new habitat remain even scarcer (but see ical data are available on the dynamic of recolonization,
Leblois et al. 2000; Barrai et al. 2001; Kinnison et al. but marine movements of brook charr appear to be
2002). A first approach relies on demographic estimates restricted to the coastal fringe, suggesting that colonists
and a colonization scenario showing that IBD should had to follow the coastline to colonize rivers they now
have been apparent if sufficient time had elapsed (e.g., inhabit. The Gulf of Maine was freed of ice 13,000 years
Leblois et al. 2000; Kinnison et al. 2002). A drawback ago (Borns et al. 1985) and the lower north shore of
of this approach is that it relies entirely on the precision the St. Lawrence River (Quebec, Canada) 10,000 years

ago (Denton and Terence 1980), so the minimumof demographic estimates and often cannot be disentan-
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Campbell 1969), but no anadromous movements are currentlytime span between colonization of both areas was 3000
known to occur south of the Gulf of Maine (Figure 1; Bigelowyears. Furthermore, because brook charr populations
and Schroeder 1953). Therefore, samples were collected

had to follow their invertebrate prey, which in turn had from one of the southernmost rivers where anadromous move-
to follow vegetational range shifts (de Vernal et al. ments currently occur (Hunter’s Brook in Acadia National

Park, Maine, labeled km 0) and spanned northward over 49921993), they could not establish instantaneously, and the
km of coastline to the lower north shore of the St. Lawrencedate of ice retreat therefore provides a maximum time
River (Figure 1). All fish were collected either in river mouthsframe within which the last colonization must have oc- or in the downstream section of the rivers, below any physical

curred. For instance, palynological studies indicate that barrier to migration. Distances among river mouths were mea-
modern vegetation developed in western Labrador only sured along the coastline on 1/250,000 topographic maps.

No major stocking occurred for the species in coastal areas,�3770 years ago (de Vernal and Hillaire-Marcel
such that all populations can be considered as native. Adipose1987). The south-north gradient thus also corresponds
fins were nonlethally removed and preserved in 95% ethanol

to a time gradient, whereby northern charr populations, for genetic analyses.
putatively younger, were founded at least 3000 years Microsatellite diversity within and among populations: Total

DNA was isolated using a standard phenol-chloroform proto-later than southern populations and possibly as much
col (Sambrook et al. 1989), and individuals were genotypedas 9230 years later. Although there seem to be no major
at six microsatellite loci (SFO-12, SFO-18, SFO-23, SFO-8, SSA-physiological constraints to rare long-distance migration 197, and MST-85) as described in Castric et al. (2001).

events as long as salinity and temperature conditions The number of different alleles per locus was standardized
remain tolerable, distances covered over a season by to the smallest sample size (N � 13, i.e., 26 alleles sampled),

using a rarefaction method that estimates the expected num-brook charr in the coastal zone are typically short
ber of alleles in a sample of a given size (Petit et al. 1998).(White 1942; J. van de Sande, A. Curry and F. G.
Although our mean sample size was much higher (N � 35.4),

Whoriskey, unpublished results). Because tolerable Petit et al. (1998) showed that their method provides an
temperature and salinity conditions for brook charr are efficient way to directly compare estimates of allelic richness

among populations with different sample sizes. Genetic diver-found only in the coastal fringe, distances swum in ma-
sity was quantified by the observed heterozygosity HO and therine open waters are probably even more limited (White
unbiased estimate of heterozygosity corrected for the sampling1942; Besner and Pelletier 1991). bias (HE, Nei 1987). Population means of genetic diversity in

Taken together, one can predict from the one-dimen- the present study were compared to those observed in Maine
sional nature of coastal areas and the restricted move- for populations strictly restricted to landlocked freshwater

habitats (Castric et al. 2001), using the Student’s t-test inments of anadromous brook charr that IBD should be
Statview v.5.01. (SAS Institute 1998).apparent if time was sufficient for an IBD pattern to

Departures from Hardy-Weinberg (HW) proportions were
establish. Therefore, we first tested the null hypothesis tested in each sample using an approximation of an exact
of no correlation between coastal and genetic distances. test based on a Markov chain iteration implemented in the

Genepop software package version 3.1 (Raymond and Rous-Second, if equilibrium was reached all along the 4992
set 1995). Multilocus values of significance for HW tests werekm of coastline, then no variation in the slope of the
obtained following Fisher’s method to combine probabilitiesIBD relationship should occur along this south-north
of exact tests (Sokal and Rohlf 1995). Critical significance

temporal gradient. Alternatively, if the effect of coloni- levels for multiple testing were corrected following the sequen-
zation was still perceptible, a lower IBD slope should tial Bonferroni procedure (� � 0.05, k � 59; Rice 1989). The

extent of deviation from HW proportions was quantified bybe observed among the most recently settled popula-
Weir and Cockerham’s (1984) estimator of FIS (f ) at eachtions. We thus tested the null hypothesis of no variation
locus in each river using Genetix 4.02 (Belkhir et al. 2000).in the slope of IBD along the colonization gradient. We also tested whether the same loci consistently exhibited

Third, if colonization processes still prevail at the north- stronger deficits across all populations using Kendall’s concor-
ern edge of the range, they should also translate into dance method (Sokal and Rohlf 1995, p. 593).

Heterogeneity of allele frequencies among samples wasdifferences in levels of genetic diversity and divergence
tested with Genetix’s permutation procedure using 2000 per-relative to more southern populations. We thus also
mutations in the global test and 30,000 permutations in the

tested the null hypothesis of no spatial variation of intra- pairwise test to maintain the tablewide significance level at � �
population genetic diversity and the extent of genetic 0.05 after sequential Bonferroni correction (k � 1711 pairwise

comparisons). Global population differentiation was esti-divergence.
mated in Genetix by Weir and Cockerham’s (1984) FST esti-
mator �. A neighbor-joining phenogram based on Cavalli-
Sforza and Edwards’s (1967) chord distance was constructed
using Phylip 3.57c (Felsenstein 1993) to depict the patternMATERIALS AND METHODS
of genetic relationships among populations. Support for the

Sampling design: A total of 2087 anadromous brook charr topology was estimated using 1000 bootstrap replicates.
were collected from 52 rivers along the Canadian Atlantic Isolation by distance: Patterns of IBD were analyzed using
coast and from 7 rivers from Anticosti Island, Quebec, Canada Rousset’s (1997) regression-based framework. With finite
(mean N � 35.4, Table 1, Figure 1). This sampling covers variance of parental position relative to offspring position (�2),
nearly 75% of all important rivers inhabited by anadromous a linear relationship is expected between FST/(1 � FST) and
brook charr in the region. The brook charr occurs in coastal distance between populations pairs (j) in a one-dimensional

linear habitat: FST/(1 � FST) � A1/(4N�) � j/(4N�2ε), wherehabitats as far south as North Carolina (McCrimmon and
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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 Rivière Kennebecassis Bay of Fundy 280 45� 19	 00″ 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″ 64� 21	 00″ 40
5 Acacia Brook Bay of Fundy 786 44� 35	 00″ 65� 45	 00″ 25
6 Jordan River, Nova Scotia Bay of Fundy 1086 43� 46	 00″ 65� 14	 00″ 29

7 Petite Rivière Atlantic Coast, Nova Scotia 1166 44� 14	 00″ 64� 26	 00″ 29
8 West River, St. Mary Atlantic Coast, Nova Scotia 1406 45� 15	 00″ 62� 04	 00″ 24
9 Baddeck River Atlantic Coast, Nova Scotia 1806 46� 05	 00″ 60� 52	 00″ 39

10 Clyburn Brook Atlantic Coast, Nova Scotia 1886 46� 40	 00″ 60� 24	 00″ 30

11 McKenzies River Magdalen Shelf 1956 46� 48	 25″ 60� 49	 35″ 30
12 South River Magdalen Shelf 2126 45� 36	 00″ 61� 55	 00″ 38
13 Wallace River Magdalen Shelf 2302 45� 49	 00″ 63� 31	 00″ 24
14 Black River Magdalen Shelf 2522 47� 03	 00″ 65� 13	 00″ 15
15 Rivière Kouchibouguacis Magdalen Shelf 2522 46� 47	 00″ 64� 54	 00″ 30
16 Cains Brook Magdalen Shelf 2582 45� 41	 00″ 65� 02	 00″ 17
18 Rivière Tabusintac Magdalen Shelf 2676 47� 20	 00″ 64� 56	 00″ 36

19 Rivière Jacquet Chaleur’s Bay 2956 47� 55	 00″ 66� 01	 00″ 23
20 Rivière Matapedia Chaleur’s Bay 2959 47� 58	 17″ 66� 56	 32″ 19
21 Rivière Patapedia Chaleur’s Bay 2959 47� 51	 00″ 67� 23	 00″ 23
22 Rivière Restigouche Chaleur’s Bay 2959 48� 04	 00″ 66� 20	 00″ 30
23 Rivière Nouvelle Chaleur’s Bay 3019 48� 06	 14″ 66� 16	 58″ 30
24 Rivière Petite-Cascapedia Chaleur’s Bay 3079 48� 09	 26″ 65� 51	 14″ 46
25 Rivière Bonaventure Chaleur’s Bay 3110 48� 25	 16″ 65� 30	 15″ 50
26 Rivière Port Daniel Chaleur’s Bay 3141 48� 10	 01″ 64� 57	 45″ 35
27 Rivière de l’Anse à Beaufils Chaleur’s Bay 3212 48� 28	 15″ 64� 18	 33″ 46
28 Ruisseau Murphy Chaleur’s Bay 3251 48� 34	 19″ 64� 17	 42″ 31

29 Rivière St. Jean Gaspésie 3286 48� 46	 08″ 64� 26	 51″ 35
30 Rivière York Gaspésie 3301 48� 48	 57″ 64� 33	 18″ 19
31 Rivière de l’Anse à Valleau Gaspésie 3421 49� 05	 00″ 64� 33	 00″ 55
32 Rivière Grande Vallée Gaspésie 3453 49� 14	 00″ 65� 08	 00″ 49
33 Ruisseau Manche d’Épée Gaspésie 3476 49� 15	 00″ 65� 26	 00″ 57
34 Rivière Mont-Louis Gaspésie 3499 49� 14	 00″ 65� 44	 00″ 42
35 Rivière Marsoui Gaspésie 3525 49� 13	 00″ 66� 04	 00″ 21
36 Rivière Ste. Anne Gaspésie 3558 49� 08	 00″ 66� 30	 00″ 15
37 Rivière Cap-Chat Gaspésie 3578 49� 06	 00″ 66� 40	 00″ 28

38 Rivière Ste. Marguerite (Saguenay) North shore St. Lawrence 3958 48� 15	 49″ 69� 56	 47″ 50
39 Rivière des Escoumins North shore St. Lawrence 3990 48� 20	 50″ 69� 27	 00″ 50
40 Rivière Laval North shore St. Lawrence 4030 48� 46	 00″ 69� 03	 00″ 68
41 Rivière Godbout North shore St. Lawrence 4158 49� 19	 00″ 67� 35	 00″ 22
42 Rivière Trinité North shore St. Lawrence 4188 49� 25	 05″ 67� 18	 16″ 50
43 Rivière du Calumet North shore St. Lawrence 4214 49� 37	 00″ 67� 13	 00″ 48
44 Rivière Ile de Mai North shore St. Lawrence 4264 49� 55	 38″ 66� 57	 50″ 50
45 Rivière Moisie North shore St. Lawrence 4344 50� 16	 00″ 65� 56	 00″ 49
46 Rivière St. Jean North shore St. Lawrence 4472 50� 17	 00″ 64� 20	 00″ 50

(continued)

N is the effective subpopulation size, A1 is a constant depen- IBD was constant over geographic scales by computing the
regression slope of FST/(1 � FST) over coastal distance, succes-dent on the shape of the dispersal distribution (constant C0

in Sawyer 1977, Equation 2.4), and ε is the distance among sively including pairwise comparisons of populations sepa-
rated by increasingly large distances. For example, the slopeconsecutive habitat patches. A permutation method imple-

mented in Genetix 4.02 (2000 permutations) was used to test at 100 km was obtained by including pairs of populations
separated by 100 km or less, whereas all pairs at 200 km orthe significance of Mantel’s correlation coefficient between

coastal distance and FST/(1 � FST). We then tested whether 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 Baie-Johann-Beetz Lower north shore St. Lawrence 4592 50� 17	 00″ 62� 48	 00″ 13
48 Rivière Washicoutai Lower north shore St. Lawrence 4736 50� 13	 00″ 60� 52	 00″ 48
49 Rivière Watasheistic Lower north shore St. Lawrence 4846 50� 24	 00″ 59� 50	 00″ 31
50 La Tabatière Lower north shore St. Lawrence 4896 50� 50	 00″ 58� 59	 00″ 48
51 Rivière St. Augustin Lower north shore St. Lawrence 4944 51� 12	 00″ 58� 35	 00″ 46
52 Rivière St. Paul Lower north shore St. Lawrence 4992 51� 27	 00″ 57� 42	 00″ 41

A1 Rivière Bec-Scie Anticosti Island — 49� 43	 00″ 64� 03	 20″ 30
A2 Rivière à la Loutre Anticosti Island — 49� 37	 00″ 63� 48	 00″ 27
A3 Rivière Jupiter Anticosti Island — 49� 28	 34″ 63� 35	 37″ 26
A4 Rivière Ferrée Anticosti Island — 49� 09	 15″ 62� 42	 55″ 45
A5 Rivière Chaloupe Anticosti Island — 49� 08	 00″ 62� 32	 00″ 32
A6 Rivière Patate Anticosti Island — 49� 43	 00″ 62� 55	 00″ 24
A7 Rivière McDonald Anticosti Island — 49� 45	 27″ 63� 03	 10″ 15

Geographic regions based on coastal morphology.

Isolation by distance on the way toward equilibrium: The assumption about the form of the relationship. Values for
parameter 
 were chosen to provide smooth curves (
 �evolution of IBD patterns along the colonization gradient was

further investigated using a sliding-window analysis based on 10), and 10,000 bootstrap replicates were used to depict the
sampling variability of the fitted function. As the geographicRousset’s (1997) inference framework described above and

programmed in the mathematics computer language Maple 6 variation in slope and intercept depicted by the cubic spline
analysis closely matched a quadratic model (see results), the(Waterloo 1999). Because northward colonization most likely

followed the coastline, coastal distance from the southernmost significance of this model was further tested using a permuta-
tion method that took into account the nonindependence ofpopulation was used as a surrogate for age of populations. A

constant width window was slid along the coast, successively in- data points generated by the sliding-window analysis due to the
inclusion of some of the same populations within successivecluding different sets of populations from the southernmost

population (population 1 at coastal kilometer 0) to the north- windows. To that end, population locations along the coastline
were randomly shuffled 1000 times in a manner that preservedernmost population (population 52 at kilometer 4992). Since

they are geographically isolated from all others by marine the spatial structure of the sampling design. As above, the
variation of IBD slope and intercept for each of these randomopen waters, samples from Anticosti Island were excluded from

this analysis. The width of the window (600 km) was chosen as configurations was described using the sliding-window analy-
sis, except that all populations were considered within eacha compromise so as to be as narrow as possible while constantly

including at least four populations over the main part of the window, such that the variation pattern in random replicates
had the same dependence structure as the original pattern.range. To consistently compare values across geographic areas,

sampling density was kept constant by resampling all possible A best-fit second-order regression line was fitted on each repli-
cate, and the quadratic term compared to the observed one tosets of four populations within each window if it included

more than four populations (final density � 1 sample every generate the probability that the observed pattern of quadratic
variation in either slope or intercept of the IBD relationship150 km) and by removing the window from the analysis other-

wise. The slope and intercept of the least-squares regression did not differ from random expectation.
Joint evolution of IBD, FST, and allelic richness: If coloniza-line of all possible four-population subsamples were computed

within each 600-km window, and their mean over all possible tion processes still prevail at the northern edge of the range
and can be detected on IBD patterns, they may also have leftcombinations was plotted against the location of the southern

end of the window (in kilometers). The window was then their footprint on allelic richness and on the extent of genetic
divergence (FST). A cubic spline analysis was first used to investi-shifted by a 10-km increment northward along the coast and

computations of the mean slope and mean intercept were gate the variation pattern of the number of alleles and FST

along the coast (
 � 12 and 
 � 10, respectively), and theperformed again with the populations now included in the
new 600-km span. The slope provides an estimate of N�2 and significance of the quadratic term was tested for FST by permut-

ing populations along the coast, as described above. Allelicshould progressively increase in recent systems (more north-
ern populations) evolving toward equilibrium (Slatkin 1993; richness is computed for each population independently, such

that successive data points are statistically independent fromsee Rousset 1997 for the equivalence with Slatkin’s notation
system). The intercept provides an estimate of A1/(N�) and each other (in contrast with data from the sliding-window

analysis). Consequently, the significance of the quadratic termis thus also dependent upon the shape of the distribution via
the parameter A1. Leptokurtic dispersal distributions tend to of the best-fit second-order regression line for allelic richness

was tested using a backward stepwise model simplificationbe characterized by large A1, such that variation in the inter-
cept can reveal variations in � or variations in the shape of procedure (in Statview) to determine whether a quadratic

correlation explained significantly more variance than a lineardispersal distances. The variation pattern of the slope and
intercept along the coast was investigated using a cubic spline correlation. Because geographic variations in genetic diversity

may compromise the use of the fixation index FST as an indica-analysis in GLMS 4.0 (Schluter 1988), thus making no prior
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Figure 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 0.0005 for all six loci, supplemental appendix at http://
1999; Whitlock and McCauley 1999), a second analysis was www.genetics.org/supplemental/), suggesting that nonar-
run by standardizing FST estimates by the maximal theoretical

tifactual explanations also have to be taken into accountvalue they could reach at a given level of diversity in a window:
(Castric et al. 2002). Namely, heterozygote deficits1 � HE.
could partly result from a Walhund effect in several
rivers (e.g., Boula et al. 2002), which would bias the

RESULTS estimation of genotype frequencies, but not that of al-
leles. Furthermore, because no spatial pattern was obvi-Microsatellite diversity within and among popula-
ous in the distribution of deficits, the occurrence oftions: High levels of allelic richness and genetic diversity
heterozygote deficits in several samples is unlikely towere found at all loci (see supplemental appendix at
affect any of our main interpretations and conclusions.http://www.genetics.org/supplemental/; Figure 2A).

Significant heterogeneity of allele frequencies was ob-Thus, consistently more alleles were found within the
served among populations (P � 0.0005). The global FSTanadromous than within the landlocked populations
value was 0.1068, but this figure varied geographicallyfrom Maine (Castric et al. 2001; t � 6.086, P � 0.0001).
(Figure 2B). Significant differences in allele frequenciesA globally significant heterozygote deficit was observed
were observed in 1695/1711 pairwise comparisonsover the whole data set (FIS � 0.0817, P � 0.0005).
(99.1%) after sequential Bonferroni correction (final � �Kendall’s rank test revealed that several loci were consis-
0.00323). As indicated by the neighbor-joining pheno-tently more affected than others (P � 0.0057), thus
gram (Figure 3), geographically proximate populationssuggesting that technical artifacts such as nonamplifying
generally tended to be genetically similar. With the ex-alleles (Callen et al. 1993) or small allele dominance
ception of Anticosti Island populations, significant boot-(Wattier et al. 1998) at specific loci (SFO-8 and MST-
strap values were restricted to the tip nodes, suggesting85) may have contributed to the deficit. The rank corre-
that no strong barrier to gene flow existed along thelation was, however, very weak (Kendall’s W � 0.05),

and the deficit could be detected over all loci (P � 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 FST, 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 FST

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- by a log-linear decrease of the slope with increasing
spatial scale (Figure 5).strap � 86%), thus providing direct support for the

hypothesis that open marine waters act as a strong bar- Isolation by distance evolving toward equilibrium:
There was considerable geographic variation in the re-rier to gene flow in anadromous brook charr. All further

analyses were thus restricted to samples collected along gression slope of the IBD pattern, especially at distances
�1500 km from the southernmost sample, where nega-the coast (i.e., excluding Anticosti).

Analysis of isolation by distance patterns: The genetic tive as well as positive values were observed (Figure 2C).
However, the median value of slopes was near zero,similarity of geographically proximate populations was

further confirmed by the strong and highly significant suggesting the absence of any significant trend in IBD
pattern at distances �1500 km. When excluding south-correlation observed over the whole data set between

distance and genetic divergence (Figure 4, Mantel’s test, ern populations �1500 km from the analysis, the cubic
spline analysis revealed a maximum value of the slopeP � 0.0005). The best-fit regression model had a slope

of 3.37 � 10�5 km�1 and an intercept of 0.07743. The near population 30 at kilometer 3366 with a decline
both in more northern and in more southern regions.slope, however, varied as a function of the spatial scale at

which the relationship was examined (Figure 5). When The permutation test provided further indication that
geographic variation in the IBD slope was quadratic.considering only pairs of populations separated by �50

km, considerable variation in the value of the slope was Thus, the probability that the quadratic term of the
second-order regression was similar to random expecta-found (range � �0.00111–0.00247). This was followed
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Figure 3.—Neighbor-join-
ing phenogram based on DCE

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.

tion was only P � 0.0606. Similarly, geographic variation between populations 17 and 18 (Figure 2D). Statistics
of commercial landings for the species do not indicatein the IBD intercept was more likely to fit a quadratic

than a linear model (P � 0.0196). Thus, the lowest value any trend of reduction in population size N toward the
north (Malouin 1996). Consequently, according tofor parameter A1/(N�) was observed at kilometer 2646

Figure 4.—Isolation-by-distance
relationship between all popula-
tion pairs, where FST/(1 � FST) was
regressed over coastal distances.
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Figure 5.—Variation of the slope of the isola-
tion-by-distance regression as a function of the
spatial scale of observation. Slopes were computed
by progressively including population pairs at in-
creasing geographic distances. To better show ini-
tial fluctuations, only the first 500 km are shown.

Rousset (1997), the northward increase in intercept portion of its range during postglacial times. However,
contrary to the expected variation if the system had beenvalues suggests either higher A1 (e.g., due to a more

leptokurtic dispersal pattern) or lower � (e.g., due to progressively approaching a single equilibrium state,
spatial patterns did not remain constant at the southernreduced migration rate).

Joint evolution of IBD, FST, and allelic richness: As end of the range, where populations have most likely
been present for a longer period of time. We proposeobserved for IBD slope and intercept, allelic richness

varied geographically, with a quadratic model capturing that anadromy as a form of dispersal has declined in the
region that was first colonized following deglaciation,significantly more variance than a linear model (Figure

2A, P � 0.002). The highest number of alleles was found leading to increased fragmentation, which is now blurring
the patterns that were initially shaped by the interactionat intermediate distance (kilometer 2945 in Chaleur’s

Bay near population 19; Figures 1 and 2A) with a lower between drift and migration. Our results therefore indi-
cate that the temporal window within which latitudinalallelic richness observed either northward or southward.

The sliding-window analysis revealed that FST reached a patterns of genetic diversity reflect the species’ long-
term interaction with its habitat may be narrow.minimum value at intermediate distances (kilometer

2444 between populations 13 and 14) compared to ei- Biology of seawater migrations: This study also pro-
vided insights into the patterns of coastal movement inther farther north or farther south, with a significant

pattern of quadratic variation (Figure 2B, P � 0.001). the brook charr. Higher levels of intrapopulation ge-
netic diversity were found compared to landlocked pop-Correcting for variation in intrapopulation diversity also

provided a significant quadratic pattern of latitudinal ulations from Maine (Castric et al. 2001), indicating
that the higher opportunities for migration providedvariation (P � 0.001, data not shown), indicating that

the different upper bounds possibly reached by FST with by the coastal habitat translate into a more even distribu-
tion of genetic diversity among populations. Despitedifferent levels of diversity were not responsible for this

pattern. high connectivity in anadromous relative to freshwater
populations, brook charr found in different rivers, even
those separated by short distances, were genetically dis-

DISCUSSION
tinct, indicating that straying rates are low and/or hom-
ing behavior is precise. This was most obvious amongThis study provided evidence for important variation

in geographic patterns of genetic diversity and structur- southern populations, where the regression model pre-
dicted 24.8 alleles over the six microsatellite loci for theing among anadromous brook charr populations. As

predicted from its life history, IBD appeared to be the southernmost population (kilometer 0). This value was
similar to levels found in lacustrine populations frombasic process shaping population genetic structure in

this species. Yet, the comparative analysis also showed Maine (Castric et al. 2001), suggesting that reduction
in expression and, perhaps, loss of anadromy toward thethat contemporary patterns of IBD, allelic richness, and

genetic divergence varied with the putative time since south rendered populations as isolated as landlocked
populations. The significant correlation observed be-population founding. This suggests that the timescale

required for equilibrium patterns to settle may be of tween F ST/(1 � F ST) and geographic distance together
with the strong clustering of Anticosti populations alsothe same order of magnitude as that of demographic

disturbances experienced by brook charr over a large confirmed earlier direct observations of limited move-
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ments of brook charr in high-salinity waters (White populations therefore suggest that founder effects may
have prevailed at times of recolonization following de-1942) and precluded the possibility of cross-inlet migra-

tion, thus providing additional support for the one- glaciation. Assuming constant N and � across popula-
tions, the increased intercept of the IBD relationshipdimensional migration model. Such limited movements

may be due to the species’ limited tolerance for high (related to parameter A1/N�) in northern areas further
indicates a leptokurtic distribution of dispersal distancessalinity water, although other mechanisms may also be

involved. The observation of repeated incursions of fish during colonization (high A1). If so, the dynamic of
migration of new areas would differ from that observedinto nonnatal rivers before entering their “home” river

(Smith and Saunders 1958) suggests that the potential among populations that were established earlier in time.
Contrasts between early colonization and subsequentfor straying is higher than the actual level of genetic

exchanges among rivers and consequently that the hom- migration dynamics have been proposed in other stud-
ies, especially for plants where colonization occursing behavior is active and strong in brook charr. Direct

observations and experimental data, however, remain through seeds while subsequent gene flow primarily
occurs through pollen (Comps et al. 2001). In salmonids,elusive (but see Keefe and Winn 1991). Field observa-

tions of fish repeatedly returning to spawn on the same exponential demographic growth of salmonid popula-
tions is frequently reported after removal of barriers tospawning grounds within a river (S. Lenormand and

J. J. Dodson, unpublished data) and evidence for ge- migration (e.g., Bryant et al. 1999; Tremblay et al.
2001). Competition may thus quickly intensify followingnetic distinctiveness of fish spawning on different spawn-

ing grounds within the same river system (Boula et al. population founding, resulting in reduction of fitness
of subsequent migrants compared to colonists (Nich-2002) provide further support for the hypothesis that

homing can be very precise. ols and Hewitt 1994; Davis and Shaw 2001).
“. . . and fall”: disruption of spatial patterns and theInitial formation of spatial patterns: “The rise . . .”:

Given the current knowledge on the species’ biology evolution of dispersal: Assuming that nonequilibrium
dynamics had been the sole factor explaining the ob-and assuming equilibrium conditions, no pronounced

variation in the spatial patterns of allelic richness, popu- served variation of latitudinal patterns of genetic diver-
sity, then such patterns should have remained constantlation divergence, or IBD would be expected. Yet, each

of these patterns decreased with increased distance once established at equilibrium. Clearly, this was not
the case, as all observed patterns were more likely to benorthward. Because northern latitudes are also the most

recently colonized regions along the temporal gradient, quadratic than linear. Thus, allelic richness and IBD
slope decreased, while the extent of population differ-our data support the hypothesis that colonization pro-

cesses are still prevailing in shaping spatial patterns of entiation FST increased among southern populations
compared to those at intermediate distances from thegenetic diversity among northern charr populations.

Such a gradient of genetic diversity has also been re- south. That is, a trend toward increased fixation and
spatial patterns of population structuring that variedported in phylogeographic studies and has been inter-

preted as the result of sampling processes during coloni- randomly was evidenced among the most southern pop-
ulations. Similar trends of increased population fixationzation from southern glacial refugia (Hewitt 1996;

Avise 2000). These studies also suggested that mutation at range margins have been observed in other taxa,
including the green frog Rana pretiosa (Green et al.rate and/or subsequent migration are usually too low

for equilibrium levels of allelic richness to recover. The 1996) and the brown trout Salmo trutta (Bouza et al.
1999), and have been interpreted as reflecting a lackeffect of colonization on population differentiation is

less straightforward because it depends on the number of adaptation of the species to the marginal habitat.
Why then have southern populations of anadromousand origin of colonists (Slatkin 1977; Le Corre and

Kremer 1998). Assuming that the pattern of migration brook charr evolved toward increased fragmentation?
Increased population fixation could be due to a de-operating at earlier times of colonization was compara-

ble to that observed among contemporary populations, crease in either population size or the species’ dispersal
capability. Although no anadromous individuals occurcolonists would have been successively drawn from the

most recent populations at every step of the process. farther south than the Gulf of Maine, coastal popula-
tions of freshwater resident brook charr still exist andWith numerous colonists, the sampling effect should

have been negligible and lower levels of divergence show no dramatic decline in census size. For example,
Curry et al. (2002) counted 
1500 adult fish in theamong populations would have been expected in recent

compared to older populations (Slatkin 1993; Bernat- Kennebecasis river (sample 2) in a single season. Thus,
lower population size seems unlikely to explain thechez and Wilson 1998). In contrast, with a low number

of colonists, a stepwise colonization would involve suc- changes observed in spatial patterns of genetic diversity
among the most southern populations. In contrast,cessive founder events and should thus lead to increased

divergence in recently colonized populations (Le Corre Curry et al. (2002) reported that fish from the Kenne-
becasis river remained in salinity �5‰ (compared toand Kremer 1998). The general increase of divergence

and decrease in allelic richness we observed in northern 35‰ for typical seawater), thus precluding any possibil-
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ity for movement among rivers. We therefore propose (FST � 0.11), a plateau seems unlikely to have been
two nonexclusive hypotheses for reduction of anadromy reached in this study. Second, the fading of IBD could
and increased fragmentation among southern brook reflect a nonequilibrium situation. The spatial scale over
charr populations. Because body growth is enhanced in which an IBD signal should be apparent during the
the marine environment due to higher food availability, transitory period toward equilibrium in a one-dimen-
the benefits for switching between habitats may out- sional array of populations depends upon the parame-
weigh the costs of physiological acclimations to a hyper- ter √2 Nm� (Slatkin 1993). Thus, for recent systems
and a hypoosmotic environment (Boula et al. 2002). (small � values), IBD may be weak over large geographic
As such, anadromy may be viewed as a form of seasonal scales and may consequently remain undetected. Third,
migration driven by the productivity gradient between and nonexclusively, mutation may not remain negligible
fresh- and saltwater. Because this gradient declines in relative to migration over large geographic scales. Be-
intensity from north to south, selective pressures for cause mutations arise randomly in space, theory predicts
anadromous behavior are predicted to become weaker that their effect should be similar to island migration
and eventually disappear (Gross et al. 1988). On the (Crow and Kimura 1970), therefore weakening the
other hand, since anadromous behavior also provides relationship between genetic and geographic distances.
the opportunity to reproduce in a different river, it is Regardless of the exact explanation for this scale depen-
also subjected to the forces driving the evolution of dence, it is problematic since the slope of IBD is com-
dispersal (reviewed in Clobert et al. 2001). Habitat monly used in empirical studies to estimate N�2. Rous-
instability ranks among the most powerful forces select- set (1997, 2001) advocates the use of prior independent
ing for dispersal (Gandon and Michalakis 2001), while estimates of � to delimit the scale over which the linear
a costly dispersal form should decline in frequency in relationship between FST/(1 � FST) is expected to hold
a stable environment (van Valen 1971; Olivieri et al. reasonably well.
1995, Figure 3; Cody and Overton 1996). Assuming In addition to scale dependence, important latitudi-
that the habitat occupied by the brook charr in postgla- nal variation in IBD slope was observed even when con-
cial times can be considered as stable, theory therefore trolling for the scale of analysis and sampling density.
predicts that anadromy should have decreased more

As detailed above, those variations probably arise from the
among southern populations. The rate of decrease may

spatio-temporal variation in migration rate and patterns ofbe slow (Paradis 1998) and depends on several parame-
dispersal, which compromises the use of inference meth-ters, including the fitness cost of dispersing (Olivieri
ods assuming spatial homogeneity and temporal stability.et al. 1995), mutation rate, and the level of habitat frag-
New analytical methods, such as maximum-likelihoodmentation (Paradis 1998). To summarize, whatever the
frameworks (Beerli and Felsenstein 1999; Bahlo andexplanations for the loss of anadromy our results clearly
Griffith 2000), represent promising avenues that mayindicate that southern brook charr populations are
allow inclusion of parameters for an explicit coloniza-highly fragmented relative to more northern ones. As
tion scenario and the rate of decrease of the migratinggenetic exchanges decrease between them, populations
phenotype. The joint estimation of migration rates, ratedrift independently from each other, thus disrupting
of colonization, and cost of dispersal that would max-the pattern of IBD observed among more northern pop-
imize the likelihood of observing the data may thusulations.
become possible in the near future.Scale dependence of IBD patterns: As pointed out

Conclusions: Processes underlying spatial patterns ofby Rousset (1997, 2001) but rarely considered in em-
genetic diversity must be correctly identified and accu-pirical studies (but see Hellberg 1995; Ruckelshaus
rately understood since they may impact a species’ po-1998; Ehrich and Stenseth 2001), the estimation of
tential to respond to selection and to persist in the facedemographic parameters from the slope of the IBD
of changing environments (Kirkpatrick and Bartonrelationship is strongly affected by the spatial scale of
1997; Thomas et al. 2001). To that end, populationobservation. Our results showed that the IBD slope var-
genetics approaches have usually considered static sys-ied greatly until scales of 50 km were considered and
tems, whereby spatial patterns of genetic diversity reflectthen decreased with increasing geographic scale. Simi-
a species’ ecological characteristics with little consider-lar fading of IBD at larger geographic scales has been
ation for their evolution through time. The assumptionobserved in several species (Hellberg 1995; Johnson
of temporal stability may prove especially unlikely inand Black 1998; Ehrich and Stenseth 2001) and has
evolutionarily young systems, because it may fail to cap-received various explanations. First, as genetic differ-
ture the dynamic essence of spatial patterns of geneticences increased with geographic distances, FST may pla-
diversity, as was exemplified in this study. Furthermore,teau if it reaches its upper bound at large geographic
because a species’ form of dispersal can evolve, thedistances. The mean expected heterozygosity was 0.72,
assumption of spatial homogeneity and temporal stabil-such that the maximum theoretical FST value should
ity of demographic parameters may also be questioned.be �0.28 (Hedrick 1999). Because this value is much

higher than the level of differentiation actually observed Most attempts to characterize the genetic impacts of
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Salvelinus fontinalis, to direct transfer to sea water in spring andhabitat fluctuations have been focused on relatively
summer. Aquaculture 97: 217–230.

small geographic scales in the framework of an extinc- Bigelow, H. B., and W. C. Schroeder, 1953 Fishes of the Gulf of
Maine. Fish. Bull. 74: 120–121.tion-recolonization dynamic of metapopulations (e.g.,

Bohonak, A. J., 1999 Dispersal, gene flow, and population structure.Slatkin 1977; McCauley 1993). At a wider geographic
Q. Rev. Biol. 74: 21–45.

and temporal scale, however, the availability of suitable Boileau, M. G., P. D. N. Hébert and S. S. Schwartz, 1992 Non-
equilibrium gene frequency divergence: persistent founder ef-habitat has also constantly fluctuated due to the cycling
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Borns, H. W., P. Lasalle and W. B. Thompson, 1985 Late pleisto-
thus reinforces the view that a biogeographic perspec- cene history of Northeastern New England and adjacent Québec.

Special paper no. 197, The Geological Society of America, Boul-tive is essential to fully understand the evolution of
der, CO.geographic patterns of genetic variation.
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