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Abstract

Estimation of effective population sizes (N,) and temporal gene flow (N,m, m) has many
implications for understanding population structure in evolutionary and conservation
biology. However, comparative studies that gauge the relative performance of N,, N,m or m
methods are few. Using temporal genetic data from two salmonid fish population systems
with disparate population structure, we (i) evaluated the congruence in estimates and pre-
cision of long- and short-term N,, N,m and m from six methods; (ii) explored the effects of
metapopulation structure on N, estimation in one system with spatiotemporally linked sub-
populations, using three approaches; and (iii) determined to what degree interpopulation
gene flow was asymmetric over time. We found that long-term N, estimates exceeded short-
term N, within populations by 2-10 times; the two were correlated in the system with tem-
porally stable structure (Atlantic salmon, Salmo salar) but not in the highly dynamic system
(brown trout, Salmo trutta). Four temporal methods yielded short-term N, estimates within popu-
lations that were strongly correlated, and these were higher but more variable within salmon
populations than within trout populations. In trout populations, however, these short-term N,
estimates were always lower when assuming gene flow than when assuming no gene flow.
Linkage disequilibrium data generally yielded short-term N, estimates of the same magnitude
as temporal methods in both systems, but the two were uncorrelated. Correlations between
long- and short-term geneflow estimates were inconsistent between methods, and their
relative size varied up to eightfold within systems. While asymmetries in gene flow were
common in both systems (58—63% of population-pair comparisons), they were only temporally
stable in direction within certain salmon population pairs, suggesting that gene flow between
particular populations is often intermittent and/or variable. Exploratory metapopulation N,
analyses in trout demonstrated both the importance of spatial scale in estimating N, and
the role of gene flow in maintaining genetic variability within subpopulations. Collectively,
our results illustrate the utility of comparatively applying N,, N,m and m to (i) tease apart
processes implicated in population structure, (ii) assess the degree of continuity in patterns of
connectivity between population pairs and (iii) gauge the relative performance of different
approaches, such as the influence of population subdivision and gene flow on N, estimation.
They further reiterate the importance of temporal sampling replication in population genetics,
the value of interpreting N, or m in light of species biology, and the need to address long-
standing assumptions of current N,, N m or m models more explicitly in future research.
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Introduction

A common thread linking molecular ecology research is the
elucidation of patterns and processes underlying population
genetic structure within species. Whether such structure is
temporally stable or unstable is increasingly addressed for
its utility in distinguishing how many populations exist as
well as their inter-relationships (Lessios et al. 1994; Nielsen
et al. 1999; Ruzzante et al. 2001; Hoffman et al. 2004; Dannewitz
et al. 2005; Waples & Gaggiotti 2006). Insights gained from
this research are in turn enlightening management decisions
regarding, but not limited to, the definition of conservation
units and genetic monitoring (Crandall et al. 2000; Fraser
& Bernatchez 2001; Larsen et al. 2005; Hansen ef al. 2006a;
Palsboll et al. 2007; Schwartz et al. 2007).

A vital part of further understanding patterns of
population genetic variation will come from integrating
knowledge of effective population sizes (N,) and temporal
gene flow (migration rate, m). The rate of loss of genetic
diversity via genetic drift is greater in populations when N,
is small and, in the absence of m, this rate is expected to
increase as N, decreases (Frankham et al. 2002). Losses of
genetic diversity from drift can thus be counterbalanced by
m (Lenormand 2002). Temporal gene flow can also reveal
continual patterns of connectivity between populations,
whether human or naturally-induced (Vasemagi ef al.
2005; Fraser et al. 2007). In addition, the interplay between
N, and m can provide insight into the extent to which gene
flow constrains local adaptation (Adkison 1995; Hendry
et al. 2001; Hansen et al. 2002). Overall, because commonly
used measures of population genetic differentiation
only consider the product Nm [e.g. Fs; =1/(N,m+ 1), N,
and m studies illustrate that such measures often do not
adequately portray the processes underlying genetic stru-
cture. Similar Fg; values, for example, might reflect both
temporally stable populations with low gene flow and
large N,, and unstable populations with high gene flow
and low N, (Whitlock & McCauley 1999; Jensen et al. 2005).

Recent developments have improved the feasibility
of estimating N, and temporal gene flow in natural
populations (Beerli & Felsenstein 2001; Wilson & Rannala
2003; Wang 2005, Leberg 2005, and references therein).
These methods account for common features of natural
populations, including fluctuating population sizes and
asymmetric gene flow, and thus have attracted considerable
application (Turner et al. 2002; Ardren & Kapuscinski 2003;
Miller & Waits 2003; Shrimpton & Heath 2003; Fraser ef al.
2004, 2007; Hoffman et al. 2004; Johnson et al. 2004; Kaeuffer
et al. 2004; Wilson et al. 2004; Consuegra ef al. 2005; Jehle et al.
2005; Aspi et al. 2006; Hansen et al. 2006b, 2007; Poulsen et al.
2006; Weetman et al. 2006; Watts et al. 2007). Much of this
research, however, was not conducted in a strictly compara-
tive sense. Few simulation studies have also evaluated the
precision, accuracy or computational efficiency of most
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N, and m methods, and these have found that no estimator
performed universally better than others across different
simulations (e.g. with varying sample sizes, numbers of
loci screened; Tallmon et al. 2004; see also Abdo et al. 2004;
Araki et al. 2007; Faubet et al. 2007). Some assumptions likely
violated in most natural systems have also not been evaluated
thoroughly; namely, that populations are closed to migra-
tion when estimating N,. Thus, as details about population
size and connectivity are typically lacking a priori, it is
currently difficult to know which N, and m methods are
most suitable to apply.

Challenges clearly arise when interpreting results from
any comparative study (experimental or natural popula-
tion data), since true N, and m values are often unknown,
and parameters affecting N, and m cannot all be controlled
for (Leberg 2005; Wang 2005). Nevertheless, an empirical
comparison of several methods across a range of biological
conditions would be useful to gauge their relative per-
formance. For instance, discrepancies between methods in
different environments might reveal untenable assumptions
within the studied populations.

Here, we use microsatellite DNA data to compare
several genetic methods for estimating N, and m among
populations of two salmonid fish species with similar life
histories. The two population systems we consider are
useful for such a comparison. They have well-established
population structure from previous works and, broadly
speaking, experience contrasting environmental con-
ditions; one system [landlocked (freshwater) sympatric
populations of Atlantic salmon, Salmo salar] is very tem-
porally stable (Tessier & Bernatchez 1999) while the other
(anadromous brown trout populations, Salmo trutta, from
a Danish island) is highly dynamic (QJstergaard et al. 2003)
(see Materials & Methods). Such contrasting environments
should have very different impacts on the estimation of
N, and m, and on the evaluation of population genetic
structure (Whitlock & McCauley 1999; Leberg 2005; Wang
2005). Other attributes of the data sets for each system
include similar genotypic output (seven microsatellite loci),
mean heterozygosities (0.61-0.66), allelic richness (five
to seven alleles/locus) and mean population sample sizes
(40-50). However, the two systems have different global
levels of genetic differentiation [salmon mean Fg; = 0.109
(95% CI 0.066—-0.122) vs. trout mean Fgp=0.031 (95% CI
0.016-0.053); 1990s values]. Each data set also includes
most or all sources of immigrants and thus potential gene
flow (see Beerli 2004a,b; Slatkin 2005), as well as temporal
replicates of population samples generally spaced at least
three generations apart, but not exceeding 15 generations.
These are useful for applying temporal approaches to
estimating N, and for determining whether continual
patterns of gene flow exist between populations. Finally,
general trends in abundance during the time periods
sampled for both systems did not suggest overly large N,
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values (< 200-300). At larger N,, genetic estimates of N, are
known to have poorer precision regardless if the number
of samples or loci is increased (Nei & Tajima 1981; Waples
1989; Luikart ef al. 1999; Waples 2002a).

Our comparison of N, methods focused primarily on
short-term N, using temporal and linkage disequilibrium
approaches, as well as long-term N,, using coalescent
methods, because (i) our data sets were conducive to making
such comparisons based on the inclusion of good temporal
replicates, and (ii) these methods have also attracted the
most theoretical and empirical attention in the recent
literature (see Leberg 2005; Wang 2005; Waples 2006).
We acknowledge, however, that current estimators of N,
assume no subpopulation structure, such that N, estimates
are biased if applied to a subpopulation that has consider-
able genetic connection to other subpopulations within
a larger metapopulation (Hedrick & Gilpin 1997; Waples
2002a). Therefore, as an additional objective, we comple-
mented N, and m comparisons by considering approaches
to address the potential effects of subpopulation structure
on N, (e.g. metapopulation structure) in the data set from
a highly dynamic system.

Materials and methods

Population systems, species biology, and data

Sample data (seven unlinked microsatellite loci) ori-
ginate from landlocked (freshwater) sympatric populations
of Atlantic salmon in Lac-Saint Jean, Canada (Tessier &
Bernatchez 1999) and anadromous brown trout popula-
tions inhabiting Bornholm Island, Baltic Sea, Denmark
(Dstergaard et al. 2003) (Fig. 1; Table 1; Appendix I). Genetic
estimates of N, and m were never conducted on the Lac
Saint-Jean system (Tessier et al. 1997; Tessier & Bernatchez
1999), but we include estimates from two methods
(‘Methods 2 and 4’ in this study) from OJstergaard et al.
(2003) in our comparisons below.

In both systems, rivers are used for spawning and as
juvenile habitat for migratory salmon or trout (Fig.1).
Juveniles spend anywhere from 1-3 years within rivers
before migrating to lake or ocean feeding areas, respec-
tively. After an additional 2—4 years, sexually mature
salmon and trout return to rivers to complete their lifecycle.
Individuals of both species predominantly return to
their natal rivers to spawn, but tagging data (Larsen 1970)
suggest higher/stronger dispersal (straying) in Bornholm
trout than in populations elsewhere. This likely relates to
the unstable nature of Bornholm Rivers (Jstergaard ef al.
2003). While 42 rivers exist on the island, most (= 25/42)
are devoid of trout, and those inhabited are shallow, short
(<10 km) and highly sensitive to low precipitation. During
periods of drought, rivers can dry up, leading to extinction
of juvenile trout. Recolonization has been observed,

ASH

/OUA 40 km

Lac Saint-
Jean

Fig. 1 Geographic locations of Lac-Saint Jean (Québec, Canada)
and the island of Bornholm (Denmark). Abbreviations of river
names show the location of Atlantic salmon (Salmo salar) and brown
trout (Salmo trutta) populations used in this study. Full river
names are found in Table 1.

and this system is considered an example of a natural meta-
population with high population turnover (Jstergaard
et al. 2003). Accordingly, Dstergaard et al. (2003) observed
dramatic changes in population genetic structure of
Bornholm trout populations from the 1940s to the 1990s,
reflected by considerable allelic frequency change and
greater temporal differentiation within rivers than spatial
differentiation between rivers. Other anadromous trout
populations are found nearby just north of Bornholm,
notably the large Morrumsan River. Tagged trout from
rivers to the west are also caught during feeding migrations
close to Bornholm, so we included samples from these
regions as potential gene flow sources for certain analyses
(see Table 1). The four rivers entering Lac Saint-Jean and
used by salmon are conversely larger (>30-100 km) with
more stable flow and environmental regimes (M. Legault,
unpublished data). Correspondingly, salmon population
structure in Lac Saint-Jean has been very temporally stable
from the 1970s to 1990s, as reflected by similar allelic fre-
quency distributions and Fg estimates among populations
(and between temporal periods within populations) (Tessier
& Bernatchez 1999).
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Table 1 Origins and numbers of samples for estimating effective population sizes and temporal gene flow in Atlantic salmon (Salmo salar)

and brown trout (Salmo trutta) populations. Geographic locations

of populations are found in Figure 1

Population Population code

Years sampled (1)

Reference

S. salar: Lac Saint-Jean
Riviere Aux Saumons RS

Riviere Ashuapmushuan ASH
Riviere Ouasiemsca OUA
Riviere Metabetchouane MET
S. trutta: Bornholm

Vellens River VE
Blykobbe River BL
Dondals River DO
Tejn River TE
Grodeby River GR
Laesaa River LAE
Baggeaa River BA
S. trutta: Potential Sources to Bornholm
Morrumsan River MOS

Vejle River VE]

Karup River KAR
Kovads River KOV
Odder River ODR
Kolding River KOL

1970 (40); 1994 (37)
1978 (39); 1994 (43)
1980 (37); 1994 (36)
1981 (38); 1994 (42)

1950 (49); 1992 (22); 1997 (50)

1944 (45); 1950 (46); 1997 (50)

1966 (29); 1992 (18); 1997 (50)

1944 (41); 1951 (47); 1992 (23); 1997 (50)
1997 (40)

1997 (50)

1997 (40)

1998 (50)

1910 (40); 1998 (50)

1912 (47); 1951 (68); 1993 (49); 1996 (72)
1953 (36); 1996 (50)

1998 (40)

1998 (50)

Tessier & Bernatchez (1999)
Tessier & Bernatchez (1999)
Tessier & Bernatchez (1999)
Tessier & Bernatchez (1999)

Ostergaard et al. (2003)
Ostergaard et al. (2003)
Dstergaard et al. (2003)
Ostergaard et al. (2003)
Ostergaard et al. (2003)
Qstergaard et al. (2003)
Ostergaard et al. (2003)

Fritzner et al. (2001)
Hansen et al. (2002)
Hansen et al. (2002)
Hansen et al. (2002)
Hansen et al. (2002)
Hansen et al. (2002)

Short-term effective population size (N,) estimates from
the temporal method

For both data sets, we employed four ‘temporal’ methods
with differing mathematical properties to estimate N, in
each population, based on short-term allelic frequency
changes between sampling periods (Lac Saint Jean:
circa 1980-1994; Bornholm circa 1950-1997). Methods 1-3
implemented (1) Waples’ (1989) classic moment estimator,
(2) Wang’'s (2001) pseudo-likelihood method and (3)
Beaumont’s (2003) maximum-likelihood, coalescent-based
method. These methods chiefly assumed that mutation,
selection and migration were unimportant in changing
population allelic frequencies relative to genetic drift.
Method 4 (Wang & Whitlock 2003) differed from Methods
1-3 in relaxing the assumption of no migration, so we
hereafter distinguish N, estimates from the two types of
temporal methods as ‘N,¢; ogpp” (Methods 1-3) and “N,qppy
(Method 4). We now briefly consider the importance of
these and other key assumptions of temporal methods.

No mutation. This assumption is likely met because
sampling periods in our study (maximum 15 generations)
are sufficiently short that the effects of mutations can be
safely ignored (Waples 1989; Beaumont 2003).

No selection. This assumption is more ambiguous and
perhaps more difficult to ignore. Selection can cause
higher or lower allelic frequency change than under the
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expectation of pure genetic drift. It could particularly bias
N, downwards if it is variable (Mueller ef al. 1985), as genes
or alleles associated within parents may be selected against
in offspring (i.e. later generation) samples, leading to more
genetic change in the population than under drift alone
(Araki ef al. 2007). Unfortunately, the modest number of
loci utilized in our study prevented any rigorous statistical
inferences from tests aimed at detecting potential selection
at ‘outlier’ loci (Campbell & Bernatchez 2004; Guinand
et al. 2004), but we consider this assumption further in
parts of the Discussion.

No migration. For Methods 1-3, N, nggp Will be biased if
effects of migration on allele frequencies are large relative
to the effect of genetic drift (Wang & Whitlock 2003; see
also Vitalis & Couvet 2001). Wang & Whitlock (2003) have
argued that over few generations, migration increases
allele frequency change compared to change due to drift
alone, thereby causing underestimation of N,. In contrast,
the authors suggested that over many generations,
migration may act as a buffer by maintaining genetic
diversity that would otherwise have been lost by drift,
leading to an overestimation of N,. These points are
somewhat simplistic because they are only true for parti-
cular sorts of migration. For instance, in the short-term,
migration from a genetically similar source would not
necessarily increase allele frequency change relative to drift
alone. Nevertheless, the acknowledgement that migration
can affect N, estimation was pertinent to consider in
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both Lac Saint-Jean and Bornholm, as a priori, we knew
that gene flow was likely considerable between certain
populations, especially in Bornholm. Both Nei & Tajima
(1981) and Waples (1989, 2002a) also point out that where
migration occurs, it is important to consider whether
samples have been drawn from entire populations or
subunits of populations. In Lac Saint-Jean salmon, sub-
population structure is not evident within rivers (Tessier
et al. 1997; Tessier & Bernatchez 1999), but trout found in
different rivers on the island of Bornholm may be inter-
connected as part of a larger metapopulation (Jstergaard
et al. 2003; see below).

Discrete generations. This assumption is violated since
salmon and trout have overlapping generations. Our use
of these methods thus assumed that individual cohorts had
been sampled representatively with respect to age from
the entire population. If not, the bias in N, estimation
will depend on how much genetic relationships among
cohorts co-vary (Jorde & Ryman 1996). Nevertheless,
Waples & Yokota (2007) have recently shown that this
bias is minimized by taking samples separated by a
minimum of three to five generations. In seven of eight
populations in our study, temporal samples meet these
requirements.

Note that Methods 1-4 also assumed random sampling
within populations. Sampling plan II (see Nei & Tajima
1981; Waples 1989) was employed in the ‘early’ samples of
both systems (pre-1990s) wherein individuals were sampled
before reproduction and not replaced (post-1990 samples
followed sampling plan I wherein fish were sampled non-
lethally). These sampling characteristics mean that allele
frequencies in our temporal samples are mutually exclusive
within populations and can be considered as independent
binomial draws, and so population size (N ) is not a factor
in affecting N, estimation with the temporal method (see
Waples 1989). Methods 1-4 also required accurate data
on numbers of generations (T') between sampling periods,
which we calculated for each salmon population using
long-term mean spawning age data. Generation times for
salmon populations (the number of aged individuals in
parentheses) were as follows: RS =5.54 years (1 =1966);
ASH =5.44 years (n=611); OUA =5.25 years (n=4113);
MET = 6.08 years (1 =552). Generation time was not avail-
able for Bornholm trout, but for anadromous trout in
nearby regions it is 3.8 years; we used 3.5 years to account
for the possibility of precocious males spawning at 2 years,
following Jstergaard et al. (2003).

Method 1. We calculated moment estimates of N,c; ogrp
and their 95% confidence intervals (CI) according to
equations of Waples (1989) in Microsoft Excel. Method 1
can underestimate N,; oggp When there are a number of
low-frequency alleles in the data (Waples 1990a).

Nevertheless, revised data sets for both population
systems that pooled low-frequency alleles at each locus
into one allelic class (< 0.02 over both sampling periods, as
suggested by Waples 1990a) resulted in little or no change
in N, ogpp estimates compared to full data sets containing
rarer alleles. Consequently, only N, ogpp estimates
from full data sets are presented. Method 1 also did not
account for the potential influence of salmonid popula-
tion differences in age structure on within-population N,
estimation in either system. However, we did not employ
an analogous model that accounts for this possible effect
because the model assumes semelparity (i.e. it is based on
the Pacific salmon life history: see Waples 1990a, b) whereas
brown trout and Atlantic salmon are iteroparous, and at
least the degree to which Lac Saint-Jean Atlantic salmon
are iteroparous most likely invalidates the model (M.
Legault, unpublished data).

Method 2. We used the program MLNE 2.3 (Wang &
Whitlock 2003) to estimate N, ogpp according to Wang's
(2001) pseudo-likelihood method. When running MLNE,
we applied a maximum N, ogpp of 1000. Upper 95% CI
approaching 1000 were assumed to be infinity. Pseudo-
likelihood methods only allow integers for sampling
intervals; we carried out analyses with the following
T’ values and then N, ogpp estimates (N, ogpp’) Were
converted by N, oggp = (T/T") N, ospp = salmon RS =4;
ASH=3, OUA =3, MET=2); trout (VE=13; BL=15;
DO =9; TE = 15). Simulations have shown more accuracy
and precision in pseudo-likelihood or likelihood methods
than moment estimators — the former use more infor-
mation about the data in relation to sample sizes and T,
whereas the latter can overestimate N,; nggp When genetic
drift is strong (Tallmon et al. 2004).

Method 3. Beaumont’s (2003) coalescence-based likelihood
method uses Markov chain Monte Carlo (MCMC) simu-
lations to generate a posterior distribution of N, ogpp OVer
the entire sampling interval and incorporates a Bayesian
prior on the maximum N, (N,,;1x) to be set by the user.
To evaluate the potential influence of prior information
on the posterior distribution of N, ogpp, We set Ny ux at
1000 and 500 in each population and used 50 000 MCMC
replicates.

Method 4. Method 4 jointly estimated N,qppy and the
generational migration rate, m, for the population in
consideration within the time interval sampled (maximum
N,oppn applied = 1000); it thus required allele frequency
data on the source population(s) contributing immigration
to the population in question (Wang & Whitlock 2003). A
major assumption of Method 4 is that populations receive
constant migration from an infinite source of fixed allele

frequency (Wang & Whitlock 2003). If potential sources
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have not been sampled, or if sources change over time, this
might lead to biases in N,qppy within the population
receiving migration. For Lac Saint-Jean, we could assume
that sampled populations were the only sources of mig-
rants for each population, as barriers to the lake prevent
mixture with outside populations. These populations also
exhibited little allele frequency change between 1980 and
1994 (Tessier & Bernatchez 1999), meaning the assump-
tion of stable allele frequencies in the source was roughly
applicable. We thus pooled allele frequencies in the
three other populations (from both sampling periods) to
represent the allele frequencies of the source. However,
RS, ASH and OUA likely exchange more gene flow with
each other than with MET because of their closer genetic
relationships (Tessier & Bernatchez 1999). For these three
populations, we therefore also pooled allele frequencies
from only the other two populations as the source to
evaluate its effects on N, ppy estimation in each of these three
populations. For Bornholm, Ostergaard et al. (2003) esti-
mated N,ppy in VE, BL, DO and TE using a similar approach
to pooling allele frequencies into an ‘infinite’ source
population. As considerable allelic change occurred within
these populations between 1950 and 1997, the assumption
of an infinite source of fixed allele frequency might
affect N,qppy estimates. We treat this issue further below
in relation to the effective metapopulation size of trout
on Bornholm.

Short-term effective population size (N,) estimates from
linkage disequilibrium data

Method 5 was another short-term method of N, estimation
that utilized linkage disequilibrium (LD) data, that is, the
nonrandom association of alleles at different pairs of gene
loci (#2), to estimate N ,; g in the parental generation for
the sample collected. Unlike Methods 1-4, Method 5 had
the advantage of only requiring a single sample to estimate
N,. Method 5 can also be robust to the potential bias
of selection on N, estimation with the temporal method
described above, as it is based entirely on data for the
offspring sample actually being produced (Araki ef al.
2007). Under Method 5, it is assumed that LD is the result
of genetic drift within small populations that have low or
potentially low N, (Waples 1991, 2006), but migration and
admixture between divergent populations can also lead to
LD (Nei & Li 1973; Waples & Smouse 1990). It should also
be noted that the time periods to which our LD N,
estimates apply might not be completely congruent with
those of Methods 1-4, but they provide supplementary
information including how N, might have changed between
‘early’ or ‘late’ samples.
For unlinked loci, #2 is related to N, in the equation

N,=1/[3(72-1/5)],
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where S is the sample size (Hill 1981; Bartley et al. 1992).
We used Burrow’s composite measure of disequilibrium
(Weir 1979, 1996; Bartley et al. 1992) to calculate the squared
correlation of allele frequencies (#2) at pairs of loci in
each sample. Allelic correlations (r) were computed from
samples using the LINKDOS program (Black & Krafsur
1985; Garnier-Gere & Dillmann 1992), a commonly used
algorithm for estimating LD (Raymond & Rousset 1995;
England et al. 2006; Waples 2006). The overall mean 72
for each sample was calculated as the weighted mean of
values over pairs of loci [L (L —1)/2 pairwise comparisons]
and utilized to estimate N,. The weights for each loci pair
were represented by their respective numbers of allelic
comparisons. Waples (2006) has recently shown that LD N,
estimates based on the above equation can be severely
biased if S is less than the true N,, particularly if S and/or
the true N, is small (see also England et al. 2006). As a result,
we used the bias correction outlined in Waples (2006;
random mating model for S =30 or S <30, depending on
the sample) to correct our overall mean 72 values (#2") and
resulting N, estimates. As each of the samples collected
within salmon and trout populations was from a brood
year rather than from the entire generation, the LD N,
estimates were actually for the effective number of breeders
(N,) in the sampled year rather than N, per generation.
As a result, we converted N, estimates to N, for each
population sample using the generation times outlined
above as other studies have carried out (Ardren &
Kapuscinski 2003). To increase the overall breadth of the
general comparison of N, estimates from Method 5 with
those of other N, nggp methods, we also estimated LD N,
for three additional trout populations where temporal
replicates were available (VE]J, KAR, KOV; see Table 1).
Parametric 95% CI for LD N, estimates were computed
using equation 12 from Waples (2006).

Long-term effective population size (N) estimates

Method 6 was a long-term method of N, estimation based
on coalescent theory (Beerli & Felsenstein 2001). It assumed
that populations had reached equilibrium between
migration and drift and that populations had constant
sizes and exchanged constant gene flow over the coale-
scent period (= 4N, generations). These assumptions are
somewhat simplistic but Method 6 can provide additional
information on N, outside of the time periods of samples.
Coalescent-based N, estimates for both sampling
periods within populations (Lac Saint-Jean, circa 1980 and
1994; Bornholm, circa 1950 and 1997) were calculated
separately using MIGRATE 2.1.3 (Beerli 2004a). This likeli-
hood program jointly estimates N, within each population
as well as the effective number of migrants (N,m) into each
population from all other populations, by estimating allele
genealogies using MCMC sampling. Unlike traditional
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F-statistics, MIGRATE also has the advantage of not assuming
equal N, and N,m among populations. When running
MIGRATE on each of four data sets (Lac Saint-Jean: circa
1980, 1994; Bornholm circa 1950, 1997), the following para-
meters were used in a four population matrix: Brownian
motion approximation to a ladder model (Ohta & Kimura
1973), 15 short chains (10 000 sampled, 1000 recorded) and
2 long chains (25 000 sampled, 5000 recorded; number of
discards trees per chain: 10 000). For each data set, MIGRATE
was run three times to assure that final chains were
estimating the same values of ©, a parameter related to
N, (© =4N ). Starting values of ® and N,m for each run
incorporated the maximum-likelihood values for these
parameters in the previous run; we report results from the
final run. Values of ® were converted to N, using mutation
rates (W) of 0.001 and 0.0005, based on common values
(Estoup & Angers 1998; Ellegren 2000).

Effective metapopulation size (metaN,) — Bornholm

Estimates of N, are biased if applied to a subpopulation
with considerable genetic connection to other subpopu-
lations within a larger metapopulation (Waples 2002a).
Metapopulation N, (metaN,) depends on several factors
relating to population subdivision; it can be either greater
or less than the sum of subpopulation N, comprising
the metapopulation (Hedrick & Gilpin 1997; Whitlock &
Barton 1997). There was little a priori evidence that Lac
Saint-Jean salmon had strongly connected subpopulations
(Tessier & Bernatchez 1999), but three observations from
Ostergaard et al. (2003) led us to carry out exploratory
estimates of metaN, for Bornholm trout: (i) recurrent
extinction/recolonization events in several rivers; (ii)
greater temporal differentiation within rivers than spatial
differentiation between rivers, implying that the genetic
dynamics of the system were best explained at the spatial
scale of the entire island; (iii) small subpopulation N, and
large m using Method 4.

Approach 1. We pooled all samples collected circa 1950s
and 1990s (Table 1), based on the much greater temporal
differentiation within populations than spatial differen-
tiation between populations. We then estimated temporal
metaN ; ogpp ON Bornholm, using Methods 1-3 as described
above. This integration of samples likely improved the
precision of estimates by increasing sample sizes, even
though samples were available from seven rivers in the
1990s but only four rivers in the 1950s (Table 1). Also, of the
four rivers where 1950s and 1990s samples were available,
three (VE, BL, TE) are larger and presumably more pro-
ductive than other island rivers (QJstergaard et al. 2003), so
the greater representation of these rivers in each temporal
sample might approximate proportional allelic changes
occurring over time in the entire metapopulation. Note

that results for Methods 1-3 were very similar using all
1990s samples and only 1990s samples from the four rivers
that also had 1950s samples. Owing to the large number of
comparisons involving N, in our study, we elected not to
include a similar metaN | g estimate based on LD data.

Approach 2. This approach had the same pooling system of
samples as Approach 1, but assumed that migration occurs
from outside anadromous trout populations. We thus
adopted Method 4 as described above to jointly esti-
mate temporal metaN,pgy and meta-m (the generational
migration rate to the metapopulation from outside
sources). We included six outside trout populations as
most likely sources of migrants to the island, based on
knowledge of their N, feeding migrations and geographic
proximity to Bornholm (Table 1). We employed Method 4
with samples from all source populations pooled. Note
that considering each outside population as the source
separately (i.e. a total of seven independent times) yielded
highly congruent results.

Approach 3. We explored different scenarios under three
contrasting theoretical metapopulation models (Wright
1943; Whitlock & Barton 1997; Nunney 1999), based on
component N, of different subpopulations, to estimate
metaN,q; ogpp (details in Appendix II). In addition to
assuming that Bornholm was closed to migration, these
models also assumed that the true number of subpopula-
tions comprising the metapopulation was known. Our
sampling plan did not include every stream that trout
inhabit, but we note that 25/42 island streams are un-
inhabited by the species, and most rivers with temporally
consistent trout production were sampled at least once.
Our scenarios thus considered three subpopulation
numbers: 4, 8, and 12 (Appendix II).

Estimates of gene flow (effective number of migrants,
N m; migration rate, m)

Gene flow and migration rate among populations was
estimated using three main approaches, again since
each makes different assumptions and has different
properties.

First, we applied Wright’s (1951) island model of
population structure Fg.=1/(4N,m + 1), to estimate the
effective number of migrants (N,m) between population
pairs in each data set. We then converted these values to
proportions of migrants () by substituting the mean of N,
values of the two populations from N, Methods 1-3. This
substitution of short-term N, values to obtain estimations
of m assumed that N, estimates had been temporally stable
over the long-term. In these three cases, Fg; was taken as
the Fg; between population pairs circa 1980 and 1994
(for Lac Saint-Jean) and circa 1950 and 1997 (for Bornholm).
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Wright’s island model has been routinely criticized for its
underlying assumptions, including that populations have
the same and constant sizes and exchange equal numbers
of migrants and that populations have approached equi-
librium between gene flow and genetic drift (Whitlock &
McCauley 1999). Such conditions do not typify many natural
systems (e.g. Hutchison & Templeton 1999), but geneflow
estimates from Wright’s model are nevertheless useful for
providing a benchmark of comparison with other methods
and traditional studies (Neigel 2002).

Second, we estimated long-term N,m for the same
sampling periods of each data set using MIGRATE. We also
converted these N,m to m estimates by summing unidirec-
tional N,m values for each population pair generated by
MIGRATE and then dividing this sum by the sum of their
long-term N,.

Third, we estimated m for the same sampling periods
that specifically considered short-term gene flow (the past
one to three generations), using BAYEsAss 1.1 (Wilson &
Rannala 2003). This Bayesian method incorporated the fact
that immigrants show temporary disequilibrium in their
genotypes relative to the focal population, allowing their
identification as immigrants or offspring of immigrants.
BAYESASS yields unidirectional estimates of m for each
population pair which we firstly averaged for comparisons
with other methods. Unlike the other approaches, BAYESASsS
does not assume migration—drift equilibrium, an assump-
tion frequently violated in natural populations (Whitlock
& McCauley 1999). Initial runs showed that convergence
was reached using at least 1 x 107 MCMC iterations; for the
final analysis, we used 3 x 107 iterations of which 1 x 107
were for the burn-in.

From data of MIGRATE and BAYESASS, total m into each
population i for ‘early” and ‘late” sampling periods was
calculated as

m; = 2 mj;

j#
where m;; is the migration rate from population j into i.
Total m (and 95% CI) is also outputted using Method 3
above (i.e. joint estimation of N, and m); these estimates

(m’) were converted using actual numbers of generations
between sampling periods (as above for N,) by

m =1 — eT/Dlog(l-m")

Results

Short-term estimates of N, with different methods

Point estimates of short-term N, ranged from 8 to 354 for
Methods 1-4; these were virtually always larger with wider
CI in salmon than trout populations (Fig. 2). Globally,
N, estimates within populations were strongly correlated
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Fig. 2 Estimates of short-term effective population sizes in Lac
Saint-Jean Atlantic salmon (Salmo salar) populations (circa 1980—
1994) and Bornholm brown trout (Salmo trutta) populations, (circa
1950-1997) according to four different temporal methods (see
Materials and Methods for explanations of each method). The 95%
confidence intervals are depicted as bars. Upper Cls that exceeded
500 lead off the graph, and unless labelled at the top, were infinity.
For the Bornholm data, Method 1 (Waples 1989) point estimates
involve only the two most temporally separated samples. Method
3a: N,y ax = 1000; Method 3b: N, = 500.

between Methods 1-4 (all Spearman’s r=0.84-0.98,
P <0.05), although less so for salmon than trout popula-
tions. For instance, no particular methods provided lower
or higher N, estimates relative to others in salmon, indicat-
ing that the major discrepancies between methods
were population specific. In particular, whereas all four
methods yielded N, values of 78 to 108 in RS, N, ranged
from 94 to 354 in MET. Closer inspection of N, estimates
in MET also revealed the intriguing result that N,qpgpy
(Method 4) was higher than N, oggp (Methods 1-3). In
contrast, N, oggp estimates were very consistent within all
trout populations (Fig.2). A main inconsistency among
methods across all trout populations were continuously
lower N,ppy estimates (Method 4) (Fig. 2). Changing the
Bayesian maximum N, (N,,,,) from 1000 to 500 using
Method 3 (Beaumont 2003) had no appreciable effect on
point estimates of N, gpp in any population except for
ASH, where N, ngpp decreased from 252 to 178 (Fig. 2).
Upper 95% CI approached N,,x in all cases within
salmon populations, but changed little irrespective of the
assumed N,y within trout populations; lower CI were
virtually unchanged when altering N, (Fig. 2).

In salmon, altering the allele frequencies of the
source population of immigrants under Method 4 (Wang
& Whitlock 2003) for RS, ASH and OUA (because of their
closer genetic relationships: see Materials & Methods), had
no appreciable effect on N,ppy estimates. Specifically,
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including all three other populations in the system as
sources vs. only including the two other populations in this
closely related group yielded comparable N,y estimates
[RS: 82 (38-267) vs. 80 (35-251); ASH: 197 (50-8) vs. 187
(47-8); OUA: 159 (51-1503) vs. 149 (50-1278)].

Short-term estimates of linkage disequilibrium N,

Using Method 5, most point estimates of LD N, ranged
from 103 to 239 in Lac Saint-Jean salmon populations and
from 98 to 490 in Bornholm trout populations (Table 2).
Exceptions were N, estimates of 11 for the MET 1994
sample, 4235 for the BL 1950 sample, and 1038 for the TE
1951 sample (Table 2). Excluding these three exceptions (of
21 samples), ratios between LD N, and temporal method
N, osep €stimates from Methods 1-3 were respectively,
over all populations, slightly greater or less than one in
salmon populations (+ 1SE: 0.96 = 0.08; 0.87 £ 0.09; 1.15 £
0.11), but three to four times greater than one in trout
populations (+ 1SE: 2.97 +0.14; 3.84 + 0.20; 4.08 + 0.23)
(Table 2). Note that LD N,/temporal method N,c;ogrp
ratios in other large, mainland trout populations (VE],
KAR, KOV) were most similar to those of Lac Saint-
Jean salmon populations (+ 1SE: 0.70 + 0.06, for Method 2)
(Table 2). The 95% ClIs for LD N, estimates were generally
equal to or wider than temporal method estimates (Fig. 2;
Table 2). LD N, and temporal method N, estimates were
not correlated within populations (Method 5 ‘early’ and
‘late” samples vs. Methods 1-3: Spearman’s r = 0.19-0.26,
P>0.54, and Spearman’s r =-0.57-0.40, P >0.15, respec-
tively, in three of three comparisons), nor were ‘early’ and
‘late” LD N, estimates within populations (Spearman’s
r=0.05, P = 0.93). ‘Late’ sample LD N, estimates were lower
than ‘early’ samples in three of four salmon populations,
but only one of four trout populations showed a similar
trend (Table 2).

Long-term estimates of N,

Depending on the mutation rate (1) assumed, coalescent-
based long-term estimates of N, from Method 6 were on
the order of 2 to 10 times larger than short-term estimates
from temporal or LD methods (Methods 1-5) in different
populations, and larger in salmon than trout populations
(Figs 2 and 3; Table 2). Notable exceptions were MET, in
which long- and short-term N, estimates overlapped
strongly (excluding the LD N, estimate for 1994) and
Bornholm trout populations, where long-term N, estimates
overlapped with point estimates of LD N, in several cases
(Fig. 3; Table 2). Long-term N, estimates were also very
consistent between sampling years in salmon popula-
tions (circa 1980 vs. 1994), whereas they were more variable
within trout populations (circa 1950 vs. 1997) (Fig. 3). As
a result of these overall patterns, long- and short-term

1200 Method 6 (Beerli 2004)
ethor eerli
1100 V p=0.001 (early year samples)
1000 O u = 0.001 (late year samples)
900 @ u = 0.0005 (early year samples)
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z ggg ﬂ %
500 ¥
ts

b

400 ¢
300{ % iR ¥ % 1 3
200 % & 8
100 v v o
0
RS ASH OUA MET BL VE TE DO
N AN o
Y Y

Lac Saint-Jean Bornholm

Fig. 3 Estimates of long-term effective population sizes in Lac
Saint-Jean Atlantic salmon (Salmo salar) populations and Bornholm
brown trout (Salmo trutta) populations, according to Beerli (2004b).
The 95% confidence intervals are depicted as bars. Early year
samples, circa 1980 (Lac Saint-Jean) or circa 1950 (Bornholm); late
year samples, 1994 (Lac Saint-Jean) or 1997 (Bornholm). Mutation
rate, .

N, estimates were only sometimes correlated within
populations (Method 6 ‘early’ samples vs. Methods 1-4:
Spearman’s r =0.40-0.65, P <0.05 in 1 of 4 comparisons;
Method 6 ‘late’ samples vs. Methods 1-4: Spearman’s
r=0.595-0.77, P <0.05 in 4 of 4 comparisons; Method 6
‘early’ or ‘late’ samples vs. Method 5: Spearman’s r = 0.14 -
0.16, P<0.05 in 0 of 2 comparisons; based on only the
earliest and latest temporal samples for Bornholm trout
populations).

Effective metapopulation size (metaN,) — Bornholm

Point estimates of metaN,-; ngpp for the entire system of
trout subpopulations on Bornholm ranged from 212 to
326 (Approach 1, Methods 1-3) (Table 3). Lower 95% CI
were no smaller than 146 and upper 95% CI were no larger
than 377 with these methods (Table 3). The estimate of
metaN ppy (Approach 2, Method 4) was slightly lower
(190) and had a smaller upper 95% CI (251), with a low
estimated migration rate (1) to the island of 2.8% (Table 3).
With Approach 3, estimates of metaN, | ogep, based on
three contrasting models for estimating subpopulation
N, components, varied depending on the number of
subpopulations assumed in the metapopulation. These
estimates were most similar to Approaches 1-2 assuming
four subpopulations under Wright's island model and
Nunney’s interdemic genetic drift model, or assuming
8-12 subpopulations under plausible values of m (0.05—
0.15) and e (0.1-0.2) under Whitlock & Barton’s extinction—
recolonization model (Table 3).
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Table 2 Estimates of effective numbers of breeders (N,) and converted estimates of effective population size (N,=GN,, where G
means generation time in years) using linkage disequilibrium (LD) data. Point estimates of LD N, are compared to Methods 1-3a for
estimating temporal N, ogep, (Waples 1989; Wang 2001; Beaumont 2003 N 4, x = 1000, respectively)

Sample LD estimation N, G

N, (95% CI)

Temporal estimation N, LD N,: temporal N,

S. salar: Lac Saint-Jean

RS 1970 39.2 5.537
RS 1994 19.8 5.537
ASH 1978 27.8 5.440
ASH 1994 18.8 5.440
OUA 1980 25.7 5.247
OUA 1994 45.6 5.247
MET 1981 17.5 6.076
MET 1994 1.8 6.076
S. trutta: Bornholm
VE 1950 67.2 35
VE 1992 423 35
VE 1997 774 35
BL 1944 29.8 35
BL 1950 1210.0 35 4
BL 1997 106.0 35
DO 1966 27.9 35
DO 1992 48.1 35
DO 1997 43.2 35
TE 1944 139.9 35
TE 1951 296.7 35 1
TE 1992 30.2 35
TE 1997 50.5 35
GR 1997 47.0 35
LAE 1997 115.8 35
BA 1997 27.3 35
S. trutta: other

VE]J 1910 47.3 35
VE]J 1998 1114 35
KAR 1912 63.4 35
KAR 1951 142.7 35
KAR 1993 68.7 35
KAR 1996 166.1 3.5
KOV 1953 108.9 35
KOV 1996 215.8 35

217 (40—0) 108, 100, 81 2.01,2.17,2.68
109 (29-0) 108, 100, 81 101,1.09,1.35
151 (34-0) 166, 202, 252 0.91,0.75, 0.60
103(30-2056) 166, 202, 252 0.62,0.51,0.41
135 (31-o) 209,311,177 0.65,0.43,0.76
239 (36-c0) 209,311,177 114,077,135
106 (31-3918) 262,308, 114 0.40,0.34, 0.93
11 (9-44) 262,308, 114 0.04,0.04,0.10
235 (35-0) 73,67, 66 3.22,351,3.56
148 (15-<0) 73,67, 66 2.03,221,2.24
271 (36-) 73,67, 66 1.68,4.04, 4.1
104 (24-<) 70,48, 45 149,217,231
235 (44-0) 70,48, 45 60.50, 88.23, 94.11
371 (39—0) 70,48, 45 5.30,7.73,8.24
98 (18—0) 37,45, 45 2.65,2.18,2.18
168 (13-<0) 37,45,45 4.54,3.73,3.73
151 (30-0) 37,45,45 4.08,3.36,3.36
490 (34-) 101, 58, 51 4.85,8.45,9.61
038 (43-0) 101, 58, 51 10.28,17.90,20.35
106 (15-<0) 101, 58, 51 1.05,1.83,2.08
177 (32-0) 101, 58, 51 175,3.05,3.47
164 (27-<0) NA
405 (40-=) NA
96 (22-2) NA
166 (26-2<) 708* 0.23
390 (40-0) 708* 0.55
222 (26-0) 665* 0.33
499 (41-=0) 665* 0.75
240 (34-0) 665* 0.36
581 (56-<0) 665* 0.87
381 (39-<0) 445+ 0.86
755 (62-<0) 445* 170

NA, not applicable because temporal N, estimates were not available for a comparison; *from DJstergaard et al. (2003) and based on Wang

(2001).

Temporal gene flow and migration rates

Although the magnitude of geneflow and migration-rate
estimates (N,m, m) among population pairs varied with
the method employed, these estimates were correlated
between most methods (Fig. 4, Tables 4—6). As suspected
from overall Fg; values obtained in previous studies,
population pair Nym and m estimates were also usually
several times larger between trout populations than salmon
populations regardless of the method used (Fig. 4, Table 4),
as were total m estimates into trout populations (Table 6).
A notable exception to consistency between methods was

© 2007 The Authors
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a general lack of correlation between coalescent-based
population-pair estimates of Beerli (2004a) and all other
methods, particularly for N,m, and most likely with the
Bornholm trout population system (Fig. 4, Table 5).
Similarly, N,m and m estimates from the same method were
correlated between temporal periods with the exception of
Beerli (2004a) (Fig. 4, Table 5).

Of the 24 total unidirectional ‘long’- and ‘short’-term
N, m or m estimates within population pairs in each system,
14 and 15 were asymmetric (i.e. where 95% CI did not over-
lap) in salmon and trout, respectively (Table 7). In salmon,
these asymmetries had some consistent patterns. Even
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Table 3 Exploratory metapopulation effective population size (metaN,) estimates for Bornholm trout, under different approaches (see
Materials & Methods and Appendix for details). Estimates of metaN, for metapopulation models of Wright and Nunney are the ranges
yielded from estimating subpopulation N, with Methods 1-3. Note that the migration model assumed refers to the metapopulation

as a whole
Approach, reference, details Data Migration model assumed metaN, meta-m
1 Waples (1989) Pooled data Closed to migration 212 (146-314)
1 Wang (2001) Pooled data Closed to migration 294 (229-377)
1 Beaumont (2003), N,y,x 500 Pooled data Closed to migration 249 (199-341)
1 Beaumont (2003), N ;4% 1000 Pooled data Closed to migration 326 (202-340)
2 Wang & Whitlock (2003) Pooled data Migration; sources combined 190 (146-251)  0.028 (0.017-0.044)
metaN,, subpopulations assumed
4 8 12
3 Wright (1943) Subpopulation N,  Closed to migration 218-281 436-562  654-843
3 Nunney (1999) Subpopulation N,  Closed to migration 203-262 406-524  609-786
3 Whitlock & Barton (1997), m =0.05,e=0.1  Subpopulation N,  Closed to migration 85 171 256
3 Whitlock & Barton (1997), m =0.05,e=0.2  Subpopulation N,  Closed to migration 68 137 205
3 Whitlock & Barton (1997), m=0.1,e=0.1 Subpopulation N,  Closed to migration 114 228 341
3 Whitlock & Barton (1997), m=0.1,e=0.2  Subpopulation N,  Closed to migration 57 114 171
3 Whitlock & Barton (1997), m=0.15,e=0.1  Subpopulation N,  Closed to migration 68 137 205
3 Whitlock & Barton (1997), m=0.15,e=0.2  Subpopulation N,  Closed to migration 49 98 146
m Wright-Wang vs. m Wright-Wang vs. m Wilson m Beerli vs. m Wilson &
m Beerli (‘early’) & Rannala (‘early’) Rannala (‘early’)
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Fig. 4 Examples of relationships between migration rate (m) estimates generated from different methods. Estimates of m are those
presented in Table 4. Correlation coefficients (r) for all methods and time periods are found in Table 5. Filled circles are for Lac Saint-Jean
Atlantic salmon (Salmo salar) population pairs and open circles are for Bornholm brown trout (Salmo trutta) population pairs. **P < 0.001.
‘early’, early year samples (circa 1994 Lac Saint-Jean; circa 1997 Bornholm). Note that the range of m values on x and y axes are not equivalent

across different graphs.
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Table 4 Generational geneflow and migration-rate estimates between each pair of Salmo salar and Salmo trutta populations. For N,m Beerli
and m Beerli, only values based on a mutation rate of u = 0.001 are presented

Population N,m Nm m Wright— m Wright— m Wright— m Wilson and
pairs Wright*t Beerli*t Waples*t Wang*t Beaumont*+ m Beerli*t Rannala*t

S. salar

RS-ASH 1.63,3.27 4.43,3.64 0.0119, 0.0187 0.0108, 0.0217 0.0098, 0.0154 0.0052, 0.0044 0.0255, 0.0220
RS-OUA 2.15,3.48 3.93,3.05 0.0136, 0.0189 0.0105, 0.0169 0.0167, 0.0233 0.0049, 0.0043 0.0110, 0.0080
RS-MET 1.30,1.82 1.70,1.03 0.0070, 0.0079 0.0064, 0.0089 0.0134, 0.0149 0.0032, 0.0022 0.0045, 0.0122
ASH-OUA 3.78,12.25 4.48,3.55 0.0202, 0.0295 0.0148, 0.0478 0.0176, 0.0255 0.0046, 0.0039 0.0152, 0.0361
ASH-MET 091,1.34 1.02,1.40 0.0043, 0.0043 0.0036, 0.0053 0.0050, 0.0050 0.0014, 0.0020 0.0071, 0.0100
OUA-MET 1.25,1.56 0.94,1.15 0.0053, 0.0048 0.0040, 0.0051 0.0086, 0.0077 0.0014, 0.0020 0.0055, 0.0085
S. trutta

VE-BL 242,711 3.21,2.23 0.0339, 0.0993 0.0422, 0.1235 0.0437,0.1280 0.0103, 0.0048 0.0605, 0.0545
VE-DO 3.66,4.30 1.83,1.93 0.0665, 0.0781 0.0653, 0.0767 0.0659, 0.0774 0.0045, 0.0072 0.0625, 0.0580
VE-TE 3.32,3.99 1.51,3.31 0.0382, 0.0458 0.0531, 0.0638 0.0568, 0.0682 0.0036, 0.0101 0.0470, 0.0305
BL-DO 2.18,7.33 1.87,2.63 0.0409, 0.1369 0.0471, 0.1575 0.0486, 0.1628 0.0045, 0.0065 0.0595, 0.0580
BL-TE 2.64,9.36 1.54,3.06 0.0309, 0.1095 0.0498, 0.1767 0.0550, 0.1951 0.0036, 0.0066 0.0295, 0.1810
DO-TE 2.66,10.62 6.40,1.75 0.0554, 0.2212 0.0516, 0.2062 0.0554, 0.2212 0.0121, 0.0066 0.0285, 0.0310

*Early year samples (Lac Saint-Jean circa 1980; Bornholm circa 1950); tlate year samples (Lac Saint-Jean circa 1994; Bornholm circa 1997).
fassuming N ;4 = 1000 from Beaumont (2003).

Table 5 Spearman rank correlation coefficients (above the diagonal; statistical significance below the diagonal) between geneflow or
migration-rate estimates from various methods for each population pair in Table 4

Earlyvs.  N,m N,m m Wright-  m Wright-  {m Wright— m Wilson and
late years ~ Wright*t  Beerli*+ Waples*t Wang*t Beaumont*t m Beerli*t Rannala*t
Early vs. late years 0.83 0.42 0.89 0.83 0.83 0.39 0.79
N,m Wright*t e 044,044 0.79,0.80 0.84,0.84 0.84,0.85 0.45,0.57  0.65,0.74
N,m Beerli*t NS NSNS 0.40,0.25 0.45,0.30 0.21,0.27 091,040  0.19,0.29
m Wright-Waples*t o R NSNS 0.94,0.98 0.94,0.99 0.58,0.78  0.72,0.78
m Wright-Wang*t o R NSNS e 0.98,0.99 041,080  0.85,0.83
fm Wright-Beaumont*t  *** R o NSNS o s o e 0.35,0.80  0.80,0.79
m Beerli*+ NS NS* **NS o NS*#** NS*#** 0.45, 0.66
m Wilson and Rannala*-'- HXF A% A NS NS K kAN AN KA AN HAA NS**

*Early year samples (Lac Saint-Jean circa 1980; Bornholm circa 1950); tlate year samples (Lac Saint-Jean circa 1994; Bornholm circa 1997).
fassuming N,y = 1000 from Beaumont (2003). NS, nonsignificant, *P < 0.05, **P < 0.01, **P < 0.001.

Table 6 Total migration rates (m) into each
salmon and trout population estimated from
three methods (and 95% CI in parentheses
for Wang & Whitlock 2003). For m Beerli,

only values based on a mutation rate of

m Wilson m Wang
Population m Beerli*t and Rannala*t and Whitlock
S. salar
RS 0.0034, 0.0044 0.0130, 0.0590 0.0222 (0.0060-0.0691)
ASH 0.0020, 0.0021 0.0720, 0.0702 0.0080 (0.0010-0.0324)
OUA 0.0026, 0.0027 0.0400, 0.0460 0.0559 (0.0060-0.0850)
MET 0.0018, 0.0016 0.0120, 0.0160 0.0006 (0.0004-0.0035)
S. trutta
VE 0.0042, 0.0062 0.2250, 0.1700 0.1585 (0.0975-0.2510)
BL 0.0063, 0.0036 0.1720, 0.1710 0.2924 (0.1955-0.4221)
DO 0.0053, 0.0063 0.1680, 0.1760 0.3281 (0.1645-0.6289)
TE 0.0041, 0.0060 0.0100, 0.2730 0.2694 (0.1841-0.3911)

*Early year samples (Lac Saint-Jean circa 1980; Bornholm circa 1950); tlate year samples (Lac

Saint-Jean circa 1994; Bornholm circa 1997).
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Table 7 Unidirectional geneflow and migration-rate estimates over time within population pairs of Salmo salar and Salmo trutta. The 95%
confidence intervals are in parentheses for Beerli (2004a), while Wilson & Rannala (2003) estimates contain standard deviations in
parentheses. Asymmetric N,m or m estimates (where 95% CI do not overlap) are highlighted in bold font. The direction of gene flow/
migration is as follows: the first population listed into the second population listed (i.e. RS-ASH, RS into ASH)

Method of asymmetric
gene flow or migration

Lac-Saint Jean data set, S. salar

RS and ASH

RS and OUA

RS and MET

RS-ASH

ASH-RS

RS-OUA

OUA-RS

RS-MET

MET-RS

N, m Beerli*
N, m Beerlit

1.44 (1.27-1.63)
1.69 (1.40-1.92)

2.99 (2.70-3.40)
1.95 (1.73-2.19)

2.20 (2.12-2.57)
1.36 (1.22-1.51)

1.73 (1.81-2.42)
1.69 (1.48-1.79)

0.47 (1.65-2.37)
0.38 (0.31-0.47)

1.23 (1.05-1.84)
0.65 (0.52-0.80)

m Wilson and Rannala*  0.046 (0.028) 0.005 (0.006) 0.018 (0.02) 0.004 (0.005) 0.005 (0.007) 0.004 (0.006)
m Wilson and Rannalat  0.011 (0.013) 0.031 (0.021) 0.008 (0.009) 0.008 (0.009) 0.003 (0.005) 0.020 (0.016)
Lac-Saint Jean data set, S. salar (continued)
ASH and OUA ASH and MET OUA and MET
ASH-OUA OUA-ASH ASH-MET MET-ASH OUA-MET MET-OUA

N, m Beerli*

2.14 (1.81-2.36)

2.34 (2.13-2.73)

0.46 (1.50-2.18)

0.56 (1.83-2.73)

0.35(1.15-1.77)

0.59 (1.89-2.85)

N, m Beerlit 2.10 (1.84-2.35) 1.45(1.42-1.92)  0.35(0.29-0.47) 1.05 (0.90-1.22) 0.46 (0.39-0.59) 0.69 (0.61-0.84)
m Wilson and Rannala*  0.014 (0.018) 0.016 (0.017) 0.004 (0.005) 0.010 (0.011) 0.003 (0.005) 0.008 (0.007)
m Wilson and Rannalat  0.025 (0.020) 0.047 (0.025) 0.009 (0.008) 0.011 (0.012) 0.004 (0.005) 0.013 (0.015)
Bornholm data set, S. trutta
VE and BL VE and DO VE and TE
VE-BL BL-VE VE-DO DO-VE VE-TE TE-VE

N, m Beerli*
N, m Beerlit

2.40 (1.95-2.51)
0.77 (0.58-0.87)

0.81 (0.68-0.85)
1.46 (1.05-1.64)

1.15 (0.98-1.21)
1.10 (0.87-1.16)

0.69 (0.57-0.73)
0.83 (0.71-1.04)

0.46 (0.36-0.50)
1.51 (1.25-1.94)

1.06 (0.88-1.11)
1.81 (1.46-2.27)

m Wilson and Rannala*  0.056 (0.053) 0.065 (0.061) 0.056 (0.062) 0.069 (0.070) 0.003 (0.004) 0.091 (0.012)
m Wilson and Rannalat  0.053 (0.0603) 0.056 (0.059) 0.060 (0.063) 0.058 (0.061) 0.005 (0.004) 0.056 (0.055)
Bornholm data set, S. trutta (continued)
BL and DO BL and TE DO and TE
BL-DO DO-BL BL-TE TE-BL DO-TE TE-DO
N,m Beerli* 1.26 (1.09-1.33)  0.61 (0.48-0.66)  0.55 (0.44-0.60) 0.99 (0.82-1.05)  3.40 (2.91-3.50)  3.00 (2.70-3.10)
N,m Beerlit 0.86 (0.69-1.14) 1.77 (1.34-2.15) 1.24 (0.89-1.36) 1.82 (1.46-2.21) 1.14 (0.97-1.36) 0.61 (0.48-0.82)
m Wilson and Rannala*  0.058 (0.053) 0.061 (0.066) 0.004 (0.003) 0.055 (0.024) 0.003 (0.004) 0.054 (0.064)
m Wilson and Rannalat  0.058 (0.058) 0.058 (0.056) 0.264 (0.014) 0.060 (0.064) 0.004 (0.004) 0.058 (0.021)

*Early year samples (Lac Saint-Jean circa 1980; Bornholm circa 1950); tlate year samples (Lac Saint-Jean circa 1994; Bornholm circa 1997).

though MET exchanged less gene flow with the three other
populations, nine asymmetries (across methods and

temporal periods) were in the direction from MET into
RS, into ASH or into OUA (Table 7). However, the five
asymmetric m estimates between RS, ASH and OUA were

not consistent among methods, temporal periods, or within
certain population pairs (Table 7). Similarly, asymmetries
in gene flow in trout were generally not consistent between
methods, temporal periods, or within certain population
pairs, with the possible exception being between TE and

Discussion

VE in which N_m and m was commonly higher from TE into
VE (Table 7).

Degree of congruence in short-term effective population
size (N,) estimates with the temporal method

The four temporal methods employed for estimating
short-term N, yielded point estimates that were strongly

© 2007 The Authors
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correlated within populations. This was despite their
differing mathematical properties and assumptions, the
contrasting population genetic structure of our two study
systems, and the modest numbers of loci used. How-
ever, two main inconsistencies among methods deserve
mention. First, there was more variability in N, estimates
and greater uncertainty (reflected by larger Cls) in salmon
than trout populations, even though realistic N, values
in salmon were only moderate (only 80 to 250). Second,
in trout populations, N,qpgy estimates were continuously
lower than N, g estimates, despite very narrow Cland
small N, values of <75 for all methods. Taken together,
comparisons of N, estimates from different methods
within and between studies must be considered very
cautiously until similar comparable studies are conducted
using both greater sample sizes and numbers of loci. For
instance, within salmon populations, all N, estimates in RS
ranged from 78-108. Since the census size of RS was only
afew hundred individuals around the same time period
of this study (M. Legault, unpublished data), such con-
sistency reveals what the true N, in this population likely
is, even though upper 95% CI for N, were considerably
higher. Yet, had we based conclusions about N, on any one
method, we would have concluded that MET had anywhere
from the largest N, of the four salmon populations to one
of the lowest. Such discrepancies are a good reminder that
point estimates of N, mean very little when upper Cls are
large, unless multiple methods provide similar estimates
and other sources of information (e.g. census sizes) can
affirm them.

The larger CIs in salmon populations could reflect the
inherently larger N, within salmon than trout populations
that we studied, since the Cls are a function of allelic fre-
quency change, and the relationship between this change
and N, is nonlinear (Nei & Tajima 1981; Waples 1989). This
is plausible given that (i) equal numbers of loci with similar
allelic richness and similar heterozygosities were used in
both population systems, (ii) temporal samples had similar
sample sizes in both systems and (iii) similarly, N, esti-
mates in Bornholm trout populations based on any two
rather than all temporal samples (making sample sizes
even more comparable between systems when estimating
N, with the temporal method) still had very narrow Cls
relative to Lac Saint-Jean salmon populations (data not
shown). However, the temporal method also becomes less
precise as the ratio S/N, gets smaller (where S =sample
size). Even with equal sampling effort then, a reduced S/N,
ratio, which would translate into larger CIs, would occur
most often where populations have larger than smaller
N, (Waples 1989). In addition, precision for the temporal
method decreases when the number of generations
between samples (T) is smaller (Waples 1989), as was the
case for Lac Saint-Jean salmon population samples relative
to Bornholm trout samples.
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With respect to trout, N, ogpp estimates were very
similar and follow the literature trend for uniformity
when N, is small (i.e. <75-100: see also Miller & Waits
2003; Aspi et al. 2006). However, N, ogpp €stimates were
2.4 to 4.6 times larger than N,pp, estimates of Wang &
Whitlock (2003) in all populations. A cursory ISI Web of
Science literature search yielded eight other studies where
N,oppn of Wang & Whitlock (2003) and at least one tem-
poral N,qoggp Mmethod were employed (Ford et al.
2004; Hoffman et al. 2004; Johnson et al. 2004; Consuegra
et al. 2005; Jensen et al. 2005; Saillant & Gold 2006; Fraser
et al. 2007; Watts et al. 2007). In all cases, N | ogpp €Stimates
were higher than N,ppy, on the order of 1.4 to in excess of
87 times. In one system, such N,; ogep/ N,oppy ratios were
consistent in both large N,, temporal stable populations
and in smaller N, populations with unstable genetic
compositions (Fraser et al. 2007). To date, it appears that
the only case where N, ogpp and N,qppy estimates were
congruent (or that N,pey > N,y ospp) is within our salmon
populations.

The discrepancies between N,qppy and N, ogpp esti-
mates across multiple systems and species (and different
numbers of generations elapsed between temporal
samples) raise questions about what methods actually yield
estimates closer to ‘true’ N, values. Such discrepancies
could result from a variety of violations of the assumptions
of different methods, including;: (i) inadequate sample sizes
or numbers of loci utilized; (ii) insufficient knowledge
of source populations contributing migrants; (iii) in-
adequate knowledge of the extent of gene flow; (iv) population
size fluctuations over the period that N, was estimated;
(v) the application of discrete generations to species with
overlapping generations to generate N, values; or (vi) too
few generations separating temporal samples (Jorde &
Ryman 1995; Waples 2002a, b; Wang & Whitlock 2003;
Waples & Yokota 2007). Lower N,qpgy in trout might have
also arisen because Wang & Whitlock’s (2003) model
assumes that constant immigration occurs from an infinite-
sized source population of fixed allele frequency, but our
temporal gene flow analyses indicate that this model is not
even roughly applicable in Bornholm (discussed below).

Another explanation for continually lower N,qpgy and
N,crosep estimates in different systems relates to the
fact that allelic frequency change within populations from
migration depends on the extent of genetic differentiation
from the source populations of migrants. Wang & Whitlock
(2003) have argued that in the short term, migration results
in very rapid changes in allele frequencies, and this leads
to nonequilibrium conditions between migration and
drift. Populations then behave as if drift changes allele
frequencies quickly, so N, is underestimated if migration is
ignored. However, we suggest that this might only be true
if source populations of migrants are genetically dissimilar
from the receiving population. If genetic differentiation is
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conversely low, migration might offset the effect of drift in
the short-term, leading to an overestimation of N, if it is
ignored. Wang &Whitlock (2003) further stipulated that
in the long term, assuming that migration is constant,
migration and drift approach equilibrium and the pace at
which allelic frequency changes occurs in a population
then reflects that of the larger, metaN,, leading again to an
overestimate of population N, if migration is ignored
(Wang & Whitlock 2003; see also Waples 2002a). The higher
N, osep estimates in many studies would therefore imply
that migration into populations is often high enough (and
genetic differentiation is low enough) to lead to an over-
estimation of N, with such methods. In contrast, congruent
N,oppny and N, ogpp estimates in Lac Saint-Jean salmon
populations would suggest that migration is too low in the
system to have an effect on N, estimation. On the other
hand, there are clearly cases where N,qppy estimates were
biased downwards and with little biological sense
(Hoffman efal. 2004). Additionally, spatial population
genetic differentiation has been low or moderate in many
of the above studies (Fgp = 0.01-0.05). This likely also
renders the precise estimation of Wang and Whitlock’s m
challenging because nonequilibrium conditions appear
to commonly confound interpretations of genetic differ-
entiation in many systems (Hutchison & Templeton
1999; Whitlock & McCauley 1999). It is thus possible that
N,c10sep is generally biased upwards (in the absence of
variable selection at gene loci), Wang and Whitlock’s m is
usually biased upwards, and/or N,qppy is usually biased
downwards.

No clean-cut answers currently solve these ambiguities,
but their consideration merits attention in individual
studies since some degree of migration between popula-
tions is likely in many systems. It is clear that the migration
model of Wang and Whitlock’s method is simplistic and,
like Wright's island model of migration, it will likely not
apply to many real world situations. Until further theoret-
ical developments consider more complex scenarios of the
role of migration on N, estimation, we suggest that where
any gene flow is suspected, researchers should calculate
N,oppn and N,c; ogpp from at least one method, and con-
sider interpretations of these values very cautiously. One
useful approach is to consider supplementary information
on the system which may facilitate conclusions regard-
ing which methods yield more plausible estimates. For
instance, in two Atlantic salmon populations, Fraser et al.
(2007) argued that N, ppy estimates were more biologically
realistic than much higher N, ogzp Ones because each
population showed continual signs of bottlenecking and
linkage disequilibrium (a common phenomenon in small
N, populations) but no loss of allelic richness for up to six
generations. Alternatively, one could integrate informa-
tion over multiple samples collected within populations or
over multiple genetic markers (Waples 2002a). Still another

approach is to consider estimates of metaN, where sub-
populations are suspected to be closely linked temporally
and spatially to one another (see below).

Degree of congruence between short-term N, based on
temporal versus linkage disequilibrium data

Full congruence between N, estimates from the temporal
method and LD data was not expected as the time periods
to which either applied were close but not identical.
Encouragingly, however, point estimates of LD N,; ogep
were of the same order of magnitude as temporal N, ogpp
in both population systems (for the vast majority of
samples), despite low precision in many cases (upper 95%
CI of o). Still, N,y ogpp estimates from LD and temporal
methods were not correlated within populations, and a
salient feature of our results was the differing LD N, ogpp:
temporal N,c;ogpp ratios between salmon and trout
populations. These ratios were generally slightly less
than or greater than one in temporally stable salmon
populations and other Danish trout populations known
for their larger population sizes, temporal stability of
genetic structure, and low gene flow (Hansen ef al. 2002).
In contrast, LD N,q ogpp €stimates were consistently
three to four times higher in temporally unstable trout
populations from Bornholm, even though all trout popu-
lations in our study were genotyped at the same loci and
had similar sample sizes as Bornholm trout (and similar
allelic richness).

Such patterns suggest that an assumption of either the
LD or temporal method for estimating N, was violated in
Bornholm. For the LD N, method, an obvious violation
again would be the assumption of no gene flow. Gene flow
and resulting admixture between genetically differenti-
ated populations will inflate LD in a sample, which will, in
turn, lead to a downward bias in N, estimation (Nei & Li
1973; Waples 2006). However, the extent to which this
occurs depends on how strongly differentiated the popula-
tions are, with more differentiated population admixture
leading to a greater downward bias in N, estimates
(Waples & Smouse 1990). Although this could explain
cases of lower LD N, than other temporal N, estimates in
Lac Saint-Jean salmon populations, the often much higher
LD N, estimates in Bornholm trout populations could
imply that (i) strong LD is not generated from the extensive
gene flow between these populations because they are
strongly connected spatiotemporally; (ii) within-river N,
estimates more typify metaN,, again because populations
are strongly connected spatiotemporally (see below); and/
or (iii) violation of the assumption of no gene flow is more
severe for the LD method for estimating N, ogpp than for
temporal methods. Notably, it is difficult to explain the
higher LD N, estimates in Bornholm trout populations
based on sampling bias, because in general, the LD method
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is only slightly biased upwards when sample sizes exceed
true N, (England et al. 2006; Waples 2006). Furthermore,
the LD N, method considered in this study was developed
for diallelic loci and its performance has not been assessed
with highly polymorphic genetic markers such as micro-
satellites (Waples 2006). With greater than two alleles
per locus, it could be that allelic correlations become
weaker and N, estimates thereby higher. Still, in such a
case, upward biases ought to have been similar for all
the trout and salmon populations, again given their com-
parable levels of allelic richness and heterozygosity.

An alternative to an upward bias in the LD N, ogpp
estimates within Bornholm trout populations could be
instead that a violation of the assumption of no selection
occurred in the system that led to a downward bias in
N, 1 0sep €stimates based on the temporal method. Indeed,
unlike the latter, the LD method can be robust to the
potential bias of selection on N, estimation (Araki ef al.
2007). Our data set was not conducive to rigorously
assess to what degree selection could have affected the
estimation of N, with the loci employed, and we highly
encourage parallel studies to do so in the future. Never-
theless, based on the ecology of Bornholm brown trout,
namely the recurrent extinction/recolonization in many
rivers, the patterns of unstable population structuring,
the small population sizes found with individual rivers
and the strong evidence for an overriding effect of gene
flow on influencing population structure (Larsen 1970;
Ostergaard efal. 2003), we tentatively favour that an
upward bias with the LD method is the more likely of the
two possibilities.

These points reiterate that when gene flow or selection
is suspected, such information needs to be considered
when interpreting short-term N, estimates from LD and
temporal methods. In addition, while the LD method is
potentially very useful because it requires only one sample
to estimate N, curious biases in point estimates of LD N,
were evident occasionally (e.g. MET 1994, BL 1950). A
cautionary approach to using this method would thus be to
replicate sampling (e.g. years) to evaluate the congruence
of LD N, estimates from more than one sample. Temporal
replication of the LD method also has an advantage of
evaluating potential changes in N, over time for genetic
monitoring, although intergenerational changes in N,
can also be evaluated with Beaumont’s (2003) temporal
method and this has been considered elsewhere (Hansen
et al. 2006b). For example, three of four N, estimates from
our ‘late’ (1994) samples of Lac Saint-Jean salmon popula-
tions were considerably lower than our early samples.
These changes coincide with artificial enhancement that
occurred in these populations in the late 1980s and early
1990s, in which juveniles from nonlocal populations were
stocked into other rivers to supplement them (Tessier ef al.
1997; Tessier & Bernatchez 1999).
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Long-term versus short-term effective population size
(N,) estimates

Coalescent-based long-term estimates of N, were on the
order of two to ten times higher than short-term temporal
N, in the majority of studied populations. Furthermore,
long- and short-term N, estimates within populations were
only correlated for certain methods. Studies have inter-
preted larger long-term N, to indicate that populations
have experienced recent declines (Alo & Turner 2005). This
is possible in both of our study systems since populations
have experienced declines over the past few decades
because of human activities (e.g. fishing). However, such
disparities in N, could also be due to violations associated
with the estimation of long-term N, with MIGRATE. For
instance, the program assumes discrete generations
(whereas salmonids have overlapping generations), and
assumes that populations have had constant sizes and
constant gene flow exchange over the coalescent period
(= 4N, generations). Additionally, although we applied
mutation rates (1) that characterize microsatellite loci in
many vertebrates (Estoup & Angers 1998), there is clearly
some inherent uncertainty with the estimation of u. Inter-
estingly, long-term N, were closer to short-term estimates
when p =1 x 10-3, suggesting that this mutation rate per-
haps applies better to fish than 5 x 104 (Estoup & Angers
1998). Finally, long-term N, estimates from early versus
late temporal samples were also highly congruent in
salmon, but not in trout. This reiterates the importance of
including temporal sampling replicates even though these
are not required to obtain long-term N, estimates.

Assumptions regarding source populations of migrants
when estimating N,

Migration likely influenced N, estimation in at least the
Bornholm trout populations, so we now consider the chief
assumption underlying the current estimation of N, and m
concurrently-namely, that populations receive constant
migration from an infinite source of fixed allele frequency
(Wang & Whitlock 2003). For Lac Saint-Jean, RS, ASH and
OUA could be considered principal sources of migrants for
one another because of their closer genetic relationships
(Tessier & Bernatchez 1999). Yet, excluding MET as a
source population of migrants for RS, ASH and OUA had
no appreciable effect on N,qppy estimates. This could be
explained in two ways. First, while temporal changes in
migrant contributions occurred via shifting asymmetries
in N,jm or m between RS, ASH and OUA, asymmetric N,m
or m never exceeded one to two effective migrants or a few
percent, respectively. Second, allele frequencies at different
loci were strongly correlated within all populations over
time (Tessier & Bernatchez 1999), so the genetic ‘signal” of
their migrants was likely stable over time. Johnson ef al.
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(2004) and Hansen ef al. (2007) also found no appreciable
effect of source population on N, estimation with the Wang
and Whitlock method when including biologically-
relevant information of the likely source populations
of migrants. For Bornholm, however, the assumption of
constant migration from an infinite source population is
untenable. Considerable changes in allele frequencies in
all trout populations occurred over time (Jstergaard
et al. 2003), as did the direction of asymmetries in N,m
or m that in some cases were quite large (e.g. m > 0.05).
As previously mentioned, this could account for the dis-
crepancies between N ppyand N, ogpp estimates. On the
other hand, it is debatable whether N, in each river from
any of Methods 1-5 best describes N, in this system,
because the entire system may behave as a metapopulation
(see below). In short, other studies using the Wang and
Whitlock method should provide (i) ample justification for
the application of its migration model in a given system,
and (ii) results from modifying source populations based
on biologically-relevant information, especially if some
sources are unknown.

Effective metapopulation size — Bornholm

Ambiguities surrounding the relative influence of migra-
tion on N, estimation raise issues about the scale at which
N, estimates should be generated in a given system.
Several observations suggested that trout inhabiting
individual rivers on Bornholm did not constitute discrete
populations (see Materials & Methods). Instead, the species
potentially behaved as one main unit on the entire island,
with the larger, metapopulation scale being more relevant
for estimating N, and for explaining the maintenance of
genetic variability within different rivers.

Our exploratory analysis of whole-island metaN, yielded
several interesting results. First, regardless of whether the
island was assumed to be closed to outside migration or
not, metaN, estimates ranged similarly from 190 to 326
(CI 146-377), although metaN,qpgy Was lowest. Second,
outside migration (m) to the island was estimated to be
low. Values of metaN ,ppy and m also changed little when
considering each outside trout population individually
as the source of migrants (data not shown). These results
clearly indicate that Bornholm is essentially closed off
from outside immigration, and that consistent with meta-
population structure, the temporal instability of genetic
structure and high m found within individual rivers reflects
genetic processes occurring on the island itself (i.e. m
comes chiefly from other island rivers). In other words,
outside trout populations do not appear to act as mainland
sources to the island, and the metaN, represents the natural
productivity of the available habitat on Bornholm, imply-
ing further that the island is not a sink in the classic sense
(Dias 1996; Hanski & Gaggiotti 2004). Third, in accounting

for plausible levels of extinction and recolonization on
Bornholm, the most realistic metaN, model based on
subpopulation N, components (Whitlock & Barton 1997)
generated similar metaN, estimates (146-341) when 12 sub-
populations were assumed. This subpopulation number
is realistic given that only = 1/3 of habitat patches (rivers)
was sampled. Finally, even under contrasting approaches
and varying the number of possible subpopulations
on Bornholm considerably, most metaN, estimates did
not exceed several hundred. Again, given the low m to
Bornholm, the temporal changes in population genetic
structure on the island are consistent with metaN, estimates.
For conservation actions, these results reiterate that con-
serving habitats in as many rivers on Bornholm as possible,
whether presently occupied or unoccupied, will be impor-
tant for the persistence of trout on the island (Jstergaard
et al. 2003). More generally, the fuller integration of N,
and m estimates at different spatiotemporal scales in this
system emphasizes their benefits for (i) teasing apart pro-
cesses implicated in population structuring, and (ii) more
rigorously validating the performance of different N,
approaches, particularly with respect to the influence of
population subdivision on N, estimation.

Degree of congruence between N m or m estimates from
different methods

Pairwise N,m or m estimates were generally several times
larger between population pairs in trout than in salmon.
Population pair N,m or m estimates between the two
sampling periods were correlated in many cases, at least in
relative terms, as in some cases their magnitude varied
considerably (e.g. g, VETSUS Mo o Rannala 11 trOUL). A
notable exception to the trend for correlated N,m or m
estimates was between those of Beerli (2004a) and most
other methods.

Like varying approaches to estimating N, there is
currently no general consensus regarding what methods
estimate gene flow best (Whitlock & McCauley 1999;
Neigel 2002; Abdo ef al. 2004). Each method we employed
required multiple assumptions, some of which were likely
violated within our study systems. We might interpret the
long-term likelihood estimates to be more precise than
traditional methods (Wright) since the latter make more
unrealistic assumptions, for instance, that populations have
equal N, and exchange equal N,m (Beerli & Felsenstein
2001). Still, a recent simulation study of mitochondrial
DNA sequence data found that Beerli's method often
yielded inaccurate estimates of migration (Abdo et al. 2004),
but the generality of these findings to microsatellite data
in our study are unknown. We might then further interpret
short-term estimates of m based on Wilson & Rannala
(2003) to better depict current patterns and levels of
migration among populations, since the traditional and
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coalescent-based geneflow models assume migration—drift
equilibrium and constant m whereas the former does not,
and such equilibrium might not have been reached in
either system.

Other studies have also noted discrepancies between
gene-flow methods, whereas others have found no in-
consistencies. For instance, both Fraser et al. (2004) and
Hendry & Taylor (2004) also found that traditional
(Wright) and maximum-likelihood (Beerli) estimates were
uncorrelated. In contrast, Hanfling & Weetman (2006)
found good congruence between Beerli’'s method and a
short-term method analogous to the Wilson and Rannala
method in our study (Corander et al. 2004). Obviously, the
lack of general consensus in N,m or m estimates over dif-
ferent studies indicates that population genetic structure
within many species deviates frequently from current
theoretical geneflow models. It is thus a good reminder to
compare long- and short-term gene flow with traditional
and newer approaches in any system. This is particularly
relevant because in many systems, human influences,
recent environmental disturbances, or the recent origin
of populations can have confounding effects on gene-
flow estimates (Hutchison & Templeton 1999; Hénfling &
Weetman 2006). If anything, a comparison of different
estimators can shed light on the plausible range of gene
flow between populations. This will most certainly be
useful in several contexts, including improving our ability
to determine the consequences of a known increase or
decrease of gene flow in speciation genetics (Coyne & Orr
2004) and conservation initiatives relating to translocations
or supplementation (Storfer 1999).

Temporal consistencies and inconsistencies of asymmetric
gene flow

If interpopulation gene flow is asymmetric, this can affect
the maintenance of genetic variability among populations
and provide insight into metapopulation structure (Fraser
et al. 2004; Hindar et al. 2004; Manier & Arnold 2005; Brown
et al. 2006; Hanfling & Weetman 2006; Veliz ef al. 2006; see
also Vuilleumier & Possingham 2006). Asymmetric gene
flow is also important for understanding the degree to
which particular populations contribute to the migrant
pool and the extent to which m constrains adaptive diver-
gence, especially in populations that are net-receivers of
migrants (Dias ef al. 1996; Fraser & Bernatchez 2005; Fraser
et al. 2007; Hansen et al. 2007).

Our long-term data sets allowed us to examine the
degree to which gene flow was asymmetric over time in
two contrasting population systems. We found evidence
for asymmetries in N,m or m between populations in
both systems, and these were detectable using both
long- and short-term gene-flow methods. However, these
asymmetries were only sometimes temporally stable (e.g.
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salmon: into RS, ASH and OUA from MET). What do these
results signify beyond interpretations of traditionally
applied population-pair geneflow estimates? For starters,
they suggest that in many cases, gene flow between natural
populations is intermittent and variable. Consequently, for
Bornholm trout, as an example, the lack of continual source
populations of migrants reiterates the importance of con-
serving habitats in as many rivers on the island as possible,
since none stand out that could be justifiably prioritized
over others. In salmon, the temporally stable gene flow
asymmetries into RS, ASH, OUA from MET are interesting
because RS, ASH and OUA are differentiated from MET in
putatively adaptive migratory behaviour (Potvin & Ber-
natchez 2001). Since such differentiation persists over time
(Potvin & Bernatchez 2001) despite continual migration
from MET, levels of asymmetric gene flow from MET
appear insufficient to constrain adaptive divergence in RS,
ASH or OUA. Thus, analyses of asymmetric gene flow also
provide supplementary, indirect evidence of the role of
diversifying selection in population differentiation.

Most studies considering asymmetric gene flow to date
have not been temporally replicated. The temporal incon-
sistencies in asymmetric gene flow in our study suggest
that great care should be given in their interpretation when
sampling is nonreplicated. This might be less important in
situations where it is biologically reasonable that asym-
metries occur in the same direction because of directional
dispersal vectors (e.g. river or ocean currents), but even
here temporal replication would shed light on the degree
of variation in the asymmetry. The inconsistent direction of
asymmetries in some cases in our study could also reflect
sampling variance, although most spatial and temporal
samples fulfilled minimum sampling requirements for the
methods we applied.

Summary and recommendations

Our empirical comparisons of different N, and temporal
geneflow methods have several implications for their
integration in fundamental and applied research, and they
raise some caveats:

1 Different temporal methods for estimating N, in closed
populations yield highly congruent estimates when N,
is small. For genetic monitoring (Schwartz et al. 2007),
the outlook for estimating N, in endangered species or in
closed populations is therefore good even with modest
numbers of loci and sample sizes.

2 As expected, Cls for N, become wider as N, values
become larger and, importantly, point estimates of N,
generated by different temporal methods vary consider-
ably for the same populations, whereas CIs are more
congruent. This stresses the need for considering Cls
rather than point estimates for even moderate N, (< 250).
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3 Estimating N, is obviously more difficult in larger
populations. The question is which approach to take.
One could (a) include more temporal samples, (b)
analyze more loci, (c) increase sample sizes or analyze
more variable loci, and/or (d) analyze loci using different
markers and integrate their information. Berthier et al.
(2002) discuss how (b) or (c) might overcome some
of these challenges, and Waples (2002a) discusses the
usefulness of integrating information from multiple
temporal samples.

4 When gene flow cannot be ruled out, short-term N,
should be estimated assuming both closed and open
systems. The only current method for doing so is that of
Wang & Whitlock (2003). The problem is that their
migration model is too simple, so the onus will be on
the researcher to provide justification for its application
and to consider supplementary, biological information
that may facilitate conclusions regarding which
methods yield more plausible N, estimates. Methods
that simultaneously estimate N, and gene flow for
several populations with temporal samples are needed.

5 Congruence between N,qppy and N, ogpp estimates
from temporal and linkage disequilibrium methods
likely reveals that the effect of gene flow on N, estima-
tion is small (e.g. Lac Saint-Jean salmon populations;
migration to trout populations on the island of Bornholm
from outside sources). The same tenet is perhaps true
for the effect of selection on N, estimation, but this
awaits further investigation.

6 Incongruence between N, estimates from different
methods must be interpreted cautiously (e.g. trout),
since depending on the assumption being violated
in a given population system (migration, selection),
upward or downward biases can occur with either
temporal or linkage disequilibrium methods.

7 More emphasis on metaN, is needed in the empirical
literature. As pointed out in trout, traditional estimators
of N, (e.g. the temporal method, linkage disequilib-
rium) become of limited use when population systems
are highly dynamic. Just as there is now wide accept-
ance that population genetic structure should not be
assumed a priori (e.g. Pritchard ef al. 2000), it should be
considered that samples collected for N, analyses are
reflective of entire populations rather than subdivided
populations or metapopulations.

8 Incongruence of geneflow estimates over different
studies is a good reminder to consider traditional
and newer approaches when interpreting geneflow
patterns in any system, and how gene flow varies over
time.

9 Likewise, asymmetries in gene flow should be treated
cautiously and ideally be confirmed over time before
making appropriate conclusions regarding their con-
sequences for population structure. Our study therefore

reiterates the importance of temporal replication in
population genetics (e.g. Waples 1998).

10 All N, and m methods are potentially useful, but
because of their varying assumptions, they may be
biased even within different population systems of the
same species or closely related species. Their continual
integration is essential given that human influences
are increasingly resulting in nonequilibrium conditions
within many systems (Hedrick & Gilpin 1997; Waples
2002a).
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Appendix I

Allelic richness (A), as well as mean observed and expected heterozygosities (Hg, Hy) for each sample from Atlantic salmon (Salmo salar)
and brown trout (Salmo trutta) population, based on seven microsatellite loci (data taken from Tessier & Bernatchez 1999; Fritzner et al. 2001;
Hansen et al. 2002; Ostergaard et al. 2003). Standard deviations are in parentheses. Geographic locations of populations and sample sizes
are found in Figure 1 and Table 1.

Population code A H, Hy Population code A Hg Hy
S. salar means 5.95 0.61 0.62 S. trutta-Bornholm means 5.59 0.64 0.65
RS 1970 5.42 (2.38) 0.60 (0.07) 0.62 (0.11) VE 1950 7.14 2.91) 0.64 (0.17) 0.68 (0.16)
RS 1994 6.14 (2.75) 0.68 (0.12) 0.68 (0.09) VE 1992 5.14 (2.19) 0.69 (0.15) 0.67 (0.14)
ASH 1978 7.00 (3.46) 0.64 (0.22) 0.64 (0.22) VE 1997 5.86 (2.79) 0.62 (0.14) 0.67 (0.12)
ASH 1994 6.86 (3.76) 0.61 (0.20) 0.64 (0.17) BL 1944 5.71 (2.36) 0.62 (0.33) 0.59 (0.27)
OUA 1980 6.71 (3.49) 0.63 (0.16) 0.68 (0.12) BL 1950 7.00 (3.11) 0.68 (0.17) 0.68 (0.14)
OUA 1994 6.57 (3.42) 0.65 (0.17) 0.68 (0.13) BL 1997 4.86 (2.79) 0.63 (0.18) 0.67 (0.14)
MET 1981 4.29 (2.71) 0.54 (0.30) 0.51 (0.26) DO 1966 5.14 (2.34) 0.73 (0.15) 0.68 (0.13)
MET 1994 4.57 (2.06) 0.50 (0.24) 0.51 (0.23) DO 1992 5.00 (2.58) 0.72 (0.22) 0.69 (0.14)

DO 1997 4.14 (2.04) 0.58 (0.18) 0.58 (0.20)
Other S. trutta means 5.81 0.64 0.66 TE 1944 6.00 (1.63) 0.68 (0.12) 0.68 (0.11)
MOS 1998 5.43 (2.23) 0.66 (0.09) 0.66 (0.10) TE 1951 6.86 (2.12) 0.63 (0.22) 0.65 (0.23)
VE]J 1910 6.14 (3.13) 0.58 (0.18) 0.68 (0.16) TE 1992 4.86 (2.48) 0.64 (0.19) 0.62 (0.15)
VE] 1998 6.86 (2.54) 0.69 (0.12) 0.69 (0.14) TE 1997 6.14 (3.67) 0.54 (0.20) 0.61 (0.20)
KAR 1912 6.43 (2.76) 0.59 (0.14) 0.64 (0.15) GR 1997 4.57 (1.62) 0.62 (0.14) 0.62 (0.14)
KAR 1951 6.00 (1.63) 0.62 (0.14) 0.66 (0.15) LAE 1997 5.00 (2.16) 0.67 (0.12) 0.63 (0.15)
KAR 1993 5.71 (2.56) 0.68 (0.12) 0.66 (0.11) BA 1997 6.00 (3.74) 0.59 (0.22) 0.65 (0.14)
KAR 1996 5.43 (2.07) 0.67 (0.13) 0.67 (0.11)
KOV 1953 5.86 (2.67) 0.63 (0.10) 0.64 (0.09)
KOV 1996 5.29 (2.63) 0.66 (0.14) 0.65 (0.12)
ODR 1998 5.14 (2.19) 0.58 (0.21) 0.62 (0.18)
KOL 1998 5.57 (2.70) 0.63 (0.13) 0.66 (0.15)
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Appendix II

We applied three contrasting metapopulation models
to explore different scenarios for estimating the effective
metapopulation size (metaN,) of Bornholm trout popu-
lations. First, we applied Wright's (1943) finite island model:

metaN, = Ny/(1 - Fgp),

where N, =nN (the number of subpopulations, which
was taken as 4, 8, and 12, multiplied by N, of each
subpopulation, which for simplicity we took as the mean
N, between our sampled rivers from Methods 1-3), and Fg;
is the global degree of genetic differentiation between
all subpopulations within the metapopulation. Global
Ogr in Bornholm, an analogue of Fgp, was 0.086 circa 1950
and 0.031 circa 1997, so we took the mean of these two
values (= 0.0586) for our calculations. This model makes
the most simplistic assumptions about metapopulation
structure, for instance, that subpopulations have equal N,
that they cannot go extinct, that they receive the same
fraction of migrants drawn randomly from the migrant
pool, and that they have random mating. Under Wright's
model, any population subdivision (Fg; or 8¢y > 0) results
in metaN, being greater than the sum of subpopulation
N,s (Waples 2002a).

Second, we applied Nunney’s (1999) interdemic genetic
drift model:

metaN , = Ny
¢ 1+ Fg) + Egp) — 2FcFy”

© 2007 The Authors
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where Fg; is the global Fq; between subpopulations
(= 0.0586), and Fig is the global inbreeding coefficient
(Wright 1943) within subpopulations (calculated as 0.0155
for Bornholm). This model considers more realistically
that random differences in reproductive success may build
up in different subpopulations. These can affect a sub-
population’s productivity and thus its contribution to the
migrant pool, which usually leads to a lower metaN, than
the sum of individual subpopulation N,’s (Nunney 1999).
Third, we considered the extinction-recolonization model
of Whitlock & Barton (1997; equation 23, simplified):

metaN, = L,
4(m + e)Fgp

where m is the rate of migration between subpopulations
and e is the subpopulation extinction rate. This model
assumes that the variance in productivity between sub-
populations is primarily due to extinction and recoloni-
zation that occur within the metapopulation, a very
probable feature of Bornholm trout population structure
(Dstergaard et al. 2003). Under this model, metaN, is
strongly influenced by the number of subpopulations
(n) comprising the metapopulation. We considered three
scenarios of migration that typified observed m values
on Bornholm (e.g. m = 0.05,0.10, 0.15; Tables 3, 5), as well
as two moderate extinction rates (¢e=0.1, 0.2), given that
extinction-recolonization was observed in some rivers
between the 1950s and 1990s.



