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Abstract

Small populations may be expected to harbour less genetic variation than large populations, but the
relation between census size (N), effective population size (N.), and genetic diversity is not well
understood. We compared microsatellite variation in four small peripheral Atlantic salmon populations
from the Iberian peninsula and three larger populations from Scotland to test whether genetic diversity
was related to population size. We also examined the historical decline of one Iberian population over a
50-year period using archival scales in order to test whether a marked reduction in abundance was
accompanied by a decrease in genetic diversity. Estimates of effective population size (N.) calculated by
three temporal methods were consistently low in Iberian populations, ranging from 12 to 31 individuals
per generation considering migration, and from 38 to 175 individuals per generation if they were
regarded as closed populations. Corresponding N./N ratios varied from 0.02 to 0.04 assuming migration
(mean=0.03) and from 0.04 to 0.18 (mean=0.10) assuming closed populations. Population bottlenecks,
inferred from the excess of heterozygosity in relation to allelic diversity, were detected in all four
Iberian populations, particularly in those year classes derived from a smaller number of returning
adults. However, despite their small size and declining status, Iberian populations continue to display
relatively high levels of heterozygosity and allelic richness, similar to those found in larger Scottish
populations. Furthermore, in the R. Ason no evidence was found for a historical loss of genetic
diversity despite a marked decline in abundance during the last five decades. Thus, our results point to
two familiar paradigms in salmonid conservation: (1) endangered populations can maintain relatively
high levels of genetic variation despite their small size, and (2) marked population declines may not
necessarily result in a significant loss of genetic diversity. Although there are several explanations for
such results, microsatellite data and physical tagging suggest that high levels of dispersal and asym-
metric gene flow have probably helped to maintain genetic diversity in these peripheral populations,
and thus to avoid the negative consequences of inbreeding.
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Introduction

Preventing the loss of genetic diversity is a pri-
ority in conservation programmes (Avise 1994;
Frankham et al. 2002). Small populations are
more prone to inbreeding and genetic drift, and
consequently are more likely to lose rare alleles
and show a reduction in heterozygosity (Daniels
et al. 2000; Sherwin and Moritz 2000). Fluctua-
tions in population size may also cause the loss
of neutral and non-neutral alleles, which might
be potentially important for the future of the
species (Vucetich and Waite 1999). In general,
loss of genetic diversity might be expected to
impair fitness (Vrijenhoek 1994; Keller et al.
1994) and can ultimately result in the extinction
of populations (Saccheri et al. 1998; Keller and
Waller 2002).

A critical parameter for the management and
conservation of natural populations (Allendorf
et al. 1997) is the effective population size (Ne),
as it determines the rate at which genetic diver-
sity is lost in the population by genetic drift
(Franklin 1980). In most populations, one effec-
tive migrant per generation is in principle en-
ough to avoid the adverse effects of genetic drift,
although more migrants may be needed to offset
drift when the ratio N./N (effective population
size/census size) is very low and genetic drift is
more pronounced (Mills and Allendorf 1996;
Wang 2004). Effective population size is usually
much lower than the census size (N) and the
estimates are particularly sensitive to fluctuations
in abundance (Frankham 1996; Vucetich et al.
1997; Hauser et al. 2002), resulting in N,/N
values lower than the 0.5 ratio predicted theo-
retically (Nunney 1993).

Estimating N, from census data is often diffi-
cult, especially in species with complex life cycles
and varying habitat preferences where multiple
censuses may be necessary to obtain reliable esti-
mates (Vucetich and Waite 1998). Fortunately,
changes in allelic frequencies over time can also be
used to estimate N, (Waples 1998; Wang and
Whitlock 2003) and have proved particularly use-
ful in cases where census estimates are difficult to
obtain, such is often the case with fish populations
(Hedrick et al. 1995). On the other hand, N, esti-
mates based on temporal fluctuations in allelic
frequencies may yield inaccurate results in species
with overlapping generations (Waples 2002a),

especially if the number of generations between
samples is small (Jorde and Ryman 1995).

The decline of numerous salmon populations
across the distribution area (Parrish et al. 1998;
WWF 2001) has prompted the development of
conservation programs (Dodson et al. 1998),
though the best strategy for preserving local
adaptations while preventing the loss of genetic
diversity remains controversial (Adkison 1995).
Thus, while homing behaviour can make salmon
populations reproductively isolated and locally
adapted (Taylor 1991), it can also make them
particularly vulnerable to the loss of rare alleles
through drift, especially in the case of small pop-
ulations (Storfer 1999; Moran 2002). Isolation can
also make small populations more vulnerable to
genetic and demographic fluctuations and more
prone to extinction (Primack 1998). On the other
hand, overlapping generations and the presence of
mature male parr (MMP) that participate in
reproduction at an early age (Jones and Hutchings
2001; Taggart et al. 2001) can increase N, partic-
ularly in southern latitudes (Martinez et al. 2000)
where early maturation is common due to elevated
temperatures.

The present European distribution of the
Atlantic salmon (Salmo salar) is thought to reflect
postglacial recolonisation from multiple refugia
after the Last Glacial Maximum (Bernatchez and
Wilson 1998; Consuegra et al. 2002). At the
southern limit, populations from the Iberian gla-
cial refugium have declined dramatically over the
last 100 years, particularly during the last decades
(Garcia de Leaniz and Martinez 1988; Garcia de
Leaniz et al. 2001), and their effective size may be
under the limits suggested to preserve variability
over time (Franklin 1980; Lande 1995). Yet, no
estimates of N, are currently available for these
populations, making it difficult to develop con-
servation guidelines based on census estimates
alone.

To examine these issues, we compared micro-
satellite variation in four small Atlantic salmon
populations from the Iberian peninsula and three
larger populations from Scotland. We also exam-
ined the historical decline of one Iberian popula-
tion over a 50-year period using archival scales,
and obtained estimates of the relation between
census size, effective population size and genetic
diversity in order to test (a) whether Iberian sal-
mon populations display reduced genetic diversity



in relation to other European populations, as their
low abundance and endangered status might sug-
gest, and (b) whether a historical population bot-
tleneck in one of the populations was accompanied
by a corresponding decrease in genetic diversity, as
theory might predict.

Materials and methods
Study populations and collection of samples

Adipose fins and scale samples were collected from
700 wild angled Atlantic salmon and spawners
(sampled without replacement) entering the rivers
Ason (n=121, annual samples sizes 21-29), Pas
(n=200, annual samples sizes 25-101), Nansa
(n=249, annual samples sizes 26—66), and Deva
(n=130, annual samples sizes 6—49) during 1996—
2000. These are short Iberian rivers, located near
the southernmost limit of the species’ endemic
distribution (Figure 1) and represent extreme,
marginal habitats for Atlantic salmon, being prone
to severe droughts and high water temperatures in
summer (Garcia de Leaniz et al. 2001). Tissue
samples (n=50 each) were also obtained from
adults returning in 1998 to three Scottish rivers
(North Esk, Shin and Oykel) to provide compar-
ative data from larger, more stable populations
(Shearer 1992).

The four Iberian salmon populations had been
stocked with foreign ova intermittently from 1980
to 1991, though few foreign fish — if any — seem to
have returned to reproduce as adults (Garcia de
Leaniz et al. 1989; Verspoor and Garcia de Leaniz
1997). More recently, a supplementation pro-
gramme based on the stocking of native juveniles
into the rivers of origin was initiated in 1996
(Garcia de Leaniz et al. 2001). However, this is
unlikely to have affected our results since hatch-
ery-reared adults (all identified by fin-clipping)
were excluded from analysis, return rates were low
(0.1-0.3%), and the first offspring would not have
returned until 2000, our last sampling year. In any
event, the four study populations appear to remain
genetically distinct (Consuegra et al. 2002).

To examine historical trends in population size
and in genetic diversity, archived scales were ob-
tained from 95 adult salmon angled in the river
Ason from 1948 to 1989. Since the number of
historical samples was limited and the number of
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samples per year was not uniform, they were
pooled by decade in order to increase the sample
size; a comparative analysis was then carried out
across decades, with the exception of the 1970
decade from which no scales were available.

Census size estimates

The four Iberian populations are small (average
catch=34-71 adults/river during 1996-2000) and
have been exploited exclusively by rod and line
over the same fishing season since 1949 (Garcia de
Leaniz and Martinez 1988; Garcia de Leaniz et al.
1989). Since fishing effort has continued to in-
crease (Garcia de Leaniz et al. 2001), the recent
decline in angling catches is probably indicative of
a general decrease in salmon abundance, particu-
larly in the R. Ason (Figure 2).

For each river, individuals were assigned to
their year classes (cohorts) by scale reading, and
year class strength (S) was estimated as the total
(cumulative) number of angled adults derived
from each cohort, assuming that the most abun-
dant cohorts would tend to yield the largest cat-
ches. This is a reasonable assumption for these
populations, since catch statistics are complete,
multiple spawners are rare ( <1%), and rod catches
appear to be correlated with run sizes (Garcia de
Leaniz et al. unpublished). We obtained annual
census size estimates of the breeding populations,
based on redd counts and sex ratio of spawners
(Ardren and Kapuscinski 2003), assuming that
each redd represented on average one spawning
female. Although the construction of more than
one redd per female (e.g., Taggart et al. 2001) may
introduce an upward bias in the estimates of the
number of spawners, this may be partially offset by
redd overlapping in the study populations. In the
case of the historic data for the R. Ason (before
1981), we used a mean exploitation rate by anglers
of 0.40 and a mean sex ratio (M/F) of 0.842
(means of the period 1979-1996; Garcia de Leaniz
et al. 1992 and unpublished data) to estimate the
number of anadromous breeders directly from rod
catches. To account for the contribution of mature
male parr, we used an average density of 8 mature
male parr per spawning female (Figure 3) to derive
more realistic estimates of the sizes of the breeding
populations in each river. Annual censuses of the
total number of spawners (V) were transformed
into census sizes per generation (Nt) in order to
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Figure 1. Map showing location of the four small, peripheral Atlantic salmon populations from the Iberian peninsula, and the three
relatively large populations from Scotland analysed for microsatellite diversity in the present study.

compute N./N ratios per generation, by multiply-
ing the average N; across years by generation
length (Table 1, see below). Although these esti-
mates of census size do not take into account
multiple spawners, such bias would be negligible
here due to their low frequency in the study pop-
ulations.

Microsatellite analysis

Total DNA was extracted from adipose fins
according to Taggart et al. (1992) and was then
amplified with primers for six (SSspl605,
SSsp2201, SSsp2210, SSsp2213, SSsp2215 and
SSsp2216; Iberian populations) or four (SSsp1605,
SSsp2201, SSsp2210 and SSsp2216; Scottish pop-
ulations) tetranucleotide microsatellites (Paterson
et al. 2004), known to be variable in other Euro-

pean Atlantic salmon populations (Verspoor and
Knox unpublished). A 1:8 dilution was made of
the extracted DNA, and 0.5 ul of this dilution was
used for multiplex amplification with fluorescent-
labelled primers according to allele size: FAM for
SSsp1605, SSsp2201 and SSsp2210, HEX for
SSsp2213, and NED for SSsp2215 and SSsp2216.
Final amplification volume was 5 ul distributed as
follows: sterilized distilled water, 0.5 ul amplifica-
tion bufferll 10x (Perkin-Elmer), 0.5 ul dNTPs
2mM, 0.5 ul MgCl, 25 mM, 0.15 units of Tagq
Gold (Perkin-Elmer). Primer concentrations were
0.10 uM for SSsp1605, 0.38 uM for SSsp2201,
0.07 uM  for  SSsp2210, 0.20 uM  for
SSsp2213, 0.06 uM for SSsp2215 and 0.35 uM
for SSsp2216. In those samples where multiplex
did not work for some microsatellites, these were
repeated independently. Microsatellites were
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Figure 2. Annual rod and line catch (no. angled adult salmon) in the four Iberian populations since 1949. Range of angling catches

during 1996-2000 is shown in parentheses.
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Figure 3. Estimated effect of different number of mature male
parr (0, 1, 8, 25) per spawning female on demographic estimates
of effective population size per generation in Iberian popula-
tions (N.y, harmonic means 1996-2000).

analysed on an Applied Biosystems ABI377 DNA
sequencer and allele size was estimated with the
aid of GeneScan and Genotyper (Applied Biosys-
tems) using the internal marker (TAMRA 500) as
a reference standard.

Total DNA from historical scales from the
R. Ason was extracted in 5% Chelex (Beacham
and Dempson 1998), 10 ul of the extracted DNA
was then amplified (hot-start, 40 cycles) for the

same microsatellites and genotyping was repeated
at least twice. SSsp2216 amplified poorly due to
the large size of some of the alleles and was
omitted from analysis.

Analysis of genetic variation and evidence
of population bottlenecks

Genetic diversity, as well as observed and expected
heterozygosities, were calculated using GENETIX
4.01 (Laboratoire Génome et Populations, CNRS
UPR 9060, Montpellier France). Deviations from
Hardy—Weinberg equilibrium were tested for each
locus using GENEPOP 3.2 (Raymond and
Rousset 1995) with 1000 iterations and levels of
significance were corrected using the sequential
Bonferroni method (Rice 1989). Genetic differen-
tiation between populations was assessed by exact
tests (Raymond and Rousset 1995) using GENE-
POP 3.2.

A significant heterozygous deficiency was ob-
served for microsatellites SSsp2213 and SSsp2215
in all populations, but not for the other four mi-
crosatellites. As this suggested the existence of null
alleles (Brookfield 1996; Hedrick 2000), we adop-
ted the corrective procedures described in
Brookfield (1996) and Dempster et al. (1977) using
GENEPOP 3.2. Corrected frequencies were then
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Table 1. Age distribution, average age at spawning and adjusted generation length (see text) for wild anadromous spawners in Iberian

populations, 1996-2000

Population N Age class Avg. age at spawning Maximum Adjusted generation
distribution (4, yr) (T, yr) body size (kg) length (Tqj, yr)
2 3 4 5

Ason 88 0.39 0.51 0.10 0.00 2.72 4.42 2.84

Pas 109 0.29 0.56 0.13 0.02 2.87 4.65 3.04

Nansa 177 0.57 0.37 0.06 0.00 2.49 6.19 2.65

Deva 29 0.48 0.49 0.03 0.00 2.55 3.56 2.65

used to estimate the number of individuals homo-
zygous and heterozygous for null alleles in each
sample. Deviations from Hardy—Weinberg were
examined by an exact Markov test after 1000
iterations.

The pattern of differentiation between present
and historical populations was assessed by neigh-
bour-joining dendrograms with 1000 bootstrap
replications based on the D, distance (Nei et al.
1983) using DISPAN (Ota 1993). Total allelic
richness and mean allelic richness per population
(Mousadik and Petit 1996) were estimated with the
CONTRIB program (Petit et al. 1998) approxi-
mated to 10 genes as minimum population size to
compare with the historical samples, with low
amplification success rate for some of the micro-
satellites. Differences in allelic richness between
populations were tested by the Wilcoxon sign test
(Sokal and Rohlf 1995) using SYSTAT 9.0.

Evidence for the existence of genetic bottle-
necks was analysed with the BOTTLENECK
program (Piry et al. 1999), assuming a two-step
mutation model (TPM) and the infinite allele
mutation (IAM) model and using a Wilcoxon sign-
rank test. Those year classes with reduced sample
size were excluded from the analysis (i.e. Ason
1997 and Deva 1995). Allelic heterogeneity be-
tween historical and present samples was tested
with GENEPOP 2.0 and probabilities were cor-
rected by the Bonferroni method. All samples from
1996 to 2000 were considered for allelic richness
and heterozygosity in the modern Asoén popula-
tion, as no significant differences in the allelic
frequency distribution was observed between an-
gled fish and spawners for any of the microsatel-
lites. The PERMUTE program (Brookes et al.
1997) was employed to construct individual
genotype permutations to test whether there had
been a significant reduction in heterozygosity be-

tween historical and modern samples of different
sample sizes. Changes in heterozygosity were also
assessed by paired z-tests.

Estimates of effective population size (N,)

N, was estimated independently by demographic
and genetic methods. First, because the presence of
relatively large numbers of small-sized mature male
parr (MMP) can greatly skew the sex ratio amongst
spawners, we modelled the effect of varying the
density of MMP (from 0 to 25 MMP/female) on
demographic estimates of the effective number of
breeders according to the expression of Wright
(1938) for uneven sex ratios:

_ 4NaN;
B Nm + Nf

where N, and N; are the annual census estimates
of the number of male and female spawners
respectively, as described previously. An average
density of 8 MMP per female spawner was used as
a likely upper value to approximate the demo-
graphic contribution of mature parr, based on field
data from Iberian populations (Martinez et al.
2000) and the simulated relationship between
density of mature male parr and the increase in the
effective number of breeders due to unequal sex
ratio (Figure 3). Next, following Shrimpton and
Heath (2003), we used the harmonic mean to
estimate the annual effective population size based
on annual fluctuations in the total number of
breeders, adjusted by the presence of mature male
parr, as above (Npy). We then multiplied these
annual estimates by generation length to obtain
effective population size per generation (N.yt)
that could be compared with genetic estimates of
N, obtained during the same time periods.
Although this method assumes strict semelparity,

Ny



it can also be applied with little bias when there is a
low incidence of multiple spawners (Waples 1990;
Ardren and Kapuscinski 2003), as was the case in
our populations (iteroparity < 1% amongst ana-
dromous spawners).

Genetic estimates of effective population size
(N.) were obtained from temporal changes in
allelic frequencies between annual samples using
two different approaches: (a) the standardised
variance of allele frequency change, as detailed in
Waples (1989, 1990) for model II (sampling with-
out replacement of adult fish before reproduction),
and (b) the pseudo-likelihood method of Wang
and Whitlock (2003) implemented in the program
MLNe v1.0, that estimates migration (the pro-
portion of genes flowing into a population per
generation) and N, simultaneously (Wang 2001).
We corrected for age-specific differences in repro-
ductive value (e.g. Lande and Barrowclough 1987),
although not for the effect of overlapping genera-
tions, by weighing the generation time for each
population (7)), according to the following expres-
sion that takes into account the size of spawners as
a proxy for their relative contribution to repro-
duction (Wang pers. comm.):

S PiRii
> PiR;

where P; is the proportion of individuals of each
age class (i) and R; is the relative contribution of
each age class to the next generation, estimated as
the ratio between its average body weight and the
average body weight of the heaviest age class
(excluding mature male parr). Adjusted generation
times (7,q4j) were 2.84 years in the Ason, 3.04 years
in the Pas, and 2.65 years in both the Nansa and
the Deva (Table 1). As the intervals between
samplings were not integers (because of overlap-
ping generations), we approximated the estimates
of N, and m obtained with the Wang and Whitlock
method using the diffusion approximation by
rounding the sampling interval (¢) to the nearest
integer and using it in the estimation. The esti-
mates of N, and m were then obtained from the
following expressions (Wang and Whitlock 2003):

Togj =

Ne=(T/))N, and m=1— el/Diceli=n)

For historical comparisons, N, could only be
estimated as for an isolated population (without
considering migration), as sufficient historical
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samples were only available for the R. Ason from
1960 onwards (samples from the 1950 decade were
limited). For modern samples, we estimated N,
with and without migration to check for congru-
ence of results obtained under different model
assumptions (Waples 1990; Wang and Whitlock
2003).

Estimates of gene flow (N,m) and migration rates
(m) between populations

Gene flow (N.m) between Iberian populations was
estimated from 6 values (Weir and Cockerman
1984) using GENETIX 4.01 and pooling data
from five returning years (1996-2000). Although
not all the assumptions of the model are fulfilled
by the study populations and the resulting esti-
mates do not probably measure gene flow accu-
rately (Whitlock and McCauley 1999; Wilson
et al. 2004), they do provide an indication of the
relative isolation of populations. Estimates of
migration rates per generation (m) were obtained
by the temporal method implemented in MLNe
v1.0 (Wang and Whitlock 2003), which does not
assume a closed population, and considers migra-
tion in addition to genetic drift in the estimation of
N, (Ostergaard et al. 2003; Wang and Whitlock
2003). For each river we considered the three
remaining populations as a source of migrants,
pooling their allelic frequencies to represent a
single source population. Comparison between
estimates of migration and gene flow were used to
approximate the level of exchange between popu-
lations. The Bayesian approach implemented in
GENECLASS 1.0 (Cornuet et al. 1999) was used
to assign fish to their river of origin.

Mark-recapture studies

In addition to molecular methods, the exchange of
migrants between populations was estimated from
208 river recaptures of returning adults, that had
been coded-wire tagged (CWT) as juveniles and
stocked in three of the Iberian rivers as part of a
captive breeding programme using native fish that
started in 1996 (Garcia de Leaniz et al. 2001). All
angled fish plus a sample of spawners from every
river were screened for tags every year. During the
1999-2000 spawning season, a sample of spawners
caught at a fish trap near the uppermost accessible
point of the R. Nansa was batch-marked with a
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panjet inoculator and transported downstream
close to the river mouth on several occasions. An
estimate of the size of the breeding population,
along with 95% confidence intervals, was obtained
by the recapture of marked fish using the modified
Schnabel method described in Krebs (1989).

Results
Hardy—Weinberg equilibrium

The estimated frequency of null alleles in the two
microsatellites that consistently deviated from
H-W equilibrium were P(0)=0.020 for SSsp2213,
and P(0)=0.381 for SSsp2215. As a result,
SSsp2215 was excluded from most of the analyses
(comparisons with Scottish populations, N, esti-
mates). The rivers Ason and Pas did not show any
significant deviation from H-W equilibrium in any
of the remaining microsatellites, but there was a
deficiency of heterozygotes in the cohorts of 1997
(SSsp2201, P<0.01 and SSsp2216, P<0.01) and
1996 (SSsp 1605, P<0.01) in the River Nansa,
and also in the cohorts of 1993 (SSspl1605,
P<0.01 and SSsp2216, P<0.001) and 1996
(SSsp2201, P<0.01) in the river Deva. All his-
torical samples deviated from Hardy—Weinberg
equilibrium, possibly as a consequence of pooling
the samples by decades to increase the sample size.
Amplification success in the historical samples
from the River Ason decreased with increasing
allele size, and also with the age of the samples.
Thus, only five microsatellites could be used in the
historical comparisons, as only a small number of
old scales could be typed for SSsp2216. Replicated
genotyping was performed throughout, but we
cannot completely disregard the possibility of
allele drop out in some of the oldest samples.

Temporal stability in allelic frequencies
between cohorts and decades

Allelic frequencies were not stable over time,
mainly due to differences between cohorts at the
SSsp2215 locus (probably due to the relatively
high frequency of null alleles and the lower reli-
ability of the corrected allelic frequencies). Signif-
icant differences in SSsp2215 were found between
the 1998 cohort and the other year classes, both in
the River Ason (P <0.001) and in the River Pas

(P<0.001). In the River Nansa, significant differ-
ences between cohorts were observed for SSsp2210
(P<0.001) and SSsp2215 (P <0.001), while in the
River Deva all loci showed significant differences
in allelic frequencies between cohorts.

Allelic frequencies also showed significant tem-
poral heterogeneity between historical and modern
samples from the River Ason. Most differences were
due to heterogeneity between the 1950-1960 dec-
ades compared to the 1980s and 1990s samples,
except for Ssa2213 which remained stable over time.
The 1950 and 1960 decades did not differ signifi-
cantly in any of the microsatellites, but significant
differences were found between the following paired
comparisons (after performing Bonferroni correc-
tion): 1950-80: 2 loci, 1950-90: 3 loci, 1960-80: 3
loci, 1960-90: 3 loci, 1980-90: 1 locus.

Allelic richness, heterozygosity and evidence
of bottlenecks

Unlike allelic frequencies, allelic richness was sta-
ble between years classes in all four Iberian pop-
ulations (P> 0.05), despite wide variations in year
class strength (Table 2). The Deva population had
the lowest average allelic richness (5.126 alleles per
locus) while the Pas had the highest (5.184 alleles
per locus), but differences were not significant
between rivers (P>0.05). Although the lowest
allelic richness tended to coincide with the smallest
cohorts, no significant association was detected
between allelic richness and year class strength for
any of the populations (Spearman rank correla-
tion, P>0.05 in all cases).

Heterozygosity was high and stable in all rivers
(Table 2), and — like allelic richness — did not differ
between Iberian populations (P> 0.05). The lowest
heterozygosities tended to be found in the least
abundant year classes, but a positive association
between heterozygosity and year class strength was
only significant for the R. Ason (Rs= +0.899,
P <0.05). Evidence of bottlenecks, on the other
hand, was found in all rivers, typically on those
year classes of low strength (Figure 4).

Comparisons with the three large Scottish
populations (Figure 5) showed that the four
Iberian populations had the lowest allelic richness,
although the differences were not significant.
Iberian and Scottish populations displayed similar
levels of heterozygosity, and these appear largely
unrelated to population size or to region of origin.
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Table 2. Microsatellite variation in adult Atlantic salmon returning to four Iberian populations grouped by year class

River Year class Year class strength (S) N Ra(10) He SE

Present populations

Ason 1993 68 22.83 5.351 0.802 0.088
1994 38 17.83 5.467 0.809 0.066
1995 23 22.00 5.470 0.802 0.085
1996 19 20.17 5.332 0.785 0.128
1997 9 5.17 4.768 0.721 0.088
1998 11 9.33 4.944 0.749 0.123
Total 108 5.222

Pas 1993 92 23.00 5.228 0.789 0.084
1994 21 14.33 5.233 0.779 0.086
1995 17 18.17 4.793 0.761 0.124
1996 22 22.00 5.215 0.789 0.097
1997 95 60.67 5.206 0.800 0.099
1998 81 14.33 5.428 0.773 0.153
Total 169 5.184

Nansa 1993 66 19.17 5.357 0.797 0.090
1994 36 16.17 4.897 0.705 0.159
1995 25 24.67 5.694 0.827 0.068
1996 21 55.17 5.998 0.847 0.079
1997 38 50.33 5.359 0.810 0.081
1998 54 16.67 5.406 0.790 0.082
Total 205 5.452

Deva 1993 223 43.67 5.351 0.785 0.121
1994 28 14.33 5.467 0.744 0.126
1995 S 5.67 5.470 0.743 0.064
1996 14 11.67 5.332 0.798 0.076
1997 95 37.67 4.768 0.762 0.17
Total 125 5.126

Historical populations
Decade Harmonic mean catch n Ra(10) He SE

Ason 1950s 703.2 14.2 (23) 5.478 0.801 0.069
1960s 736.9 16.6 (31) 5.101 0.776 0.071
1980s 234 28.2 (41) 5.649 0.820 0.057
1990s 51.6 108.2 (121) 5.450 0.815 0.099

Year class strength (S) is the total (aggregate) number of angled adults originating from each cohort during the period 1996-2002, N is
the average sample size per locus, Ra(10) is the allelic richness (averaged over all loci) adjusted to a minimum sample size of 10 alleles,
He is the average heterozygosity, and SE is the standard error. In the analysis of present populations six loci were screened and only
individuals that could be assigned to their year class were considered; in the historical analysis, five loci were screened and all sampled

fish (shown in brackets) were included.

Thus, while the river North Esk had a significantly
higher heterozygosity than the four Iberian pop-
ulations (P <0.001) — and the Oykel population
was higher than the Deva (P=0.001) — the rivers
Ason and Nansa had a higher heterozygosity than
the Shin (P <0.001). Thus consistent differences in
heterozygosity appear not to be found between
Iberian and Scottish populations, despite large
differences in population size.

Likewise, the analysis of historical samples
from the river Ason (Table 2) revealed no signifi-

cant changes in either allelic richness (P> 0.05) or
heterozygosity (P> 0.05) during the last five dec-
ades, despite a dramatic reduction in population
size, as inferred from the pattern of declining rod
catches (Figure 2).

Effective population size
The effective population size per generation of

Iberian populations, estimated by the maximum
likelihood method (MLN,) and considering
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Figure 4. Evidence of genetic bottlenecks in Iberian populations (dH/S — continuous lines) measured as the standardized excess of
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migration, was always below 50 individuals Estimates of N, without considering migration
(Table 3), ranging from a minimum of 12 for the were larger and very similar between methods,
R. Asdn to a maximum of 31 for the river Nansa. ranging from 42 (R. Ason) to 175 (R. Pas) based
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Figure 5. Estimates of (a) allelic richness approximated to a minimum sample size of 50 genes (Ra50; SD indicated) and (b) het-
erozygosity (He; SE indicated) in four small populations from the Iberian peninsula (Ason, Pas, Nansa and Deva) and three larger

population from Scotland (Shin, Oykel, North Esk).

on the variance in the allelic frequencies (Waples
1990) and from 38 (R. Ason) to 98 (R. Pas) esti-
mated with the maximum likelihood method
(Wang 2001). The demographic estimates (Np)
were larger, but always below 500 effective breed-
ers per generation in all populations, again being
lowest in the R. Ason (N.y=121) and largest in
the R. Nansa (N.y=499). The contribution of
mature parr to reproduction was taken into
account by considering an average of § mature
male parr per spawning female, which is consistent
with field studies in Iberian populations (Martinez
et al. 2002) and also with N, simulations (Fig-
ure 3). The estimated effect of the contribution of
mature male parr was to increase N, by
1.5-2.2 times in Iberian populations (Table 4),
although these are probably maximum values

because individual differences in reproductive
success were not considered (Garant et al. 2001).
The estimated ratio between effective popula-
tion size and census size in extant populations
ranged from 0.04 to 0.18 (Table 3) for genetic
estimates without considering ~ migration
(mean=0.10) and from 0.02 to 0.04 (mean=0.03)
when migration was taking into account. Corre-
sponding demographic N./N ratios were larger
(mean=0.27), probably due to differences in
reproductive success within sexes, not considered
in the demographic estimates. Genetic estimates of
N/N ratios based only on adult censuses (without
mature male parr), varied between 0.08 and 0.14
considering migration and from 0.18 to 0.54
without migration. These values are similar to
those obtained in other salmonids (Bartley et al.
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Table 3. Demographic and genetic estimates of census size (Nt) and effective population size per generation (95% CI in parentheses),
based on Wright (1938) expression for unequal sex ratio of spawners (Ny, harmonic mean), and the temporal method as implemented

by Waples (1990) and by Wang and Whitlock (2003)

River  Period G Demographic Closed populations Closed populations Open populations
estimates without immigration without immigration with immigration
Nt Nent  Neut/N Ne oy Ney/Nt N Ne)/Nt  Neg3) Ne@)/Nt

Historical analysis

Ason  1960-1986 9.15 9686 445 0.04 109 (60-168) 0.01 90 (59-149)  0.009 - -

Ason  1986-1996 3.52 2375 386 0.16 95 (46-157)  0.04 55 (34-109) 0.02 - -

Present day analysis

Ason  1996-2000 1.41 477 121 0.25 42 (21-67)  0.09 38 (27-87)  0.08 12 (11-16) 0.02

Pas 1996-2000 1.31 961 217 0.22 175 (67-284) 0.18 98 (81-645) 0.10 29 (23-37) 0.03

Nansa 1996-2000 1.51 1541 499 0.32 68 (33-110) 0.04 74 (38-313)  0.05 31 (24-42) 0.02

Deva  1996-2000 1.51 655 189 0.29 113 (49-197) 0.17 84 (42-506) 0.13 28 (22-37) 0.04

For the historical analysis, the R. Ason has been considered only as an isolated population, while for the analysis of present
populations migration has also been taken into account.G: no. of elapsed generations, Nt: average no. of breeders, per generation,
Neyr: harmonic mean of fluctuations in number of breeders (corrected by uneven sex ratio), per generation , Ne(j): Waples (1990), per
generation, Nepy: Wang and Whitlock (2003) without considering immigration, per generation, Ny Wang and Whitlock (2003)

considering immigration from adjacent populations, per generation.

1992; Hedrick et al. 1995; Shrimpton and Heath
2003) and indicate that the effective population
size is lower than half the census size. In the his-
torical analysis of the river Asdén population
(Table 3), the genetic estimates of effective popu-
lation size were under 110 individuals while the
demographic estimates ranged from 386 to 445 for
an estimated census size of 2375-9686 individuals
per generation. In both cases (demographic and
genetic estimates) the present day Ason population
displays the lowest historical values of N, thus
mimicking the historical decline in rod catches
(Figure 2).

Asymmetric gene flow and migration between
populations

Estimates of gene flow (N.,) based on 6 values
(Table 5) suggest that the exchange of migrants

between Iberian salmon populations is high,
ranging from 16 to 46 individuals per generation.
Migration rates (m) estimated by the temporal
method also appear to be high, and range between
0.58 and 0.72. The river Ason appears to be the
most isolated population of the four, and the only
one that shows significant 6 differences with
respect to neighbouring Iberian populations.
Results from the recapture of 208 microtagged
fish (Table 6) also reveal an asymmetric pattern of
homing and straying between rivers. Homing rates
ranged from 97% for the R. Nansa to 79% for the
R. Pas, while strayers represented between 0% for
R. Asén to over 27% for the R. Nansa, thus
indicating an asymmetric, non-random pattern of
dispersal (G=241.4, df=4, P=0.000). Most
strayers originated from the River Pas and went
into the River Nansa, while none went into the
R. Ason. Hence it appears that while the Ason

Table 4. Demographic estimates of census size (N1) and effective population size per generation (NeyT, harmonic means) in the four
Iberian populations during 1996-2000, considering that only anadromous males reproduce and the contribution of an average of 8

mature male parr per spawning female

River Anadromous males only Anadromous males + 8 mature male parr
Males Females Nt Nent Males Females Ny Nyt Nyt /Nen
Ason 37 49 86 81 428 49 477 175 2.2
Pas 107 95 202 189 866 95 961 342 1.8
Nansa 249 144 393 343 1398 144 1542 521 1.5
Deva 88 63 151 130 592 63 655 228 1.8




835

Table 5. Estimates of gene flow (N.m) between rivers based on 6 (Weir and Cockerman 1984) and migration (m) by the temporal
method (Wang and Whitlock 2003) with 95% confidence intervals (95 C.1.)

River Gene flow River Migration
0 95 C.I. Nem m 95 C.I.

Ason-Deva 0.016* 0.008-0.026 15.6 Ason 0.58 0.25-0.75
Ason—Nansa 0.010* 0.006-0.013 25.1 Pas 0.72 0.51-0.75
Ason-Pas 0.014* 0.008-0.021 18.3 Nansa 0.58 0.27-0.73
Deva—Nansa 0.012 0.010-0.013 21.4 Deva 0.74 0.58-0.85
Deva—Pas 0.005 0.001-0.010 46.0

Nansa—Pas 0.006 0.004-0.007 43.2

Only 0 estimates for the R. Ason were significant (*P <0.001).

population is relatively isolated, the populations of
the Nansa and Pas may behave according to
source—sink dynamics (i.e. Dias 1996).

In the neighbour-joining dendrogram based in
D, distances (Figure 6) the historical samples of
the river Ason cluster very distant from the mod-
ern ones, with high genetic distance between them,
compared with the shorter distances between the
four modern samples. The river Ason, on the other
hand, is the most distinct of the four modern Iberian
populations  (Ason-Pas:0.059;  Ason-Deva:0.069)
while the populations in the Pas and Deva appear to
be the most similar (0.033).

Discussion

Low effective population sizes and genetic
bottlenecks

The effective population size of the four Iberian
salmon populations we analysed appears to be
low, with N, estimates ranging from 12 to 31
individuals (with migration) or from 38 to 175
individuals (without migration) using the temporal

methods, and from 121 to 499 individuals using
demographic data. These values are below the
minimum of 500 estimated by Franklin (1980) to
be necessary for avoiding the loss of genetic vari-
ability, and well under the 5000 suggested by
Lande (1995).

Genetic estimates of effective population size
considering migration were 2-3 times lower than
those that assumed closed populations, as reported
in other salmonids (e.g. Qstergaard et al. 2003).
Ignoring migration can greatly bias the estimation
of effective population size, particularly when the
sampling intervals are small and populations reg-
ularly exchange individuals (Wang and Whitlock
2003). Thus, the use of methods that incorporate
migration should provide more realistic estimates
of N, in salmonids (QDstergaard et al. 2003; Fraser
et al. 2004), more congruent with results from
physical tagging (Wilson et al. 2004). On the other
hand, we found little difference between N, tem-
poral estimates for closed populations derived
from changes in the variance of allele frequencies
(Waples 1989, 1990) or the maximum likelihood
method (Wang 2001). Both methods gave similar
results for each river and singled out the River

Table 6. Distribution of adult recaptures and estimated rates (%) of immigration and homing in three of the study populations (Ason,
Pas and Nansa) based on the analysis of native salmon micro-tagged and stocked as juveniles during 1998-2002

River of origin River of recapture

Homing (%)

Ason Pas Nansa Total
Ason 22 1 2 25 88.0
Pas 0 88 24 112 78.6
Nansa 0 2 69 71 97.2
Total 22 91 95 208 86.0
Immigration (%) 0.00 3.30 27.4 14.0
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Figure 6. Neighbour-joining dendrogram based on Nei’s Da
distance (Nei et al. 1983) showing relationship between histor-
ical samples from the river Ason (ASON50, ASONG60,
ASONS80) and modern samples (1996-2000) from the four
Iberian populations studied. Numbers above each node denote
bootstrapping values greater than 50% after 1000 replicates.

Ason as the population with the lowest effective
population size.

Our demographic estimates of N, were based
on fluctuations in census size without considering
differences in reproductive success, and assumed
that census size (number of spawners) could be
estimated from redd counts and information on
sex ratios; therefore, they must necessarily be
considered as rough approximations, and proba-
bly overestimate the real N.. Moreover, the
assumption of one female per redd may have
overestimated the number of spawners if multiple
redd construction was more frequent than redd
overlapping. However, demographic and ML
estimates of N, ranked the size of the four Iberian
populations in the same order, the R. Ason always
being the smallest, and the R. Nansa always being
the largest. These results are consistent with what
is known about the relative size, stability, and
conservation status of these populations (Figure 2;
Garcia de Leaniz et al. 2001). Also, in the
R. Nansa we found a reasonably good corre-
spondence among three independent estimates of
the size of the annual breeding population (anad-
romous): 106 spawners based on redd counts and
sex ratio, 152 spawners based on visual counts,
and 132 spawners (95% CI=71-320) based on
mark and recapture estimates. These census esti-
mates are similar to the census range of 88-382
anadromous spawners reported by Dumas and
Prouzet (2003) for the nearby R. Nivelle. Fur-

thermore, the estimated N /N ratios for Iberian
populations (0.02-0.54 using genetic data and
0.22-0.32 using demographic information) are
close to theoretical predictions (Waples, 2004), and
very similar to values found in other anadromous
populations (L’Abée-Lund 1989; Hedrick et al.
1995; Waples 2002a,b; Shrimpton and Heath
2003). Thus, it seems that our estimates of census
size and effective population sizes are probably
sound, and confirm the precariously low abun-
dance of these Iberian salmon populations, as had
previously been inferred from the declining trend
in angling catches (Figure 2).

In the case of the River Ason, the historical
decrease in the genetic estimates of N, seems to
track well the observed demographic decline in
census size, although the historical N./N ratio
appears to have been lower, perhaps due to the
limitations of estimating census size from histori-
cal catches alone. Some evidence of genetic bot-
tlenecks was found in all four Iberian populations,
but only in those cohorts of low year class strength
— in all cases below 40 adults (~16-32 spawning
females), suggesting that bottlenecks may only be
readily detected at very low population sizes, as
indicated by Luikart et al. (1999).

Genetic diversity

Despite their reduced size and evidence of genetic
bottlenecks, the four Iberian salmon populations
seem to maintain relatively high levels of genetic
diversity, comparable to those found in three lar-
ger, more stable Scottish populations. In general,
we found little or no relationship between esti-
mates of effective population size (or census size)
and measures of genetic diversity. Only in the
smallest, most isolated population (R. Asén) was
there a positive relationship between abundance
(as inferred from estimates of year class-strength)
and heterozygosity in modern samples. Further-
more, the temporal analysis with archival scales
from the R. Ason failed to detect any historical
loss of allelic richness or heterozygosity, which is
somewhat surprising considering the apparent
intensity and duration of the population crash in
this river (Table 2 and Figure 2). The only
detectable long-term genetic effect in the R. Asén
was a change in allelic frequencies, which we
attribute to drift, and which is also evident in
mitochondrial DNA  haplotype frequencies



(Consuegra et al. 2002). The fact that the historical
samples from the R. Ason cluster together with the
present samples indicates that, despite the reduc-
tion in size and change in allele frequencies, the
population still maintains a certain degree of
genetic identity.

Such apparent lack of correspondence between
population size and genetic diversity is not new. It
is a puzzling, widespread paradigm observed in
species as different as the Mauritius kestrel (Nic-
hols et al. 2001), the African buffalo (Wenink
et al. 1998), the Indian rhinoceros (Dinerstein and
McCracken 1990), or the grizzly bear (Miller and
Waits 2003). It is also a common phenomenon in
salmonids (Heath et al. 2002; Laikre et al. 2002;
Ostergaard et al. 2003), where genetic variation
may only be weakly related to population size or
to fitness (Wang et al. 2002), possibly due to ge-
netic compensation (e.g. Ardren and Kapuscinski
2003). Thus while Palm et al. (2003) found a po-
sitive relation between effective population size
and genetic diversity in brown trout, Jorde and
Ryman (1996) reported the same level of hetero-
zygosity across a wide range of N, values. Simi-
larly, Séisa et al. (2003) found high heterozygosity
in an Atlantic salmon population (Ilijoki stock)
with a N, below 80 for several generations,
remaining apparently unchanged even when N,
was as low as 13 fish.

Several reasons can be suggested for the
maintenance of relatively high levels of genetic
diversity in Iberian salmon populations, compa-
rable to those found in populations from Scotland.
First, Iberian populations predate the last glacial
maximum (Consuegra et al. 2002) and may be
expected to harbour more genetic diversity than
populations from colonised areas further north
(Hewitt 1999), at least with respect to allelic rich-
ness (Comps et al. 2001). If so, present levels of
genetic diversity in Iberian populations may reflect
the eroding effect of bottlenecks acting on for-
merly higher levels of genetic variation. However,
no such erosion was detected within the time frame
of the present study, despite evidence of bottle-
necks. Second, the complex life cycle of Atlantic
salmon with overlapping generations and multiple
paternity may help to minimise or delay the loss of
genetic diversity in the face of demographic
catastrophes (Waples 1991), especially if bottle-
necks are only short, point events (Primack 1998).
However, inspection of historical catch statistics
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suggests that demographic catastrophes, at least in
the R. Ason, seem to have been long and intense.
Third, the contribution of mature male parr to
reproduction may help to increase N, and genetic
diversity (L’Abée-Lund 1989; Jones and Hutch-
ings 2001; Taggart etal. 2001), especially in
southern rivers, where development is fast and
maturation rates are high (Martinez et al. 2000).
Our demographic estimates suggest that mature
parr could increase the effective population size of
these populations by up to 2.2 times, although
these are maximum values as they do not take into
account differences in spawning success (Taggart
et al. 2001; Kalinowski and Waples 2002). The
actual contribution of mature male parr is prob-
ably more limited and unlikely to maintain genetic
diversity on its own, and N, appears to be below
100 individuals even considering the presence of
mature male parr. Indeed, the contribution of
more than eight male parr per spawning female
may make little difference in augmenting N, in
these populations if the sex ratio of spawners is
currently biased towards males due to the
increasing incidence of late grilse and the steady
decline of spring females (Consuegra et al. 2005).
Finally, the maintenance of genetic diversity in
these small, peripheral populations may have been
facilitated by asymmetric dispersal and gene flow,
especially during periods of low abundance, as our
results strongly suggest (Figure 7).

Dispersal and asymmetric gene flow

Dispersal may allow individuals to survive in
unstable environments (Unwin and Quinn 1993;
Lenormand 2002) and to cope with local demo-
graphic bottlenecks (Fraser et al. 2004), if mi-
grants attain higher fitness and reduce the
likelihood of inbreeding depression (reviewed by
Hendry et al. 2004). Thus dispersal may be fa-
voured in small, peripheral salmonid populations
living in marginal habitats if it helps to increase N,
and maintain genetic variation (Jorde and Ryman
1996; Laikre et al. 1998, 2002; Palm et al. 2003).

Our combined estimates of dispersal, derived
from physical tagging and microsatellite data
(Tables 5 and 6), suggest that there is a substantial
exchange of migrants between Iberian salmon
populations, though the extent to which they
overestimate gene flow is difficult to quantify
accurately (e.g. Wilson et al. 2004). Dispersal
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Figure 7. Inferred patterns of dispersal and asymmetric gene
flow between the rivers Ason, Pas, and Nansa based on (a)
recaptures of micro-tagged adults stocked as juveniles in each
river, and (b) microsatellite variation and Bayesian assignment
tests (Cornuet et al. 1999). Size of circles is proportional to N,
estimated by the temporal method (Wang and Whitlock 2003),
while size of arrows is proportional to the inferred proportion
of fish migrating between rivers. Continuous lines denote strong
directional flows (>0.20) while dotted lines denote weaker
relationships (<0.20).

estimates derived from physical tagging of stocked
fish tend to overestimate gene flow because not all
strayers reproduce successfully (Tallman and
Healey 1993; Fleming et al. 2000; Hendry 2001),
and because hatchery-reared juveniles tend to
stray more than native fish (Quinn 1993; Schroeder
et al. 2001; Jonsson et al. 2003). Thus, although
the time spent in the hatchery was relatively short
in our study (8—10 months) — and we stocked the
juveniles in their parent river, our estimates of

straying (2.8-21.4%) may have been overesti-
mated. Comparative straying rates in English sal-
mon populations similar to ours were 3% for
hatchery fish and 2% for wild fish (Potter and
Russell 1994), so it is possible that we overesti-
mated dispersal. Nevertheless, that would still
imply a substantial scope for gene flow between
Iberian populations.

On the other hand, estimates based on 0 values
would also tend to overestimate gene flow
(Whitlock and McCauley 1999), particularly
among populations with low differentiation (Wil-
son et al. 2004) screened with a limited number of
microsatellites, as was the case in our study (max
0=0.016). Nevertheless, the high migration rates
estimated between Iberian populations (m=10.58—
0.72), although similar to those obtained with the
same maximum-likelihood method for brown
trout living in unstable streams (m=10.23-0.99;
Ostergaard et al. 2003) and for coho salmon (Ford
et al. 2004), are likely to be overestimates. Indeed,
the fact that allelic frequencies were significantly
different between Iberian populations for the six
microsatellites (P <0.005) indicates that enough
differentiation continues to exist in spite of gene
flow.

Migration estimates obtained with the Wang
and Whitlock (2003) maximum likelihood method
appear to be unrealistically high for Atlantic sal-
mon, and this could be the reason for the signifi-
cantly larger N, estimates when migration is not
considered. The observed discrepancy in N, esti-
mates with and without migration has also been
noted in coho salmon (Ford et al. 2004). Although
there are probably several reasons for such dis-
crepancy, it seems that at least two of the under-
lying model assumptions, namely non-overlapping
generations and constant migration rates between
years, are unrealistic in the case of Atlantic
salmon.

Our results may have also been affected by
stocking in the study rivers, but this possibility
seems small considering the poor return rates of
previous stocking programmes (Garcia de Leaniz
et al. 1989; Verspoor and Garcia de Leaniz 1997)
and the calendar of the ongoing stocking pro-
gramme (Garcia de Leaniz et al. 2001). We only
considered wild adults in our analysis (identified
by the presence of adipose fins), and the stocking
programme that begun in 1996 (with ~73,000
native juveniles and an estimated recapture rate of



0.1%) only started to yield adult returns in 1998.
Thus, the potential contribution of offspring from
stocked fish to our samples would have been lim-
ited to a small proportion of fish in the 2000 run,
our last sampling year. However, the possible
effect of stocking may need to be accounted for in
the future, because the release of large numbers of
hatchery fish (even of native parents) could in-
crease gene flow (Storfer 1999) and result in fur-
ther genetic homogenisation (Lenormand 2002).
Regardless of the real magnitude of gene flow,
both the micro-tagging and microsatellite data
indicate that the exchange of migrants between
Iberian populations is not symmetrical (Figure 7),
but appears instead to conform to a ‘“‘source—sink”
metapopulation scenario (e.g. Dias 1996; Hanski
1999; Rieman and Dunham 2000). Thus, the
R. Ason that has the smallest and most unstable
population size, is also the population that
exchanges the fewest number of migrants, being
separated to the nearest populations by 50 km to
the west and by 140 km to the east. The genetic
distance to other populations, the similarity
between historical and present samples, and the
absence of recaptures from the other rivers all
support the relative isolation of the R. Ason,
perhaps reflecting an Allee effect (reduced per
capita growth rate at low population sizes)
accompanied by increasing isolation at low densi-
ties (cf. Hanski, 1999). Alternatively, the low
connectivity and small population size of the
R. As6n may simply reflect an impoverished hab-
itat. In contrast, the R. Nansa seems to maintain
the largest, most stable population (according to
demographic and genetic estimates assuming
migration), it is flanked by two neighbouring
populations, and it seems to be acting as a “‘sink™
receiving the largest number of strayers from other
rivers, particularly from the R. Pas which behaves
as a “‘source" (Table 6 and Figure 7). The number
of migrants that one river receives seems to in-
crease with water discharge (Unwin and Quinn
1993) and also with annual returns (Quinn and
Fresh 1984; Jonsson et al. 2003). These could ex-
plain in part the high proportion of immigrants
found in the Nansa (Table 6 — 27%), whose dis-
charge is regulated by a hydro-electric dam and
tends to maintain the largest flow during the dry
season. The Nansa has also the largest, most stable
population (Table 3 and Figure 2) and a better
habitat (Garcia de Leaniz et al. 2001), which may
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have helped to attract strayers from other popu-
lations by increasing their fitness (the conspecific
attraction hypothesis — Hanski 1999) or by buf-
fering them against temporal variation in habitat
quality (Hendry et al. 2004).

In brief, our results indicate that the effective
population size of the four Iberian salmon popu-
lations we analysed is very small, well under the
size suggested necessary to maintain genetic
diversity and long-term population viability. Yet,
the four Iberian populations seem to maintain
relatively high levels of genetic diversity, similar to
those found in much larger Scottish populations.
Furthermore, in the case of the R. Ason we could
not detect any historical loss of genetic diversity
despite a dramatic decline in abundance. Although
several mechanisms may have helped to minimise
or delay the loss of genetic variation, our results
suggest that asymmetric gene flow resulting from
source-sink metapopulation dynamics (Hanski,
1999; Fraser et al. 2004) has probably been the
dominant evolutionary strategy for maintaining
genetic diversity in Iberian salmon populations
living in marginal, peripheral habitats.
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