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ABSTRACT

Effective population size (N.) is a central evolutionary concept, but its genetic estimation can be
significantly complicated by age structure. Here we investigate N, in Atlantic salmon (Salmo salar)
populations that have undergone changes in demography and population dynamics, applying four
different genetic estimators. For this purpose we use genetic data (14 microsatellite markers) from
archived scale samples collected between 1951 and 2004. Through life table simulations we assess the
genetic consequences of life history variation on N.. Although variation in reproductive contribution by
mature parr affects age structure, we find that its effect on N, estimation may be relatively minor. A
comparison of estimator models suggests that even low iteroparity may upwardly bias N estimates when
ignored (semelparity assumed) and should thus empirically be accounted for. Our results indicate that N,
may have changed over time in relatively small populations, but otherwise remained stable. Our ability to
detect changes in N, in larger populations was, however, likely hindered by sampling limitations. An
evaluation of N, estimates in a demographic context suggests that life history diversity, density-dependent

factors, and metapopulation dynamics may all affect the genetic stability of these populations.

HE effective size of a population (N,) is an evo-
lutionary parameter that can be informative on
the strength of stochastic evolutionary processes, the
relevance of which relative to deterministic forces has
been debated for decades (e.g., LANDE 1988). Stochastic
forces include environmental, demographic, and ge-
netic components, the latter two of which are thought
to be more prominent at reduced population size, with
potentially detrimental consequences for average in-
dividual fitness and population persistence (NEWMAN
and PiLsoN 1997; SACCHERI el al. 1998; FRANKHAM
2005). The quantification of N, in conservation pro-
grams is thus frequently advocated (e.g., LUIKART and
CORNUET 1998; ScHWARTZ ¢t al. 2007), although gene
flow deserves equal consideration given its countering
effects on genetic stochasticity (FRANKHAM et al. 2003;
PALSTRA and RuzzaNTE 2008).

Effective population size is determined mainly by the
lifetime reproductive success of individuals in a pop-
ulation (WRIGHT 1938; FELSENSTEIN 1971). Variance in
reproductive success, sex ratio, and population size
fluctuations can reduce N. below census population
size (FRANKHAM 1995). Given the difficulty in directly
estimating N, through quantification of these demo-
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graphic factors (reviewed by CABALLERO 1994), efforts
have been directed at inferring N, indirectly through
measurement of its genetic consequences (see LEBERG
2005, WANG 2005, and PALSTRA and RuzzAaNTE 2008 for
reviews). Studies employing this approach have quanti-
fied historical levels of genetic diversity and genetic
threats to population persistence (e.g., NIELSEN el al.
1999b; MiLLER and WAITS 2003; JOHNSON et al. 2004). N,
has been extensively studied in (commercially impor-
tant) fish species, due to the common availability of
collections of archived samples that facilitate genetic
estimation using the temporal method (e.g., HAUSER
et al. 2002; SHriMpTON and HeatH 2003; GOMEZ-
UcHIipa and Banks 2006; SA1LLANT and GoLp 2006).
Most models relating N. to a population’s genetic
behavior make simplifying assumptions regarding pop-
ulation dynamics. Chiefly among these is the assump-
tion of discrete generations, frequently violated in
practice given that most natural populations are age
structured with overlapping generations. Here, theoret-
ical predictions still apply, provided that population size
and age structure are constant (FELSENSTEIN 1971; HiLL
1972). Ignored age structure can introduce bias into
temporal genetic methods for the estimation of N,
especially for samples separated by time spans that are
short relative to generation interval (JORDE and RyMAN
1995; WaprLES and YOKOTA 2007; PALSTRA and RUZZANTE
2008). Moreover, estimation methods that do account
for age structure (e.g., JORDE and RyMAN 1995) still as-
sume this structure to be constant. Population dynamics
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will, however, likely be altered as population size
changes, thus making precise quantifications of the
genetic consequences of acute population declines
difficult (NuNNEY 1993; ENGEN et al. 2005; WAPLES
and YokoTta 2007). This problem may be particularly
relevant when declines are driven by anthropogenic
impacts, such as selective harvesting regimes, that can
affect age structure and N, simultaneously (RYMAN et al.
1981; ALLENDORF et al. 2008). Demographic changes
thus have broad conservation implications, as they can
affect a population’s sensitivity to environmental sto-
chasticity and years of poor recruitment (WARNER and
CHESSON 1985; ELLNER and HAIRSTON 1994; GAGGIOTTI
and VETTER 1999). Consequently, although there is an
urgent need to elucidate the genetic consequences of
population declines, relatively little is understood about
the behavior of N, when population dynamics change
(but see ENGEN et al. 2005, 2007).

Here we focus on age structure and N, in Atlantic
salmon (Salmo salar) river populations in Newfound-
land and Labrador. The freshwater habitat in this part
of the species’ distribution range is relatively pristine
(PARRISH et al. 1998), yet Atlantic salmon in this area
have experienced demographic declines, associated with
a commercial marine fishery, characterized by high ex-
ploitation rates (40-80% of anadromous runs; DEMPSON
et al. 2001). A fishery moratorium was declared in 1992,
with rivers displaying differential recovery patterns since
then (DEMPSON et al. 2004b), suggesting a geographi-
cally variable impact of deterministic and stochastic
factors, possibly including genetics. An evaluation of
those genetic consequences thus requires accounting
for potential changes in population dynamics as well as
in life history. Life history in Atlantic salmon can be
highly versatile (FLEMING 1996; HUTCHINGS and JONES
1998; FLEMING and ReyNoLDs 2004), as exemplified by
the high variation in age-at-maturity displayed among
and within populations (HuTcHINGS and JoNEs 1998),
partly reflecting high phenotypic plasticity (HUTCHINGS
2004). This diversity is particularly evident in the re-
productive biology of males, which can mature as parr
during juvenile freshwater stages (Jones and KiNG
1952; FLEMING and ReEyNoLDs 2004) and/or at various
ages as anadromous individuals, when returning to
spawn in freshwater from ocean migration. Variability
in life history strategies is further augmented by iter-
oparity, which can be viewed as a bet-hedging strategy to
deal with environmental uncertainty (e.g., ORzZACK and
TULJAPURKAR 1989; FLEMING and REYNOLDS 2004). Life
history diversity and plasticity may allow salmonid fish
populations to alter and optimize their life history un-
der changing demography and population dynamics,
potentially acting to stabilize N.. Reduced variance
in individual reproductive success at low breeder
abundance (genetic compensation) will achieve simi-
lar effects and might be a realistic aspect of salmo-
nid breeding systems (ARDREN and Kapuscinskr 2003;

FRASER et al. 2007Db). Little is currently known about the
relationships between life history plasticity, demographic
change and N, partly due to scarcity of the multivariate
data required for these analyses.

Our objective in this article is twofold. First, we use
demographic data for rivers in Newfoundland to quan-
tify how life history variation influences age structure
in Atlantic salmon and hence N, and its empirical
estimation from genetic data. We find that variation in
reproductive contribution by mature parr has a much
smaller effect on the estimation of N. than is often
assumed. Second, we use temporal genetic data to
estimate N. and quantify the genetic consequences of
demographic changes. We attempt to account for po-
tential sources of bias, associated with (changes in) age
structure and life history, by using four different ana-
lytical models to estimate N.: a single-sample estimator
using the linkage disequilibrium method (HiLL 1981),
the temporal model assuming discrete generations
(NEr and TajimMa 1981; WapLEs 1989), and two tempo-
ral models for species with overlapping generations
(WapLES 1990a,b; JorDE and RymaN 1995) that dif-
fer principally in assumptions regarding iteroparity. A
comparison of results from these different estimators
suggests that iteroparity may often warrant analytical
consideration, even when itis presumably low. Although
sometimes limited by statistical power, a quantification
and comparison of temporal changes in N, among river
populations suggests a more prominent impact of
demographic changes on N, in relatively small river
populations.

MATERIALS AND METHODS

Life history: Atlantic salmon life history represents the
classical example of anadromy. Juveniles (called parr) typically
spend their first few years in freshwater. They then undergo
physiological changes (known as smoltification) and migrate
out to sea (at which point theyare called smolts). Anadromous
adults, after spending one (one-sea winter or grilse) or several
years (multisea winter) feeding in the ocean environment,
return to spawn in freshwater, typically in the river of origin.
Many die after spawning (semelparity), but some migrate out
to sea again to return and breed again in future years
(iteroparity). Alternately, males can mature in freshwater (as
mature male parr) before undertaking any ocean migration.

Molecular genetic analyses: Atlantic salmon samples (N =
2758, scales or fin clips) were collected nonlethally from
anadromous adult salmon runs between 1951 and 2004 in
nine rivers, distributed throughout Newfoundland and in
southern Labrador (Figure 1). Exceptions are samples con-
sisting of smolts (Western Arm Brook, 2004) or postspawning
adults returning to the sea (Northeast Brook Trepassey).
Scales were kept in dry paper envelopes and fin clips were
stored in 95% ethanol. Where possible, we pooled samples
from 2-3 consecutive years in an attempt to obtain samples
representative of the entire population at a given pointin time
(e.g., WAPLES 1990a), i.e., to reduce the effect of age structure
on measures of temporal genetic variance and provide more
accurate estimates of population allele frequencies (see
supporting information, Table S1). Our sampling design thus
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corresponds to plan I (WapPLEs 1989), and temporal genetic N,
estimators involving such a design usually require a correction
term inversely related to population size (1/N; e.g., WAPLES
1989; JorDE and Ryman 1995), but here we assumed census
population sizes were large enough for this correction to be
ignored in statistical analyses.

Two different DNA extraction protocols were applied, de-
pending on the age of the samples. For archived scale samples
collected prior to 1990, DNA extraction was performed using a
phenol-chloroform extraction protocol (TAGGART et al. 1992),
followed by a concentration step using microconcentrators
(Amicon, Danvers, MA) (NIELSEN et al. 1999a). For fin-clip
samples and post-1990 scale samples, DNA was extracted
following a glass milk protocol (ELPHINSTONE et al. 2003).
Genetic polymorphism was examined in a suite of 14 micro-
satellite loci specific for Atlantic salmon (see PALSTRA el al.
2007 for details), chosen on the basis of product size range
(<300 bp to reduce occurrence of large allele dropouts),
scoring convenience, and variability for the region of study.

Sample statistics: Basic descriptives for each sample and
locus (allele frequencies, number of alleles, and observed and
expected heterozygosity) were obtained using FSTAT (version
2.9.3.2; GoupkT 1995). Temporal genetic methods for esti-
mating N, assume that variance in allele frequency arises solely
as a consequence of genetic drift (and sampling). Technical
artifacts thus need to be eliminated as a potential source of
temporal genetic variance; markers should be selectively
neutral and unlinked, whereas sampled individuals should
represent random samples from a population. Departures
from Hardy—Weinberg equilibrium (HWE) were assessed for
each locus and sample by testing for significant departure of I
from neutral expectations as implemented in FSTAT (based
on 5600 randomizations). Fisher’s exact test (SokaL and
Ronrr 1991) was used to evaluate overall sample HWE
conditions by combining probabilities from individual loci
(RymaAN et al. 2006). The occurrence of genotyping errors
[resulting from technical artifacts (null alleles) or DNA quality
(large allele dropouts)], as well as linkage disequilibrium
among loci, was assessed as in PALSTRA et al. (2007). Where

irregularities were suspected, samples were rescored and
amplification procedures (if possible) repeated.

Estimating effective population size: We used four analyt-
ical approaches to estimate N, (denoted N. hereafter), all
based on neutral genetic marker data, while accounting for
overlapping generations and age structure. These estimators
require detailed knowledge of demographic parameters, such
as age structure and average generation interval, which we first
calculated using life table analyses.

Life table analyses: We performed life table analyses to
estimate age-specific survivorship (/) and fecundity (b,),
information needed to account for the effects of overlapping
generations and age structure. This information is used
directly to estimate N, in the analytical approach of JorRDE
and Ryman (1995), but is also essential for other estimation
models. Since we used demographic data on anadromous runs
as a basis for life table analyses, some complications arise from
uncertainties regarding freshwater survival and reproduction.
Particularly, male parr maturation will affect (male) freshwater
mortality and can bias the age composition of breeders when
ignored. We evaluated the consequences of mature male parr
reproduction in life table analyses as follows.

We estimated age-specific survival rates (s;) by combining
estimates of survival for all potential life history stages (parr,
mature parr, smolts, virgin anadromous fish, and repeat
spawners) present in at the previous age (i — 1). We ignored
survival at the egg-to-fry stages, as the genetic correlations in
age-structured populations depend on differences in survival
among the reproductive age classes (JORDE and RymAN 1996).
Thus, for nonmature male and female parr, we assumed a
constant annual freshwater survival (sg,) to the smolt stage of
0.38 (median value of estimates for Canadian rivers) (SYMONS
1979; EvaNs et al. 1984; MyErs 1984; CUNJAK and THERRIEN
1998; CuNJaK et al. 1998; Locke 1998). The majority of smolts
in Newfoundland rivers spend one winter in the ocean before
returning to spawn (O’CONNELL et al. 2006a). We therefore
used information on the age composition of virgin one-sea
winter adults returning to rivers to spawn (panaq) (N ranging
from 658 to 3689 per river) to estimate, for both sexes,
percentages of individuals smoltifying (psmor) at age ¢as

psmolt(i)
anad(i+2 anad(i+3 anad(i+n
= panad(Hl)/(panad(z’Jrl) +p (+2) +p Q( +3) cee p n£1+ ))

Stw St Sk

We used empirical values for Newfoundland rivers (DEMPSON
et al. 2004a; O’CoNNELL et al. 2005) of smolt-to-grilse survival
(Ssmole assumed to be 5% when no river-specific data were
available) and iteroparity (Sanaq, calculated from empirical
data), which were both assumed to be age independent. For
each year i, age-specific survival rates (s;) were calculated for
females as

Si(F) = pfw(i—l)slw + psmolt(i—l)ssmolt + panad(i—l)sanam

where py; _ 1) are the relative proportions of each life history
stage y surviving from age ¢ — 1 to age .

The equation for annual survival of males requires inclusion
of mature parr as an additional life history stage. Estimates of
the survival of mature parr relative to nonmaturing fish (se1)
range from 0.29 to 0.80 (MyERs 1984; HUTCHINGS and MYERS
1994; WHALEN and PARRISH 1999) and we assumed s,.; = 0.35
for subsequent analyses. We further used empirical estimates
of mature parr incidence for rivers in this region (DALLEY et al.
1983; MYERS et al. 1986) as a basis for life table analyses. The
biological plausibility of assumptions about mature parr was
assessed through simulations (see File S1). Although male
parr can mature at various freshwater ages (e.g., L’ABEE-LUND
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1989; HEINIMAA and ERKINARO 2004), maturation generally
occurs about halfway through the freshwater stage. In New-
foundland, male parr typically mature at ages 1+ and 2+
(DALLEY et al. 1983; MYERS et al. 1986; HuTcHINGS 2002).
Therefore we estimated the average age of precocious parr
maturation by halving the average (female) smolt age and
assumed mature parr to be present in two age classes (1+ and
2+ for the majority of rivers). Hence, age-specific survival rates
for males were calculated as

Sim) = l’tW(i—l)wa + pmut,parr(ifl)sfwsrel

+ psmoh(i—l)ssmolt + panad(i—l)sanad~

Age-specific survivorship values (/) were then calculated as
I, = Hf:l s;, for each sex and age class x in a population.

For anadromous fish, age- and sex-specific birth rates (,)
were estimated, using proportions of adults in the various age
classes, weighted by body size (wet weight), as a proxy for
relative fecundity (FLEMING et al. 1997; MJ@LNEROD et al. 1998;
GARANT et al. 2001; but see O’CONNELL et al. 2008). We
attempted to account for the influence of male parr matu-
ration on age-specific reproductive contribution of males
as follows. In the absence of data for the rivers, we used em-
pirical values from observations under natural (JorRDAN and
YOoUNGSON 1992; MARTINEZ ef al. 2000; GARANT et al. 2001;
TAGGART et al. 2001) and experimental conditions (HUTCHINGS
and MyYERs 1988; MORAN et al. 1996; THOMAZ et al. 1997;
GARCIA-VAZQUEZ el al. 2001; JoNes and HurcHINGs 2001,
2002). These studies suggest that mature male parr account
for ~30% of the fertilizations in direct competition with
anadromous fish, over a wide range of operational sex ratios.
We used this average as a baseline estimate for the reproduc-
tive contribution by mature parr, the remainder (70%) being
accounted for by the anadromous male year classes. We
considered scenarios with larger (Northeast River Placentia,
50%) and smaller (Sandhill River, 25%) parr reproduction, on
the basis of empirical estimates of parr incidence and spawn-
ing ground surveys (F. PALSTRA, personal observation). These
percentages do not apply to b, but to p,, since they should
reflect the probability that progeny genes are inherited from a
male parent of age x (¢f. FELSENSTEIN 1971). Reproduction
among anadromous (male) age classes was allocated on the
basis of age composition (weighted by body size). For the
(two) mature parr age classes, we assumed a slight reproduc-
tive advantage for older parr (60%), since male parr size can
affect reproductive success (THOMAZ et al. 1997; but see JONES
and HutcHINGs 2002). Using these criteria, we estimated the
projected reproductive contribution of each age class as p, =
l,by, after adjusting b, values to generate a constant popula-
tion size (2Lb, = 1). Age-specific values of [, b,, and p,
were then used to estimate the age structure of breeders, as
well as the average generation interval G (in years) following
FELSENSTEIN (1971).

Temporal models assuming discrete generations: We applied a
discrete temporal model to estimate N, over the longest time
span between two samples available for each river, using three
different temporal genetic variance estimators. First, we used
the standardized temporal allelic variance measure of POLLAK
(1983) [denoted Fj, and N.l. Second, we applied the
unbiased, but possibly less precise measure of JorDE and
RymAN (2007) [denoted F; and N, ]. Finally, we employed
the pseudo-maximume-likelihood approach of WancG (2001),
assuming N, = 25,000 as an upper limit. This latter method was
also applied to account for gene flow, which should not a priori
be ignored, given Atlantic salmon life history (e.g., STABELL
1984; JonssoN et al. 2003). We therefore evaluated the impact
of gene flow on effective population size by applying WaNG
and WHITLOCK’s (2003) model incorporated in MLNE, which

jointly estimates N, and gene flow (). For these latter analyses
we considered all other sampled rivers in regional proximity as
pooled source populations.

N./N ratios were calculated whenever sufficient demo-
graphic data (O’CoNNELL el al. 2006b) were available and
corresponding census sizes (N) were calculated as follows.
First, age information of anadromous adults was used to es-
timate proportional reproductive contributions of breeders
(X;) for each cohort i in the time period to which the genetic
estimates of N, apply (WapLEs 2005). X;values were then used
to calculate census size following RymaN and LAIKRE (1991)
and intergenerational census size N (see WAPLES 2002).

Pacific salmon model assuming semelparity: Second, we applied
a model developed specifically for semelparous Pacific salmo-
nids (WaprLES 1990a,b). Under the Pacific salmon model, the
signal of genetic drift (F, PoLLak 1983) between cohorts
inversely reflects the effective annual number of breeders ()
in given breeding seasons. We incorporated the effects of age
structure into estimation of N, by calculating 4 (the slope of
the regression of 2F, on 1/N;,) following TajimMa (1992), on the
basis of the age distribution of projected reproductive output
(px values). Given uncertainties regarding what precisely is
estimated when using a sample of adults derived from various
cohorts (plan I, WapLEs 2005), we reconstructed age cohorts,
on the basis of age determined from scale readings. Cohort
samples (with $> 10) were then used to calculate year-specific
N, estimates using the software SALMONND (WAPLES et al.
2007). Corresponding N, /N ratios were calculated whenever
annual anadromous run sizes were known. Additionally, we
inferred effective population size from N, = gN,, where N;, is
the harmonic mean of the annual N, estimates as calculated by
SALMONND.

Cohort model for iteroparous species: Third, we applied the
cohort model of JorDE and RymaN (1995) for iteroparous
species with variable age at maturity. This model assumes
populations with a constant age structure, where N, fluctuates
around a mean value. For each river, we estimated cohort
effective population size (N.(jxr)), by calculating the average
standardized temporal allele frequency variance (F,, POLLAK
1983) based on consecutive cohorts (with harmonic mean
sample size $ >10) as

Cc
Neww) = o~ 1/5)
which includes generation interval (G) and correction factor
C. This C term is independent of population size and allele
frequency, determined exclusively by [/, and b, values, thus
correcting for genetic covariance among cohorts attributable
to age structure (JOrRDE and RymaN 1995). Given uncertainty
about reproductive contributions by mature parr, we used
simulations to assess the sensitivity of C and G to variance in
male parr maturation and reproductive contribution. On the
basis of simulation results, we calculated Cand Gas the average
of sex-specific values. A similar approach was also used to
estimate N, before and after the commercial fishery closure in
1992, as this closure may have altered population dynamics.
For this purpose, life tables were adjusted on the basis of
demographic data pertinent to each time period. N,./N ratios
were estimated on the basis of the harmonic mean of
corresponding annual counts of anadromous fish (WAPLES
2002, 2005).

Linkage-disequilibrium method: We applied the linkage-
disequilibrium method to neutral genetic data derived from
single temporal samples (HiLL 1981), using the program
LDNe (WapLEs and Do 2008). Briefly, this method estimates
the effective number of parents contributing to a sample,
assuming no immigration occurred. Estimates for samples
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TABLE 1

Temporal estimates of N, assuming discrete generations, using two temporal samples (with harmonic sample size S) separated by
time ¢ (measured in generation intervals)

River Period G (yr) t S F, N.gy 95% C.1. F, N.gy 95% C.1.
Biscay Bay River 1983-1994 4.9 2.4 72 00159 629 (213-x) 0.0177 331  (119-x)
Conne River 1976-2003 4.8 57 57 0.0188 2547  (476-x) 0.0177 (558—20)
Gander River 1951-2003 54 102 87 0.0141 1933  (880-18,394)  0.0138 2097  (828—x)
1951-1978 54 72 0.0203 417  (243-891) 0.0224 306  (157-6,405)
1978-2003 48 80 0.0144 1305  (468-x) 0.0152 934  (324-x)
Middle Brook 1982-2004 5.2 3.9 84 00143 836 (336-x) 0.0158 529  (208-x)
Northeast Brook 1985-2003 5.2 3.3 52  0.0238 376 (133-x) 0.0245 336  (174-x)
Northeast River 1974-1997 4.5 53 61 0.0187 1197  (356-x) 0.0188 1204  (279-x)
Sandhill River 1967-2003 6.7 577 85 0.0152 825  (408-3,399)  0.0148 783  (321-%)
1967-1994 43 73 00172 628  (289-4,704)  0.0173 585  (267-)
1973-2003 46 84 00147 836 (379-8,286)  0.0155 520  (235-%0)
Terra Nova River 1978-1991 5.1 2.7 76  0.0142 13871  (328—) 0.0142 1531  (368—)
Western Arm Brook ~ 1971-2004 5.4 6.3 60 0.0185 1657  (498-x) 0.0202 781  (295-x)

Given are point estimates plus 95% confidence intervals using the momentbased estimators of PoLLak (1983) [F, and N, ]

and JorpE and RymaN (2007) [F, and N1

derived from a single cohort thus reflect N,, whereas samples
of adults of mixed ages (plan I) are intermediate between N,
and N, (WaprLes 2005). Here, we used individual cohort
samples to estimate the effective number of breeders in any
given year (M), as well as temporal samples of consecutive
years of adults pooled to estimate N..

Changes in demographic factors underlying N,: We used genetic
estimates of N, (from the Pacific salmon model, referring to
the number of breeders in a season) to explore the scope for
temporal changes in the demographic and reproductive
parameters of a population, as indirect genetic estimates can
be expected to be inclusive of all the demographic properties
affecting effective size. Using river-specific demographic data,
the seasonal inbreeding effective female size (M) was
approximated following LANDE and BARROWCLOUGH (1988),
where the average (k) and variance (o}) of progeny size for
number of adult females (N) is used to estimate

Nog = (Nk—=1)/(k + (0}/k) = 1).

Here, progeny size was approximated by a correlation between
wet weight and the number of eggs (O’CONNELL et al. 2008).
The inbreeding effective number of males (M) in a given
breeding season was then estimated as

Ny Nog

N m iy pe————
P ANy — V)

(WriGHT 1938). A comparison of the relative magnitudes of
Nom and Nj¢ can then provide some indications of changes in
reproductive biology.

RESULTS

Genetic marker characteristics: DNA was successfully
extracted from 2514 of 2758 samples (91.4%). Genetic
analyses on these samples yielded consistently high
amplification success, ranging from 98.5% (SSsp1605)
to 99.8% (SSsp2215). Locus gene diversity for these
samples was high, varying from 0.64 (Ssal2) to 0.93
(SSsp2216). Gene diversity per sample ranged from

62.0% (1997, Northeast Brook) to 83% (1951, Gander;
1991, Terra Nova), with corresponding average number
of alleles ranging from 7.1 (1997, Northeast Brook) to
14.8 (1991, Terra Nova). No consistent patterns of loss
of genetic diversity were observed (in gene diversity or
allelic richness) in any of the temporal comparisons,
including that spanning over 5 decades (the longest
time span available in the present study, Gander 1951-
2003). Overall, 329 alleles were available for subsequent
analyses, ranging from 85 (1997, Northeast Brook) to
208 (1991, Terra Nova) independent alleles per river
sample (see Table S1).

Fifty-one of 1064 locus-by-sample comparisons were
out of HWE, a result expected by chance alone (4.8% of
comparisons significant at a = 0.05, 0.9% of compar-
isons significant at & = 0.01). None of these deviations
were consistent across loci or samples. MICRO-
CHECKER analyses suggested that 7 of these could be
attributed to a lack of heterozygotes, possibly indicating
the presence of null alleles. Only one locus (SsaF43) in
one river (Conne) showed such signatures in multiple
temporal replicates and was hence removed from
further analyses involving this river. As previously shown
(PALSTRA et al. 2007), these loci likely are unlinked and
do not display strong signatures of selective sweeps in
tests for selective neutrality.

Genetic estimates of effective population size: Life
table simulations (see File S1 for details) suggested s, =
0.35 as a reasonable assumption for mature parr survival
in the majority of life table analyses, along with male
parr maturation rates that result in anadromous age
structures compatible with empirical observations. See
below for an evaluation of the genetic consequences of
variation in parr maturation incidence on N. in the
cohort model. Estimates of generation interval (G) from
life table analyses (Table 1) ranged from 4.5 years
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TABLE 2

Temporal estimates of N, assuming discrete generations, considering closed (Ne(closed)) and open populations (Ne(opem), using
WanG and WartLock's (2003) approach

River Period I Neaoswa)  95% CL  Niopew  95% CL i 95% C.1.
Biscay Bay River 1983-1994 2.4 756 (314—x) 404 (220-1042) 0.0135 (0.0098-0.0256)
Conne River” 1976-2003 5.7 1396 (524—x) — — — —
Gander River 1951-2003 10.3 1262 (754-3531) 1038 (531-2958) 0.0200 (0.0070-0.0411)
1951-1978 5.4 1394 (887-2627) 557 (292-1731)  0.0251  (0.0075-0.0495)
1978-2003 4.8 5230 (1457-0) 1026 (897-7670) 0.0169 (0.0014-0.0451)
Middle Brook 1982-2003 3.9 759 (369-x) 730 (306-4012) 0.0126 (0.0008-0.0326)
Northeast Brook 1985-2003 3.3 493 (235-3599) o0 (463—0) 0.0002 (0-0.0003)
Northeast River 1974-1997 5.3 1990 (521—0) % (8083—0) 0.0001  (0-0.0002)
Sandhill River 1967-2008 5.7 1334 (619—0) 514 (316-1222)  0.0144  (0.0060-0.0246)
1973-2003 4.6 702 (393-2023) 452 (244-871) 0.0164 (0.009-0.0331)
1967-1994 4.3 1033 (438-x) 364 (225-860) 0.0182 (0.007-0.0315)
Terra Nova River 1978-1994 2.7 o0 (673—x) 389 (187—x) 0.1230 (0.0083-0.4728)
Western Arm Brook 1971-2004 6.3 1329 (548-x) 683 (327-2219) 0.0171 (0.0024-0.0252)

Given for each river are estimates of effective population sizes and incoming gene flow (#) plus their confidence intervals, for
two samples separated by time ¢ (in generation intervals). Estimates of infinity indicate N. > 2 X 10°.

a

[Northeast River (Placentia)] to 6.7 years (Sandhill
River) and were subsequently used to scale measures
of temporal genetic variance to 2\76.

Table 1 shows genetic estimates of N, for nine rivers in
Newfoundland and Labrador, assuming closed popula-
tions, characterized by discrete generations. Although
these estimates display variation among methods in
magnitude, patterns of relative magnitude remain fairly
constant across rivers. N, (» ranged from 376 (Northeast
Brook) to 2547 (Conne River), whereas M(S) ranged
from 331 (Biscay Bay River) to infinity (Conne River).
These results confirm that F; may be less precise than £},
as confidence intervals associated with ]\Afe(s) were often
wider (¢f JorpE and Ryman 2007). The likelihood
method of WANG (2001) gave estimates ranging from

e(open) Was not calculated for Conne River as no putative source populations were deemed to be sampled.

490 (Northeast Brook) to infinity (Terra Nova River)
(Table 2). For all three estimator models, correspond-
ing confidence intervals often, but not always, included
infinity. Given the relative consistency, in particular for
the smaller rivers, we conclude that our results may not
be strongly biased by the estimator of temporal genetic
variance applied.

Considering gene flow in the likelihood method
(WANG and WHiTLOCK 2003), results changed in two
distinct ways (Table 2). For the majority of rivers,
empirical N. estimates are reduced, with Terra Nova
showing the most dramatic reduction (from « to 389),
suggesting the sustained influence of migration from a
large source population, which masked a signal of ge-
netic drift when ignored. Other rivers, such as Northeast

TABLE 3

Comparison of genetic N, estimates using three different analytical models (all assuming closed populations) along with estimates
of N, for census population size N

Discrete generations

Cohort model Pacific salmon model

River Iteroparity S Nc(dismm) 95% C.1. N N./Nn S NC(I&R) 95% C.I. N. /N n S N, ]\l(smmon)
Biscay Bay River 0.012 72 629  (213-x) 3,121 0.20 7 19 1,734 (274-—=) 0.56 10 19 602 2915
Conne River 0.053 57 2,547  (476—x) 12,573 0.20 4 27 646 (256->) 0.06 9 24 167 813
Gander River 0.095 87 1,933 (880-18,394) — — 824 1,145 (194-=) — 10 22 759 4,117
Middle Brook 0.065 84 836  (336-=) 2,300 0.36 7 23 429 (197-x) 0.19 9 22 684 3,527
Northeast River 0.109 52 1,197 (856—x) 1,262 0.95 7 23 o0 (3329—») — 11 21 o0 o0
Northeast Brook 0.063 61 376  (133—x) 400 094 7 19 283 (117-») 0.71 11 18 172 895
Sandhill River 0.095 84 825  (408-3,399) 21,971 0.04 7 24 582 (201-<) 0.03 12 22 465 3,115
Terra Nova River 0.029 76 1,371  (328-x) 5,243 0.26 6 21 2,970 (348—=) 0.57 9 20 11,927 61,053

Z\Afc(discrm) reflects discrete generations, Z\7C<Sahn0n) is the harmonic mean of Z\7b estimates derived from SALMONND multiplied
by G, and N,(jer) estimates are derived from the model of JorDE and RymaN (1995), on the basis of harmonic mean sample sizes S.
n refers to the number of consecutive cohort comparisons (cohort model) or to the total number of individual cohorts (Pacific
salmon model). Demographic estimates of anadromous iteroparity incidence are also provided.
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Brook (Trepassey) or Northeast River (Placentia) show
the opposite pattern, where allowing for gene flow in
the model results in an increase in N, estimates, with
very low estimates of gene flow. Such results suggest the
presence of sporadic and intermittent gene flow among
those rivers (see WANG and WHiTLOCK 2003). In gen-
eral, N, estimates that account for gene flow appear to
be smaller and (thus) more precise (narrower confi-
dence intervals). These discrete generation N, estimates
apply to relatively long time spans (2.4-10.3 genera-
tions), over which bias due to age structure may be
reduced and therefore be suitable for comparisons with
N, estimates derived from the Pacific salmon and cohort
models.

The Pacific salmon model yielded N. estimates that
are large relative to estimates derived from the discrete
generation model, although qualitative patterns among
rivers remain mostly consistent (Table 3). Genetic
estimates of the annual number of breeders (V) range
from 172 [Northeast Brook (Trepassey)] to % (Western
Arm Brook). Transformation of N, to N, by multiplica-
tion with generation interval yields estimates ranging
from 813 (Conne) to 61,053 (Terra Nova River). Year-
specific M, estimates (Figure 2) show considerable
annual and river-by-river variation. Temporal trends in
N, in two comparatively small rivers [Northeast Brook
(Trepassey), Figure 2a; Middle Brook, Figure 2b] suggest
increases in N, estimates after the fishery closure in 1992.
These temporal trends are less apparent in larger rivers
such as Conne and Gander (Figure 2, c and d), although
statistical power to infer changes in these two larger rivers
may have been limited (see DISCUSSION).

1970 1975 1980 1985 1990 1995 2000 2005 1940 1950

1960 1970 1980 1990 2000
year

We employed JorDE and RyMAN’s (1995) method to
estimate N, while accounting for age structure. First, we
used simulations to evaluate the consequences of
varying parr maturation and reproductive contribution
for model parameters C and G, i.e., for the strength of
genetic fluctuations for a given survival and reproduc-
tion schedule. Simulations suggest both parameters are
much more sensitive to variation in reproductive
contribution of mature male parr than to variation in
maturation incidence. Increased male parr reproduc-
tion tends to increase the genetic covariance between
cohorts (reducing C) and reduce generation interval G.
However, itis the C/ Gratio that determines the genetic
consequences for N,; when considering Cand G jointly
(Figure 3), the effects of mature parr on N, estimation
appear limited. Mature parr reproductive contribution
has a weak, buffering effect on fluctuations, with the
exception of increases at very high levels of parr
reproductive contribution (>90%). Although biologi-
cally plausible, these latter increases may mainly reflect
a modeling artifact, related to assumptions about the
age structure and reproductive contribution of the
mature parr age classes. Second, the genetic conse-
quences of age structure vary among rivers (Figure 3),
reflecting differences in the riverspecific age com-
position of adults, but the mildly buffering effect of
mature parr reproduction remains fairly constant.
Summarizing, these simulation results suggest that the
assumption of 30% reproductive contribution by ma-
ture parr appears reasonable. Unless mature male parr
reproductive success is very low (<10%) or very high
(>90%), subsequent genetic N, estimates derived from
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F1GURE 3.—Genetic consequences of parr maturation (% mature parr) and reproductive contribution by mature male parr (%
reproduction) for the estimation of N, from the magnitude of genetic fluctuations among consecutive cohorts, expressed as C/G,
calculated following JoRDE and RyMAN (1995). Results are shown for four representative rivers: (a) Northeast River, (b) Conne

River, (¢) Gander River, and (d) Sandhill River.

the cohort model can thus expected to be fairly ro-
bust to variation in mature male parr reproductive
contribution.

The cohort model yielded empirical N, values (Table
3) that are qualitatively consistent with the trends
among rivers derived from the other genetic estimators.
Ne(jar) estimates are somewhat smaller, but usually
closer to estimates from the discrete generation model,
than those derived from the Pacific salmon model. The
discrete model yielded smaller N. than the cohort
model in Northeast River and Biscay Bay, which for
the latter may have been caused by the comparatively
short time span between temporal samples (2.4 gener-
ations). Conversely, for Conne River the discrete model
yielded higher N. values than the other models. These
results may suggest that the Pacific salmon model
generally does not appear to be a good predictor of N,
for species with low iteroparity such as Atlantic salmon.
Alternately, iteroparity in Atlantic salmon may be higher

than suggested by the incidence of repeat spawning in
anadromous fish.

Changes in effective population size over time:
Temporal changes in effective sizes were evaluated in
two different ways. First, we used single sample estimates
based on linkage disequilibrium (Table 4). We find that
linkage disequilibrium (LD)-N, can fluctuate consider-
ably, with some indications of increases after 1992 in
Middle Brook and Northeast Brook. Furthermore, this
method frequently yielded N, estimates of infinity for
larger rivers such as Gander River, suggesting limitations
in statistical power to infer N, there. However, results
from these analyses are difficult to interpret, as they are
derived from plan I samples, reflecting a value anywhere
between N, and N, (WaprLES 2005). Therefore, next we
performed a more detailed comparison of N, estimates
on the basis of cohort samples, limited to two smaller
rivers where sampling may have been more appropriate
considering census sizes (Table 5). Again, these results
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TABLE 4

Temporal trends in genetic N, estimates

Linkage disequilibrium (LD)

Cohort model

River Yr S LD-N. 95% C.I G C n S Nogar) 95% C.I.
Biscay Bay 1983 64 567 (330-1,842)
1988 73 467 (307-933)
1994 81 o0 (1,203-)
Conne 1976 40 488 (205—=)
1980 45 345 (186-1,761) 4.8 53.8 1 22 804 (281—x)
1986 49 3,342 (446—x)
1998 67 2,729 (582—x)
2003 96 2,008 (728-x) 4.8 60.9 3 29 791 (305—x)
Gander 1951 76 2,774 (786—=)
1978 67 1,300 (522—x) 5.4 33.8 6 22 1,766 (8311—x)
1984 76 0 (1,409-)
1996 68 o0 (986—x) 5.4 36.5 2 31 1,270 (389—x)
2003 100 00 (1,838-»)
Middle Brook 1982 70 417 (269-879) 5.2 41.2 4 19 331 (147-)
1990 50 237 (159-450)
1997 81 498 (322-1,041) 5.1 41.7 3 27 1,616 (334—x)
2004 101 318 (248-435)
Northeast River 1974 50 o0 (1,141—x)
1980 74 400 (243-1,017)
1988 81 46 (42-51)
1997 77 149 (121-192)
Northeast Brook 1985 50 42 (35-51) 5.1 37.9 4 17 251 (96—x)
1991 65 43 (38-50)
1997 65 143 (101-227) 5.2 39.2 3 23 438 (142—x)
2003 52 222 (127-712)
Sandhill 1967 63 2,418 (571-0) 6.7 44.8 5 20 1,215 (191-)
1973 64 3,784 (688—x)
1994 85 o0 (1,855-2) 6.7 44.8 2 35 1,050 (390—x)
2003 127 1,588 (837-11,712)
Terra Nova 1978 71 o0 (4,464—)
1984 74 1,020 (503-90,655)
1991 80 622 (402-1,317)
Western Arm Brook 1971 42 % (477-0)
2004 100 o0 (1,702—00)

LD-N. refers to estimates based on single samples using the program LDNe (WapLEs and Do 2008) and Ne(I&R) reflects estimates
for cohorts grouped before and after the marine fisheries closure (1992). N,jsr) estimates are based on n cohort comparisons

(and period-specific parameters G and C).

show that annual N, estimates can fluctuate widely (e.g.,
Middle Brook). Nevertheless, N, estimates for North-
east Brook appear to have somewhat increased after the
closure of the marine fishery (1992). In both rivers, N,
are accompanied by wide confidence intervals.

We repeated the cohort model on cohorts grouped
before and after 1992. The closure of the marine fishery
in 1992 may have influenced the genetic behavior of
rivers differently, with a possible relation to river size
(Table 4). First, the fishery closure had little impact on
life table parameters that relate age structure to N,
within rivers, suggesting that population dynamics may
not have been strongly altered after 1992. However, we
document small increases in C after 1992, although
assumptions about mature parr reproduction were kept
constant in life table analyses. Estimates derived from
the cohort model suggest that N, may have increased in

smaller census size rivers (Northeast Brook, Middle
Brook), but possibly not in larger ones (Gander, Conne,
Sandhill). Again, these conclusions have to be qualified
by the low precision of N. estimates: confidence in-
tervals often include infinity. Thus, a lack of observed
changes in N, in larger rivers may have been caused by
limited statistical power (sample size limitations) for
detecting such changes.

Changes in demographic factors underlying N,:
Finally, an exploratory analysis of reproductive factors
underlying N, (Table 6) suggests that some temporal
changes may have occurred in breeding ecology. Due to
the limited availability of demographic data, these
calculations were performed only for two rivers. As
female fecundity was the only factor considered, Ny
estimates are likely biased upward; subsequent N,
estimates will be biased downward and we suggest some



1242

F. P. Palstra, M. F. O’Connell and D. E. Ruzzante

TABLE 5

Genetic estimates of the annual number of breeders (LD-N,) based on the linkage disequilibrium method, for samples with
harmonic mean sample size (S) as inferred with the program LDNe (WapLES and Do 2008)

River Yr N S LD-N, 95% C.L No/N

Middle Brook 1977 — 12 0 (54—0) —
1978 1403 24 o (203—x) —
1979 1350 24 289 (104—0) 0.21
1985 904 13 437 (58-x) 0.48
1986 1036 11 792 (49-) 0.76
1991 562 25 200 (94—0) 0.36
1992 1182 26 457 (144—x) 0.39
1993 1959 15 o0 (109—x) —
1997 1221 22 el (236—x) —
1998 2405 48 190 (131-329) 0.08
1999 1802 25 410 (128—) 0.23

Northeast Brook 1980 — 16 65 (28—x) —
1981 — 19 190 (48—x) —
1985 124 11 35 (15—00) 0.28
1986 158 20 13 (10-17) 0.08
1987 91 28 208 (76—x) 2.28
1991 99 14 43 (19-00) 0.43
1992 49 14 0 (49-0) —
1993 79 17 773 (53-) 9.78
1994 99 13 939 (836~0) 9.49
1998 91 41 196 (100-1494) 2.15
1999 95 31 435 (118—x) 4.58

N /N ratios are based on the size of annual anadromous runs (N).

caution in interpreting results. Demographic estimates
of the effective number of females (M) remained
relatively stable over time; hence changes in genetic
estimates of M, may be mainly attributable to fluctua-
tions in M. Analyses suggest M, estimates may have
increased after 1992, both absolutely and relative to Ny,

although relationships with census male size vary.
Annual male census sizes (N,,) have remained stable
or decreased in Northeast Brook, but have increased
in Middle Brook, whereas M,,,, may have increased in
both rivers. Moreover, there may be a positive relation
between N, and N, in Middle Brook (r = 0.61, p =

TABLE 6

Demographic estimates of the annual effective number of male breeders (V,,,), derived from N, (Pacific salmon model), and
demographic estimates of the effective number of females (V)

River Yr Census N N N, Nog Nom Nom/Nog

Middle Brook 1978 1403 117 1286 104 1225 27 0.02
1979 1350 270 1080 163 1022 42 0.04
1985 904 168 736 167 700 44 0.06
1991 562 241 321 210 285 64 0.23
1992 1182 220 962 1019 919 353 0.38
1993 1959 440 1519 1369 1423 451 0.32
1997 1221 234 987 1396 931 559 0.60
1998 2405 172 2233 180 2089 46 0.02

Northeast Brook 1985 124 21 103 235 95 154 1.62
1986 158 35 123 33 107 9 0.08
1987 91 37 54 145 52 119 2.97
1991 99 11 88 97 86 34 0.39
1992 49 9 40 2367 39 s} g
1994 99 13 86 682 84 0 el
1998 91 3 88 158 85 74 0.87

Results are shown only for rivers with sufficient genetic data and demographic data; the latter include census size information of

annual cohorts, divided into males (N,,) and females (V).



Changing Demography and N, 1243

0.15, n = 8), but not in Northeast Brook (Trepassey, r=
0.02, p=0.96, n=17).

DISCUSSION

All genetic models make simplifying assumptions
about populations, but this study reemphasizes the
potential complexity of life history, age structure, and
demography that underlie N, and hence affect its
empirical estimation in fluctuating populations. Iter-
oparity, even when presumably low, may have to be
accounted for in genetic estimation models. On the
other hand, variance in reproductive contribution by
mature male parr may affect age structure more so than
N. estimation. Accounting for potential changes in
age structure and population dynamics, we document
temporal changes in N, in some rivers. These changes
may reflect abundance increases of breeders as well
as breeding system alterations and possibly effects of
density-dependence and metapopulation dynamics. We
start by discussing the limitations arising from our
sampling design.

Sampling limitations: An important element of any
genetic method of estimating N. is adequate sam-
pling, both in terms of sample size and in terms of
representation of the entire population. These con-
cerns are especially relevant when actual effective
population sizes are large, as all (temporal) methods
measure a signal that scales to 1/N.. Our conclusions
may hence be affected by sampling error: for example,
the sample sizes of individual cohorts were often small
(minimum S = 12, Table 3). Similarly, the number of
consecutive cohort comparisons was often small (Table
3, Table 5), which may have affected the accuracy of
the cohort model, in particular under strong demo-
graphic perturbations (JorDE and Ryman 1995). Con-
siderations of sampling efforts required to obtain
sufficient statistical power (e.g., PALSTRA and RUZZANTE
2008) suggest that appropriate sample sizes for larger
rivers (e.g., Gander, Conne) might have been well in
excess of 100 individuals. Thus, we limited some of our
genetic analyses to smaller river populations. Neverthe-
less, sampling limitations are evident in the wide
confidence intervals (C.I.’s) associated with many N..
This affects the strength of inferences on comparisons
between Ne from different estimator methods, as well as
changes in N, over time. Sampling efforts to reliably
infer N. and detect temporal changes may have to be
(considerably) larger than those underpinning this
study (N = 2758).

Second, genetic estimates derived from models for
overlapping generations are sensitive to the confidence
with which individuals could be assigned back to their
cohorts, on the basis of age determination of fish scales.
Random errors in this assignment will likely introduce
an upward bias into N., since a mixture of individuals of
different ages present in the presumed “cohorts” will

dilute signals of genetic differentiation present among
the actual cohorts (PALM et al. 2003). This source of bias
may explain why genetic estimates derived from the
Pacific salmon model are often larger than those from
the discrete generation model, but not the differences
between N, estimates from the semelparous Pacific
salmon and cohort models.

Age structure and N, estimation: Age structure and
reproductive biology are important determinants of N,
(FELSENSTEIN 1971; HirrL 1972; NunNEY 1991, 1993,
1996; FrankHAM 1995) with consequences for its
empirical estimation (JORDE and RyMAN 1995; ENGEN
et al. 2007; WarLES and Yokora 2007). The discrete
generation model has so far been most commonly
applied, but will be (downwardly) biased, when applied
to temporal samples taken over short time spans for
species with overlapping generations (WAPLES and
YoxkoTa 2007; PALSTRA and RuzzaNTE 2008). This bias
arises mainly because signals of genetic drift (related to
N.) will be strongly affected by genetic (co)variances
generated by age structure (JorDE and RYMAN 1995).
Under these circumstances, genetic estimators de-
signed specifically for overlapping generations (WAPLES
1990a,b; JorpE and RymaN 1995) will be preferable to
discrete temporal methods. Previous empirical inves-
tigations of (fish) species with low iteroparity have
tended to use either one of these methods (e.g., PALM
et al. 2003; CONSUEGRA el al. 2005; FRASER et al. 20072).
This study is the first to simultaneously apply two models
that differ principally in the assumption of iteroparity,
facilitating an investigation of the importance of low
iteroparity for N, estimation.

On the one hand, whenever individuals can repro-
duce more than once, the semelparous Pacific salmon
model can be expected to overestimate N.. This upward
bias will be caused by genetic contributions of iteropar-
ous individuals that will tend to buffer genetic fluctua-
tions among years and thus reduce the strength of
interannual genetic signals on which estimates of N, are
based in the Pacific salmon model. Conversely, the
cohort model may underestimate N. when survival
depends strongly on previous reproduction (and total
mortality in the population is low) (JORDE and RymMaN
1995). Unfortunately, the reproductive biology of
Atlantic salmon may incorporate both of these aspects.
A comparison of N, estimates derived from these two
models to discrete temporal estimates (Table 3) sug-
gests that the upward bias in the Pacific salmon model
may be more serious than the risk of downward bias in
the coAhort model. Although NeU&R) were often lower
than Ne(discrete)» their general similarity may suggest that
total mortality rates in Atlantic salmon populations are
generally low enough for bias due to reproduction-
dependent mortality to be small (¢f. Figure 4 in JORDE
and RymaN 1995). On the other hand, in six of eight
rivers, the Pacific salmon model results in larger N,
estimates than the other two models (Table 3).
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This upward bias may arise mainly because of the
calculation of ]\L(Salmon) from the harmonic mean of
annual N, estimates. Using demographic data, WAPLES
(2002) found that effective population size in fluctuat-
ing salmon populations can be (much) smaller than the
product GN,. This reduction (40-60%) was attributed
to relative discrepancies between the size of cohorts and
their reproductive contribution to a given generation.
Cohort and discrete generation models directly esti-
mate N, and may thus be less sensitive to this source of
bias. Demographic analyses (following WarLes 2002)
suggest that this reduction may be weak to moderate in
the populations studied (5-59%). Nevertheless, Ne(s,(,lmon)
remain relatively high after correcting for this bias, sug-
gesting that even low iteroparity can bias N, estimation in
a strictly semelparous model. Extended analyses, compar-
ing annual N, estimates from the Pacific salmon model
with discrete generation temporal estimates of M,, tend
to support this conclusion (see Table S2). Although the
interpretation of N, estimates derived from different
estimator models is complicated by differing sampling
efforts in space and time, as well as wide C.I.’s (Table 3),
these findings thus suggest that ignoring low iteroparity is
generally not recommended.

These results might also imply that iteroparity in
Atlantic salmon populations is higher than suggested by
estimates of iteroparity in anadromous fish (Table 3),
possibly due to contributions by resident nonanadro-
mous salmon, including mature parr. Nonanadromous
salmon probably have higher rates of iteroparity than
anadromous salmon and can be common in some
Newfoundland systems (LEGGETT and Power 1969;
HutcHINGs 2002). Mature male parr might also con-
tribute to iteroparity, given that similar discrepancies
between the salmon and the discrete generation model
are evident in empirical studies on systems where
nonanadromous salmon are presumably absent (e.g.,
CONSUEGRA ¢l al. 2005; FRASER et al. 2007a). A sub-
stantial mortality cost associated with parr maturation
($re1 = 0.35) does not preclude iteroparity, either again
as mature parr or as anadromous adults. For example,
although less abundant and often older than females,
many males that previously matured as parr are present
in smolt runs in Newfoundland (CHaDWICK 1981;
DALLEY el al. 1983; MyERs 1984; HurtcHINGS 1986;
HurcHiNGs and MyEkrs 1994). This uncertainty re-
garding the general incidence of iteroparity in males
may make the cohort model preferable over the Pacific
salmon (semelparity assumed) model for N, estimation
in Atlantic salmon.

Single sample estimators of N. may be less influ-
enced by assumptions of iteroparity and thus prove
useful, provided that careful attention is paid to what
these estimates apply to (see WapLes 2005). LD-N,
estimates based on plan I temporal samples (Table 5)
should be interpreted with some caution, as variance
in the magnitude of LD-N, will also be generated by

variable age composition of samples (see Table S1).
These difficulties emphasize that, regardless of the ge-
netic methods applied, empirical N, studies should be
founded on detailed knowledge of life history and age
structure.

Consequences of gene flow: Our study adds to a
growing number of empirical investigations of N, in
salmonid fish (e.g., DSTERGAARD et al. 2003; SHRIMPTON
and HeaTH 2003; LAGE and KORNFIELD 2006; FRASER
et al. 2007b; VAHA et al. 2008). Using various temporal
genetic methods, we document relatively high estimates
of N, as well as increases in N, in small populations over
time. Gene flow as inferred from WANG and WHITLOCK’s
(2003) approach may provide one explanation for this
observation, as gene flow might often be more preva-
lent into effectively smaller salmonid populations, thus
maintaining genetic diversity (CONSUEGRA et al. 2005;
FRASER ef al. 2007a; HANSEN et al. 2007). Indeed, in
many (but not all) rivers a marked decrease in N. was
observed once gene flow was considered. The approach
of WaNG and WHITLOCK (2003) has been criticized on
the biological reality of its migration model (HorFrmMAN
et al. 2004; FRASER et al. 2007b). Nevertheless, temporal
estimates of gene flow () agree with contemporary
genetic estimates of migration into these rivers (PALSTRA
et al. 2007) and direct estimates of migration from tag-
ging studies in Atlantic salmon in general (STABELL 1984;
JonNssoN et al. 2003). On the other hand, our results also
caution against generalizations, as we occasionally found
very limited evidence for gene flow among regionally
(very) proximate rivers.

Itis less clear whether temporal changes in gene flow
underpin those observed in N. in some (smaller) rivers.
Current analytical limitations complicate investigating
effects of gene flow on N, over short time spans.
Removal of putative immigrants from samples prior to
N, estimation may have been one solution, but would
have reduced (already limited) sample sizes, particu-
larly for the cohort and Pacific salmon models. These
sampling concerns may, however, be less important for
single sample estimators. As an exploratory analysis, we
removed putative migrants from two temporal samples
(Middle Brook, 1982 and Middle Brook, 1997), using
assignments tests (PAETKAU el al. 2004), and then
repeated linkage-disequilibrium analyses on truncated
samples. For the corrected 1982 sample this results in
LD-N. = 384 (95% C.I.: 235-974, S = 59.6), whereas the
corrected 1997 sample yields LD-N, = 234 (95% C.L.:
172-360, S = 63.8). Although these assignment tests
yield estimates of migration that are relatively high
compared to other approaches (Table 2) or those
reported in the literature (e.g., STABELL 1984), the
measure of interest here is relative change over time.
Hence, whereas both samples show a decrease in N. (see
Table 4) when individuals putatively identified as
migrants were excluded, this decrease is stronger for
the 1997 sample (52%) than for the 1982 sample (8%).
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These results may thus indicate temporal changes in the
strength of gene flow that might be causally linked to
changes in N. in some rivers over time.

Life history diversity and N,: Stability of N, in the
context of demographic changes may be attributable to
life history diversity, as this facilitates maximization of
lifetime reproductive success under various environ-
mental and demographic conditions. Mature male parr
reproduction has been speculated to be beneficial for
N. (SaunpERs and ScHoMm 1985; I’ABEE-LUuND 1989;
MARTINEZ et al. 2000; VALIENTE et al. 2005; JUANES et al.
2007), although mature parr may “increase” effective
size only in the sense that N, is increased compared to
when mature parr are ignored in analyses (e.g., JONES
and HurcHINGS 2002; SAURA et al. 2008). Nevertheless,
the reasoning implies that parr reproductive contribu-
tion increases N. by reducing the variance in (male)
individual reproductive success. Empirical investiga-
tions have often applied theory for discrete generations,
through the influence of mature parr on sex bias (e.g.,
L’ABEE-LUND 1989; CONSUEGRA ef al. 2005) or individ-
ual reproductive success in a single breeding season
(e.g., MARTINEZ et al. 2000; TAGGART et al. 2001). Both
approaches may not correctly reflect processes in age-
structured populations with overlapping generations.
First, the consequences of sex bias for N, are expected to
be much reduced (NunNEY 1991, 1993), in particular
when sex bias reflects survival (rather than recruitment)
differences. Second, the genetic effects of annual var-
iance in individual reproductive success will be buffered
under iteroparity, since individuals that failed to breed
in one year may succeed in the future (NUNNEY 1993).
Indeed, individual parr often obtain very little repro-
ductive success in (experimental) spawning events (e.g.,
THOMAZ et al. 1997; JoNEs and HuTcHINGS 2001, 2002;
WEIR et al. 2005) as mature parr also establish domi-
nance hierarchies during spawning (HUTCHINGS and
MyErs 1988; FLEMING 1996). Instead, N. may be mainly
affected by the reproductive variance of anadromous
males (MJ@LNEROD et al. 1998; JoNEs and HUTCHINGS
2002). We find some support for this assertion through a
positive relation between annual N, estimates and the
number of anadromous males in Middle Brook. More-
over, total reproductive success by mature male parr may
be highest when few anadromous males are present
(JoNEs and HuTtcHINGs 2002). For example, Northeast
Brook, characterized by anadromous runs with relatively
few males, also has the highest N./N ratios observed in
this study (Table 3), which might be interpreted as a
positive effect of mature male parr reproduction on N..
However, the biological relevance of N./N ratios is
questionable when N does not accurately reflect the
potential number of breeders. If this is indeed the case
in Northeast Brook, then our results may simply imply
that males in this population maximize their lifetime
reproductive success by predominantly maturing and
reproducing as parr.

Our life table simulations suggest variance in male
parr reproduction has limited influence on the empir-
ical estimation of N.. While we very likely would have
overestimated N. had we ignored mature parr repro-
duction (i.e., increased values of C/G, Figure 3), N,
estimation appears more sensitive to age skew in anad-
romous breeders. Genetic fluctuations among cohorts
are already buffered by variable anadromous age at
maturity. Furthermore, genetic effects of mature parr
reproduction are reduced (or more precisely, halved),
since half the alleles in the progeny will descend from
females, which are usually obligatory anadromous. As
previously reported by JUANES et al. (2007), mature
male parr reproduction reduces the strength of genetic
fluctuations (i.e., increases the genetic covariance)
among consecutive cohorts. That by itself does not
increase N, because of the concomitant decrease in
generation time. Thus, higher levels of mature male
parr reproductive success may concentrate breeders in a
given generation into a shorter time span, without
strongly affecting N.. This could, however, render such
populations more sensitive to environmental stochas-
ticity (GaGGroTTI and VETTER 1999) and may actually
increase the pace at which genetic variance is lost (e.g.,
RYMAN et al. 1981; ALLENDORF et al. 2008). These
conclusions partly depend on the cohort model as-
sumption of constant population size (210, = 1). Our
simulations may therefore be interpreted as a quantifi-
cation of the effects of parr reproduction on age
structure and genetic fluctuations, for a given value of
N,. Mature parr reproduction may be more appropri-
ately viewed as one of a few strategies utilized by male
Atlantic salmon to maximize their lifetime reproductive
success, the ultimate genetic contribution a stabilization
of N, rather than an absolute increase. The demo-
graphic and genetic consequences of this reproductive
strategy may be more important, through changing the
age structure of a population.

Demography, density dependence, and temporal trends
in N.: A major goal of this study was to evaluate temporal
trends in N, in populations that have likely undergone
demographic fluctuations. Changing population size
does not affect the standard, discrete-generation tem-
poral method, which estimates the harmonic mean N,
over the time between samples (WAPLES and YOKOTA
2007), but many models for overlapping generations do
assume constant population size (e.g., FELSENSTEIN
1971; Hirr 1972; NunNEy 1993; JorRDE and RymanN
1995). JorpE and RyMAN (1995) discuss the analytical
consequences of demographic perturbations in the
cohort model and argue that it may be accounted for
by monitoring a population over time, i.e., by calculating
F as the mean of several cohort comparisons. In our
study this requirement is fulfilled by NC(J&R) for the
longest time spans per river (Table 3, minimum » = 4).
Similarly, Ne< Jj&r) for cohorts before and after 1992 usually
consist of multiple comparisons, with the exception of
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Conne River (Table 4). Moreover, these latter analyses
were performed using life tables based solely on de-
mographic information pertinent to each time period,
to account for potential temporal changes in age
structure. Despite the various limitations arising from
our analytical approach, results suggest temporal
changes in N, in some, but not all, river populations,
that correlate poorly with demographic trends. Con-
comitantly, the observed temporal and spatial differ-
ences in N, provide a poor explanation for differential
recovery patterns in abundance observed among rivers
after the closure of the commercial fishery (DEMPSON
et al. 2004a). Thus, genetic stochasticity has likely not
been a major force impeding population recovery in
these rivers, despite very high exploitation rates in the
marine fishery prior to the closure (DEMPSON ef al.
2001).

As pointed out previously, sampling limitations likely
reduced the ability to detect changes in N, in larger
census size populations. Nevertheless, larger popula-
tions may be innately more resistant to changes in N,.
First, effective population size in larger systems may be
more prominently influenced by metapopulation dy-
namics: in Atlantic salmon, larger rivers (including some
in Newfoundland) often appear to be genetically sub-
structured (e.g., BEACHAM and DEMPSON 1998; VERSPOOR
and CoLE 2005; VAHA et al. 2007, 2008). Under these
conditions, the reproductive factors reducing N, within
a subpopulation are modulated by processes acting
among subpopulations. Population subdivision likely
reduces overall N, (WHitLock and BarTON 1997;
NUNNEY 1999), thereby also providing one explanation
for lower N./Nratios in some large rivers (Table 3). Yet,
population (sub)structuring has also been invoked to
explain greater demographic stability (EINUM el al.
2003). Atlantic salmon in larger river systems tend to
display higher life history diversity (KLEMETSEN et al.
2003) that may enable maximization of lifetime
reproductive success under a wider range of demo-
graphic and environmental conditions, hence convey-
ing an increased genetic stability. Whether larger
populations are generally characterized by this apparent
paradox of lower N./Nratios and higher genetic stability
(i.e., stable N,) remains to be investigated.

Density dependence may affect the relationships
between life history, demography, and N.. First, density
dependence (operating at the freshwater stage) can in-
fluence the expression of life history phenotypes (KOkko
and RANKIN 2006; EINUM et al. 2008), either directly
through genetic changes or indirectly through pheno-
typic plasticity modulated by growth rates (GARDINER
and SHACKLEY 1991; JoNssON e/ al. 1998; NORDWALL
et al. 2001). For example, population dynamics in
Northeast Brook display signs of density dependence
(KLEMETSEN et al. 2003), and declining anadromous
runs here have also tended to become more female
biased. Whether plastic or genetically based (PIcHE et al.

2008), such trends may indicate a shift to earlier mat-
uration as male parr in this system. Second, density
dependence is also a prerequisite for genetic compen-
sation, where reduced variance in individual repro-
ductive success underpins increased N./N ratios at
low population size (PrRAY et al. 1996; ARDREN and
KapruscinNskl 2003; FRASER et al. 2007b; WATTS et al.
2007). We observed such relationships in both rivers
considered in demographic detail. Finally, under endog-
enous population regulation, the total reproductive value
of a salmonid population (and hence N.) may depend
mainly on the availability of suitable habitat, as observed
in Chinook salmon (SHrRiMPTON and HreAaTH 2003).
Freshwater habitat in Newfoundland has remained rela-
tively pristine, hence providing an additional explanation
for the observed resilience of N, in the face of population
declines. When considered from this angle, increases in
N, in some rivers after the marine fishery closure may
indicate that the high exploitation rates kept these
populations below their carrying capacity.

Life history evolves to maximize the lifetime repro-
ductive success of individuals in a population and this in
turn is the principal determinant of effective population
size. The life history plasticity evident in Atlantic salmon
and other salmonid fish (HurcHiNGs 2004) may convey
resilience against declines in N. through enabling
optimization of fitness under a range of environmental
conditions. Age structures characterized by overlapping
generations and multiple mating opportunities (itero-
parity) may thus be more resistant to the detrimental
genetic consequences of years with poor recruitment
and low numbers of breeders (WARNER and CHESSON
1985; NunNEY 1993; ELLNER and HAIrRsTON 1994;
GAGGIOTTI and VETTER 1999) and render a population
less sensitive to environmental stochasticity (GAGGIOTTI
and VETTER 1999). Some support for this comes from
empirical studies on long-lived fish species (e.g., D1az
et al. 2000; L1ppE et al. 2006). Resilience against genetic
stochasticity afforded by life history may, however, not
protect against other stochastic factors or against
declines driven by deterministic factors. A particular
value of N, can reflect a large variety of age structures
with markedly different sensitivities to environmental
and genetic stochasticity (RYMAN et al. 1981; GAGGIOTTI
and VETTER 1999). As age structures become more
complex, sensitivity to environmental stochasticity and
the pace at which genetic diversity is lost may both
decrease, but so may the pace of a population’s response
to natural selection. The evolutionary implications of
effective population size therefore depend on detailed
knowledge of its interactions with life history and
population dynamics. These insights may be attained
only through carefully considering age structure in
empirical investigations of N..
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FILE S1

Life table simulations for Atlantic salmon

We used simulations to test the biological plausibility of our life table estimates of age specific survivorship, related to assumptions
about the biology of the mature male parr. Specifically, we evaluated the consequences of the incidence of parr maturity and their
relative survival for the sex and age composition of anadromous fish, by simultaneously varying the former two parameters (from
0 to 0.99). Under the assumption of no difference in ocean survival between the sexes, we compared the sex composition of
simulated anadromous age groups with empirical values for each river, to obtain an indication of realistic parameter ranges for

subsequent analyses.

Simulation results

Survivorship and age structure were strongly influenced by the incidence of male parr maturation and relative survival (syl).
Simulation results (Figure S1) show, not surprisingly, that increases in both the incidence of mature parr maturation and their
relative mortality (reduced s.c1) lead to reductions in the expected relative number of anadromous males in the model. For rivers
such as Northeast River (Placentia), with a strong anadromous sex bias (90% female), the range of plausible parameter
combinations is much narrower (Figure S1 a,b) than for rivers such as Sandhill (Figure A.le,f), where the observed anadromous
sex ratio is close to one (i.e. 50% of anadromous fish are female). The mortality costs associated with parr maturation may
therefore be substantial. For example, for Gander River, with an anadromous sex ratio of 75% females (Figure S1 c¢,d), typical for
many Newfoundland rivers, our simulations suggest that parr maturation incurs a reduction in subsequent survival of at least
40%. However, at this lower extreme all male parr are assumed to mature, which seems incompatible with empirical
observations, suggesting that the mortality associated with parr maturation may often be higher. Based on these results, we used a
value of 5,¢4=0.35 for most subsequent life table analyses, along with male parr maturation rates that result in an age structure
compatible with empirical observations. An exception is Northeast River (Placentia), where the extreme sex ratio in anadromous
fish (>90% female) necessitates assuming a higher mortality associated with parr maturation (s;¢=0.25). Simulations suggest that
a wider range of parameter combinations of parr survival and maturation are plausible for Sandhill River (Figure S1 e.f),
although mature parr maturation incidence is less than 10% for a wide range of 5. In summary, we used simulations to select
biologically realistic values for mature parr incidence and survival, which were subsequently used to calculate survivorship values.
These life table analyses yielded estimates of generation time (G) and correction factor C, used in the genetic estimation of ..

Resulting estimates of G range from 4.5 yrs [Northeast River (Placentia)] to 6.7 yrs (Sandhill River).

Discussion

Despite the comparative wealth of ecological and demographic data available for Newfoundland Atlantic salmon, our life table
analyses required a number of important assumptions. Empirical estimates of (high) mature parr incidence (Pepper 1976; Dalley
et al. 1983; Myers 1984; Myers et al. 1986) and their survival relative to non-maturing parr (Myers 1984; Hutchings and Myers
1994) were only available for a number of Newfoundland rivers. However, high parr maturation rates may generally be expected,
given that the study rivers are predominantly lacustrine systems, facilitating high growth rates and productivity (O'Connell and
Ash 1993). Uncertainty regarding survival at the freshwater stages (both absolute and relative between mature and non-mature
male parr) thus likely has a larger impact on our results. The most critical assumptions in our analyses were 1) resident (non-
anadromous) life history phenotypes do not constitute a major component of populations, 2) freshwater survival (for immature

parr) is independent of age, and 3) previous maturation as parr does not reduce ocean survival of male smolts.
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Resident (non-anadromous) Atlantic salmon are common in many Newfoundland river systems (Power 1958; Scott and
Crossman 1964; Andrews 1966; Leggett and Power 1969, see Hutchings 2002 for a review). These are fish that never migrate out
to sea and complete their entire life cycle in freshwater. In some instances, they have been reported to be genetically distinct from
anadromous forms (Birt et al. 1991; Verspoor and Cole 2005), though they can spawn in the same locations (Hutchings 1986) and
no behavioral mechanisms appear to isolate the forms from interbreeding (Hutchings and Myers 1985). In an extensive study
conducted on Newfoundland systems, Adams (2007) attributed genetic differentiation between the two life history forms mainly to
geographic separation, detecting little genetic differences where they co-occur. Like male parr maturation, they can therefore be
considered as one of several life history strategies present in a salmon population (Hutchings and Myers 1985; Hutchings 1986).
Hence we cannot rule out bias in our life table analyses in populations where non-anadromous salmon are very common, such as
Terra Nova River (Andrews 1966), made more accessible to anadromous fish in the past century only (Burgeois et al. 2002). This
river is characterized by very high genetic diversity and large estimates of N, which appear incompatible with what is known
about the current size of the anadromous runs (O'Connell et al. 2006b). Based upon the limited information on the reproductive
biology and age structure of non-anadromous fish (Scott and Crossman 1964; Leggett and Power 1969), we may have
underestimated age-specific survival and iteroparity, but perhaps overestimated fecundity. Large non-anadromous population
components likely result in more even age distribution of projected reproduction (py), with a reduction in genetic fluctuations
among cohorts that is larger than accounted for by the cohort model . This would imply that V. estimates based on the cohort
model may be biased upwards for river systems with (unaccounted for) large components of non-anadromous salmon. Though
the presence of non-anadromous life history phenotypes may generally enhance population stability, there is thus some

uncertainty that this presence would also result in larger (and more stable) effective population sizes.

Secondly, freshwater survival in Atlantic salmon is likely not constant over time, with high mortality occurring from egg
deposition to initiation of foraging by fry (reviewed by Hutchings and Jones 1998). However, the survivorship of relevance for V.
is that among the reproducing year classes (Nunney 1993) and we therefore ignored this initial stage in our life table analyses.
Although the assumed annual survival rate corresponds to locally relevant empirical estimates (Evans et al. 1984), a more
important consideration is whether this survival increases with age. An underestimation of freshwater survival during and after
the male parr maturation ages implies that we may have overestimated the incidence of parr maturation and/or underestimated
their relative survival. Although this has consequences for the age composition of adults, our simulations suggest that N
estimation is more strongly influenced by assumptions about the age distribution of reproductive output. Furthermore, analyses of
brown trout populations in lake systems in Sweden (Jorde and Ryman 1996; Palm et al. 2003) suggest a relative insensitivity of
annual survival rate to age (i.e. type II survivorship curve). Therefore, our findings with regards to N may be comparatively

robust to uncertainty about (relative) freshwater survival.

We further assumed that smolts that previously matured have similar ocean survival to that of non-mature fish, whereas some
work suggests this may instead be reduced (Berglund et al. 1992 but see Skilbrei 1990). We therefore implicitly linked parr
maturation with the sex bias in anadromous runs, ubiquitous in Newfoundland (Davis and Farwell 1975; Chadwick ez al. 1978;
O'Connell ¢/ al. 2006a). Fleming (1998) argued that increased ocean mortality, together with sex differences in (anadromous) age-
at-maturity, form a better explanation for anadromous sex bias, although decreased freshwater survival was acknowledged to
affect this bias. However, smolt runs in Newfoundland already display a strong bias towards females (Davis and Farwell 1975;
Dalley 1978; Chadwick et al. 1978; Chadwick 1981; Dalley et al. 1983; Myers 1984; Hutchings 1986). Furthermore, anecdotal
observations suggest there may be no sex difference in ocean survival for smolts in Newfoundland (Chadwick ez al. 1978). Since
our life table analyses explicitly corrected for sex differences related to anadromy, a link between parr maturation and sex bias in

anadromous runs may therefore indeed exist in Newfoundland.
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Finally, several lines of indirect evidence provide support for our life table analyses. Firstly, under the assumption that genetic drift
is the predominant cause of temporal genetic fluctuations, allele frequency change (F) will depend on the time separating the two
cohorts considered (Jorde and Ryman 1995). Low values of I are especially expected between cohorts that are born exactly one
generation apart (Jorde and Ryman 1996, see also Waples and Teel 1990). A comparison of these values for the study rivers
(results not shown) suggests that a generation time of roughly five years (as commonly derived from life table analyses) seems usually
appropriate. Secondly, numerical estimates of relative parr abundance, based on these life tables, yielded numbers comparable to
empirical observations. A quantification, based on the assumed survival and maturation schedules, suggests a range of 120-220
mature male parr may be present for each anadromous female in a river. These estimates are comparable to a value of 167
reported by L'Abée-Lund (1989) for a Norwegian river with similar (high) incidence of male parr maturation. These numbers are
much lower (80-135 mature male parr per anadromous female), had we assumed zero survival of male parr after maturation.
Despite some uncertainty remaining in life table analyses, the parameter estimates derived from them may thus provide a

reasonable basis for estimating V..
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FIGURE S1.—Life table simulations for three different rivers, evaluating the consequences of mature parr incidence and
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which simulations resulted in anadromous sex ratios similar to the average of empirical values observed in the annual runs in each

river.



6 SI F. P. Palstra ¢t al.

TABLE S1
Basic descriptives of molecular markers

Table S1 is available for download as an Excel file at http://www.genetics.org/cgi/content/full/genetics.109.101972/DC1.
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TABLE S2

Comparison of Pacific Salmon Nb estimates to discrete generation estimates

A

River Year S M 95% CI M, SalmonNb
Biscay Bay 1984 19.5 155  (29-) 97
1990 26.7 83 (29 - ) 2366.5*
Conne 1980 26.5 39 (19-175) 207.9*
1999 29.7 505 (48 -) 279
Gander 1978 23.8 123 (31-) 180.2*
Middle Brook 1992 279 157 (36 -x) 667.6%
1998 26.2 35 (18-116) 1396.4*
Northeast Brook 1987 253 69 (20 - o) 170.8*
Sandhill River 1967 33.8 196 (47 - ) 647.5%
Terra Nova 1978 26.7 295 (45 -) 426.3%
1979 28.3 186 (41 -) 133

Comparison of Pacific Salmon JV, estimates to discrete generation estimates. Given for

several rivers, where genetic data were available, is a comparison between estimates of the

annual of number of breeders as inferred from SALMONNb (WAPLES ¢t al. 2007) and discrete

generation JV, estimates. These latter estimates were calculated from the temporal genetic

variance between samples of anadromous adults in a given year x and reconstructed cohorts

of individuals (based on age information) born in year x, with harmonic mean sample size

A

S . These samples can therefore be assumed to be seperated by one generation and

expected to be unbiased by age structure. Asterisks indicate those Salmon.V, estimates that

are larger than the discrete generation estimates. Results suggest the Pacific salmon model

overestimates Ny, in the majority of cases where relevant comparisons could be made.
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