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The relationship between the effective number of breeders (N,) and the
generational effective size (N.) has rarely been examined empirically in
species with overlapping generations and iteroparity. Based on a suite of
11 microsatellite markers, we examine the relationship between N, N,
and census population size (N.) in 14 brook trout (Salvelinus fontinalis)
populations inhabiting 12 small streams in Nova Scotia and sampled at
least twice between 2009 and 2015. Unbiased estimates of N, obtained
with individuals of a single cohort, adjusted on the basis of age at first
maturation (a) and adult lifespan (AL), were from 1.66 to 0.24 times the
average estimates of N, obtained with random samples of individuals of
mixed ages (i.e. Nb(ade) /mean(Ne(mjxed ages)))- In turn, these differences led
to adjusted N, estimates that were from nearly five to 0.7 times the estimates
derived from mixed-aged individuals. These differences translate into the
same range of variation in the ratio of effective to census population size
(Ne(ade) /NC) within populations. Adopting Ne<ad]~2) as the more precise and
unbiased estimates, we found that these brook trout populations differ
markedly in their effective to census population sizes (range approx. 0.3 to
approx. 0.01). Using AGENE, we then showed that the variance in reproduc-
tive success or reproductive skew varied among populations by a factor of
40, from Vi/k~5 to 200. These results suggest wide differences in popu-
lation dynamics, probably resulting from differences in productivity
affecting the intensity of competition for access to mates or redds, and
thus reproductive skew. Understanding the relationship between N,, N
and N, and how these relate to population dynamics and fluctuations
in population size, are important for the design of robust conservation
strategies in small populations with overlapping generations and iteroparity.

1. Introduction

The genetically effective size of a population (N,) is the size of an ideal popu-
lation that loses genetic diversity at the same rate as the actual population under
study [1,2]. Effective size influences both the rate of random genetic drift and
the effectiveness of natural selection acting on the population, and is thus a fun-
damental concept in evolutionary genetics. Because wild populations usually
depart from ideal conditions, effective population sizes are generally smaller
than the corresponding census population sizes [3,4], but how much smaller
remains uncertain [5]. The uncertainty is in part due to the fact that effective
population size is notoriously difficult to estimate precisely and without bias.
One important source of bias arises from the use of estimation methods that
assume discrete generations for species and populations that actually have over-
lapping generations and iteroparous reproduction [6]. Analysis of individuals
belonging to a single cohort (using the extent of linkage disequilibrium (LD))
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can provide estimates of the annual effective size or the
number of effective breeders (N},) in the parental generation
(i.e. the generation that gave rise to that particular cohort).
Generational N, has traditionally been approximated as the
product Ny x G (G: generation length) [7,8]. However, this
estimation has recently been shown to be problematic if
applied to iteroparous species, with estimates of Nj, some-
times exceeding N, [9]. Fortunately, the actual ratio of N. to
N, can be predicted if several simple life-history traits are
known: age at maturation, adult lifespan (AL) or number of
reproductive cycles and variance among breeders in repro-
ductive success [9,10] (and see [6]). Using the empirical
quantitative relationships described by Waples et al. [10], it is
now possible to obtain unbiased estimates of Ny, or N, for iter-
oparous species from single cohort estimates of N}, based on
LD. Our goal in this study is to examine the relationship
between census population size and these two measures of
effective size, N, and N, for 14 small populations of brook
trout (Salvelinus fontinalis). We compare biased and unbiased
estimates for each of the populations and explore reasons for
the variation in the relationship among populations.

Stream fish populations are often used for landscape
genetics studies as the linear nature of stream habitats can
lead to the simplification of genetic models used to understand
their evolutionary dynamics [11-14]. Resident salmonid popu-
lations inhabiting small streams generally exhibit relatively
short generation times, facilitating the study of the relationship
between effective and census population sizes. Recent studies
have produced variable estimates of Ny/N. for stream brook
trout populations, with large differences among studies
as well as among populations within studies in these ratios
[15-17]. The differences have been linked to differences in
habitat variability and habitat quality, which in turn result
in differences in census population size and potentially
also in life-history traits such as age and size at maturation,
and age-specific survival or reproductive lifespan [15,17].
None of these studies, however, considered the extent to
which biases in the estimates of N, stemming from the use of
models developed for semelparous species might have influ-
enced their estimates, nor whether variation in such biases
among populations might account for some of the among
population variation observed in their systems.

In this study, we first describe the structure of 14 brook
trout (S. fontinalis) populations inhabiting 12 independent
streams in eastern Canada and estimate their level of connec-
tivity. The streams are small (maximum 5 km in length), and
are located in independent and parallel watersheds that
empty into the Bay of Fundy along the northwest shore of
Nova Scotia. Some of the populations are landlocked owing
to coastal or upstream waterfalls, and the others have intermit-
tent connectivity to the sea during high water events. Although
anadromy and interdrainage migration is in principle possi-
ble for these populations, we find that all 14 populations are
essentially isolated.

For each population, we then estimate effective size using a
variety of methods and census size. We then assess the extent
of estimate bias when using methodology that assumes semel-
parity by examining the relationship between Nb, N. and
census population size N. for adjusted and non-adjusted esti-
mates of N,. We find that the ratio of the effective population
size estimated with a sample of mixed ages (Ne(mixed ages)) tO
that derived from an adjusted estimate of the number of bree-

ders (Ne(aqjz)) varied widely across populations, ranging from

Ne(ade) ~ 5Ne(mixed ages) to Ne(adjz) ~0.7 Ne(mixed ages) s hlgh'
lighting the importance of precision and bias correction
for the proper estimation of the N/N. ratios in systems with
overlapping generations and iteroparous reproduction.

2. Material and methods

(a) Study sites and sample collection

Brook trout (S. fontinalis) were collected from 12 coastal streams
along the northwest shore of Nova Scotia in the summers of
2009-2015. DNA analysis was conducted on the samples collected
between 2009 and 2013 (n = 1870; electronic supplementary
material, table S1), whereas samples collected in 2014 and 2015
were used for the estimation of census population size through
mark recapture (1~ 1300 in each year), with subsets used for
age (n=426) and sexual maturity (1= 66) determination (see
below). The 12 streams are located in independent watersheds
that drain into the Bay of Fundy from near the top of the North
Mountain (maximum relief 265 m; figure 1). Most streams have
one or more waterfalls that are impassable for trout, some at
the coast, resulting in completely landlocked populations, and
others along the stream length, creating upstream landlocked
populations and downstream populations that may receive immi-
grants from upstream (figure 1). Sampling was non-lethal. In
2009/2010 and 2012, brook trout were caught with baited
minnow traps set for approximately 24 h at intervals along the
streams. In 2013-2015, fish were collected by electrofishing. Fish
were measured (fork length, FL) and fin clipped (adipose fin)
before release. Fin clips were stored in 95% ethanol for subsequent
DNA analysis.

(b) Population size (N) estimation

Population (census) size N. was estimated by mark-recapture
using the Lincoln—Petersen method with each population
sampled twice, two weeks apart in 2014, and either the same
day or the next day in 2015. Fish sampled for the purposes of
estimating Ne (2014 and 2015) were not used for the genetic
analysis in this study. In early July 2014 (8-11 July), 81 fish
were captured, measured, marked and released in each stream
population. Capture began in the section where fish had been
sampled for genetic analysis in previous years. Electrofishing
proceeded until more than 80 fish had been captured, fin clipped
and released. The length of the sampled section was determined
from GPS coordinates. Two weeks later (22-25 July in 2014) or
the same or next day (July 2015), the same section of each stream
was re-sampled, and the number of recaptures determined. One
section of streambed was electrofished in 2014, whereas in 2015,
we electrofished and resampled either the entire stream (RCD) or
between two and four sections of streambed separated from each
other by at least 500-750 m (two sections: SBU; three sections:
RCU, WW, SBD; four sections: CV). We used the recapture rate
and the number of fish (1+ or older) caught in the sampled
length of stream to estimate density of adult fish (no of fish per m
stream length). Population census size was then estimated by
extrapolating to the length of stream over which there are no
physical barriers to fish movement, this is a conservative esti-
mate of N.. Stream segment lengths were determined using
ARCGIS (1:50000). Streams were walked to locate waterfalls or
other significant barriers (e.g. impassable culverts).

(c) Life-history characteristics

The key life-history characteristics needed for Waples et al.’s [10]
corrections are age at maturity and AL or number of reproductive
cycles. We used samples captured in July 2014 as our baseline
population. The young of the year (YOY) class was almost certainly
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Figure 1. Streams sampled along the North Mountain in Nova Scotia. Streams run into the Bay of Fundy. The streams with their associated codes are from east to
west: 1: Ross Creek upstream (RCU) and 2: Ross Creek downstream (RCD) of a major waterfall; 3: Woodworth (WW); 4: Black Hole (BH); 5: Cobby Irving (CY); 6:
Chipman (CH); 7: Church Vault (CV); 8: Saunders Brook upstream (SBU) and 9: Saunders Brook downstream (SBD) of a major waterfall; 10: Turner (TB), 11: Brown (BN); 12:
Robinson (RB); 13: Healy (HE); 14: Gaskill (GK). Inset shows study area in Nova Scotia. Populations at seven sites had intermittent access to the sea: RCD, WW, CH, SBD, RB,
BN and GK. The remaining seven sites contained landlocked brook trout populations located upstream of major waterfalls (RCU, BH, CY, CV, SBU, HE) or a culvert impeding

upstream brook trout passage (TB).

underrepresented in our sampling owing to their lower capture
efficiency and possible differences in habitat use. Capture effi-
ciency should have been similar for year classes older than YOY,
and these individuals could thus be used for the determination
of age structure as well as age at maturity.

A subsample of fish older than YOY (n ~ 30 per site for a
total of 426 individuals) were weighed (live weight) and aged
using scales to determine the relationship between size and age
for these populations. The size range of each age class cohort
and the weight—length relationship were determined. This infor-
mation was then used to determine the age structure of the
populations for the July 2013 sample (1151 fish in all). Annual
mortality rate was also estimated for fish aged 14+ and 2+
years using 7 =1 — (number in T + 1 year class + number in
T year class) [18].

Brook trout in Nova Scotia spawn from September to Novem-
ber, and alevin hatch the following spring. Fish (1 = 66) from three
sites (Ross Creek, Woodworth Creek and Cobby Irving Brook)
were sacrificed to determine size (FL) and age at maturity. The
abdominal cavity was opened to determine sex and maturity
status (presence of ripe gonads). The female—male ratio for imma-
ture trout was assumed to be 1:1. This ratio was then used to
approximate the proportion of mature females and mature males
in each 1 cm length interval for the YOY, 1+ year and 2+ year
age cohorts. Generation time, G, was then estimated by using a
standard life table approach.

(d) Molecular protocol

Samples were digested overnight using proteinase K. DNA was
extracted following a glassmilk protocol modified from Elphin-
stone ef al. [19] using a Perkin Elmer Multiprobe II Plus Liquid
Handling System (Perkin Elmer, Waltham, MA). Polymorphism
was examined at 11 PCR amplified microsatellite loci (details
in electronic supplementary material) labelled with either 700
or 800 nm M13 for downstream visualization. The resulting

PCR products were imaged on Li-COR 4200/4300 DNA Analy-
zers (Li-Cor Biosciences, Lincoln, NE). Alleles were scored
automatically using SAGA Automated Microsatellite Software
3.3 (Li-Cor Biosciences) and checked for repeatability of scoring
(electronic supplementary material).

(e) Within-sample analysis

MICROCHECKER (v. 2.2.3) [20] was used for detection of potential
null alleles and large allele dropout. Expected and observed
heterozygosities as well as deviations from Hardy-Weinberg
equilibrium (HWE) and pairs of loci in LD were identified in
ARLEQUIN v. 3.5 [21]. The number of private alleles per stream
was calculated using GENAIEx v. 6.4 [22]. Allelic richness was
estimated using FSTAT v. 2.9.3.2 [23].

(f) Population structure

Pairwise Fsrs were estimated using GENAIEX v. 6.4 [22]. A prin-
cipal coordinates analysis based on the matrix of pairwise Fsrs
was conducted in R [24] using the package ‘ape’ [25]. Genetic
structure was analysed using STRUCTURE v. 2.3.4 [26] with an
admixture model and no location priors. Simulations were run
for 1000000 iterations with an initial burnin of 500 000. Three
replicates were run for each K-value from 1 to 15 using the
entire dataset, and again for each subsequently identified cluster.
The most probable K-values were chosen using the Evanno
method [27] implemented in STRUCTURE HARVESTER v. 0.6.92 [28].
Once the most probable number of genetic clusters had been
identified, seven more replications were produced, at that appro-
priate K-value, using STRUCTURE resulting in 10 total replicates.
These 10 replicates were combined using Crumrp v. 1.1.2 [29].
The resulting output from CLumpp was visualized using DisTRUCT
v. 1.1 [30]. Recent migration rates between the 14 sites were
estimated using BayesAss v. 3.0.3 [31] with 30 million iterations
(3 million burnin and parameters 2= 0.2, f= 0.2 and m = 0.05).
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(g) Effective population size and effective number
of breeders

Estimates of effective population size (N.) were obtained with
the LD method implemented in LDNe [32]. Estimates were
obtained for each of the 31 location per year combinations
(2009/2010: 12 streams; 2012: five locations from four streams;
2013: 14 locations from 12 streams). Second, we estimated effec-
tive population size using the temporal method as implemented
in MLNE [33] with samples collected in 2009-2010 (2012 in one
case) representing fq and those collected in 2013 representing t;.
Third, we also estimated effective number of breeders (Ny) using
exclusively individuals of age class 1+4-. This was done only with
the relatively large samples collected in 2013, for which suffi-
cient individuals of age 14+ were available. Raw estimates of
the effective number of breeders (Np) were adjusted using the
method that involves two life-history traits, namely age at first
reproduction (@) and adult lifespan (AL), as follows [10]:

raw Nb
1.103 — 0.245 xlog(AL/o<)”

Noadiz) = (2.1)

Adjusted estimates of effective number of breeders (Nb(adjz))
were then used to estimate Ne(,qgp) as follows:
- N b(adj2)

Newdi2) = 385+ 0.758 x log(AL/oc)’

(22)

We thus obtained three estimates of effective population
size per stream: two based on LD, one of which used mixed-
ages data} Ne(LD,mixed ages), averaged over up to three estimates:
mean (Ne(LD, mixed ages)) and the other single cohort data
(Ne(agiz)» and one based on drift between temporally spaced
samples Nenine). These estimates were then compared with
the estimates of census population size, (N, individuals aged
1+ or older; see above). Lastly, we examined the role of variance
in family size on these empirical Ne/(Ne) by comparing them
with ratios obtained with AGENE [34] under varying degrees of
variance in reproductive success.

3. Results
(a) Size at age

Cohorts were quite easily distinguishable. Mean lengths at
age, averaged across sites, were 5.8, 11.4, 15.0 and 18.3 cm
for YOY, 1+, 2+ and 3+, respectively (electronic supplemen-
tary material, table 52), using upper boundaries of 8 (YOY),
13-16 (14) and 16-19 cm (2+). Annual mortality rates (esti-
mated from age structure) were 0.43 and 0.64 for age classes
1+ and 2+, respectively (electronic supplementary material,
table S2). The absence of individuals aged 4+ years suggests
that fish rarely survive past their third year in these streams.
Annual mortality for brook trout aged 3+ was therefore 1.0.

(b) Age at maturity () and adult lifespan

Length and age at maturity were estimated with data col-
lected from three streams (RC, WW, CY) in the autumn
(16 September) of 2014. Brook trout with FL less than
9.5 cm were immature and the proportion of mature trout
increased with size from 0.09 at 10 cm FL to 1.0 at 13 cm
FL, with an average across electrofished sites of 59% of
trout aged 1+ being mature (electronic supplementary
material, table S3a,b). The proportion of mature brook trout
was similar for males and females. For females, the pro-
portion of mature individuals was 0.0, 0.62 and 1.0 for
YOY, 1+ and 2+, respectively. For males, the proportion of

mature individuals was 0.0, 0.44 and 1.0 zero for YOY, age n

1+ and age 2+, respectively (electronic supplementary
material, table S3c). Only two individuals aged 3+ were
sampled and were not included in the evaluation. Overall,
therefore, weighted age at maturity was « = 2.41. Given that
oldest age at reproduction is 3, adult lifespan is AL =3 + 1 -
2.41=1.59. All subsequent estimates of Nb(ade) and Ne(ad]-z)
were thus obtained using o = 2.41 and AL = 1.59. Generation
length, estimated using the proportion of eggs contributed to
the next generation by females aged 1+, 2+ and 3+, was
G = 1.88 years (electronic supplementary material, table S4).

(c) Census population sizes

Census population size estimates, N, ranged from as low as
854 individuals for BH to 12 000 individuals for CV in 2014,
with an average (median) estimate across populations of
between 3600 and 4000 (2100-2500), depending on whether
a mixture of 2014 and 2015 or only 2014 estimates were
used (electronic supplementary material, table S5).

(d) Within-sample analysis

Average (median) scoring repeatability across 11 microsatel-
lite loci was 98.5% (98.8%) (electronic supplementary
material, table S6). Observed and expected heterozygosities
ranged from 0.360 and 0.366 to 0.577 and 0.628, respectively
(electronic supplementary material, table S7). Loci were
moderately polymorphic with allelic richness, ranging from
3.37 to 6.60 (electronic supplementary material, table S7).
The number of private alleles per population ranged from 0
to 4. The number and identity of loci presenting potential
null alleles varied across samples and included 0 or 1 locus
with potential null alleles (5 and 17 samples, respectively),
2, 3 and 4 loci with potential null alleles (five, two and two
samples, respectively; electronic supplementary material,
table S7). Similarly, the number (and identity) of loci out of
HWE varied across samples, with eight samples exhibiting
no locus out of HWE and one sample exhibiting four loci
out of HWE, with other samples exhibiting an intermediate
number. The lack of consistency among populations in the
identity of the loci exhibiting departures from HWE suggest
these departures are not owing to null alleles. Rather, they
probably result from the interaction of small effective sizes
with age structure (i.e. cohorts differing in allele frequencies
leading to an intercohort Wahlund effect) along with the poten-
tial existence of siblings and spatial or deme structure within
streams. Similarly, although eight populations exhibited at
least one pair of loci in gametic phase disequilibrium (elec-
tronic supplementary material, table S7), the pair identity
varied across populations, suggesting their detection results
from random sampling effects rather than actual physical link-
age between loci. Fig overall loci ranged from 0.023 (RB) to
0.162 (HE) (median across populations, Fis = 0.066), indicating
close similarity between observed and expected heterozygos-
ities within populations (electronic supplementary material,
table S8).

(e) Population structure and gene flow

A hierarchical structure analysis revealed the existence of
population structure at the level of individual streams (elec-
tronic supplementary material, figure S1). A plot of the first
two coordinates of a principal coordinate analysis (PCA)
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Figure 2. Principal coordinate analysis (PCA) based on 11 loci for brook trout
collected from 12 streams (14 sites).

based on the matrix of pairwise Fsrs (figure 2; electronic
supplementary material, table S9) provided results consistent
with those obtained with StrucTure: RCU and RCD appear
genetically similar to each other, and to a lesser degree also
to the neighbouring WW and CY and to the more distant HE
and RB, while they appear more different from the remaining
populations. Similarly, SBU and SBD appear more similar to
each other and to the neighbouring CV than to the remaining
populations, with the remaining populations exhibiting vary-
ing degrees of differentiation (figure 2). Migration rates
estimated with BayesAss were low to nil (not shown), indicat-
ing little to no gene flow between populations, with one
exception: RCU and RCD exhibited a sufficiently low Fsr
(0.008) to prevent the reliable estimation of .

A~

(f) Effective population size (N,), effective number of
breeders (Ny) and census population size (N), and
their ratios using raw and adjusted estimates

Effective population sizes were estimated for each of the 31
stream/sampling year combinations (2009/2010, 2012, 2013)
using the LD method and all sampled individuals regardless
of age (Ne(LD, mixed ages); €lectronic supplementary material,
table S10). For each stream, we then calculated the weigh-
ted harmonic mean across years (meanNe(LD,mixed ages))
using sample sizes as weights (electronic supplementary
material, table S10; table 1). Effective sizes were also
estimated using the temporal method (Ne(MLNe); electro-
nic supplementary material, table S10; table 1). Lastly,
we also estimated the raw effective number of breeders
(Np) (electronic supplementary material, table S11) from
which we calculated NbA(ade) (electronic supplementary
material, table S11) and Ncqgp) following equations (2.1)
and (2.2), and assuming AL =159 and a =241 (electro-
nic supplementary material, table S11). We thus obtained
three estimates of effective size for each population
(table 1). Across all populations, mean (Ne(LD, mixed ages)) = 206
(median ~ 142). Among the six populations for which
we obtained all three estimates, the means (medians) were

Ne(LD, mixed ages) = 113 (126), Nepuine) ~ 40 (44) and Newap) ~ |5

227 (125). Individually, Ne(adjz) > Nep, mixed ages) in five of the
six cases with med%an ratiq [Ne(adi2) / Ne(LD, mixed ages)| = 1.66
while median ratio [Ne(ag2) /NeMmine)] &~ 4.7 and median ratio
[mean( Ne(tp, mixed ages))/ Nevine ] = 2.88  (range  1.8-4.6).
Individually though, Ne(agj) could be up to nearly five times
larger than estimates obtained from mixed ages (CY) and
13 times larger than estimates obtained with the temporal
method (CY, WW; table 1). Similarly, estimates obtained with
the LD method using individuals of mixed ages could be up
to nearly five times larger than estimates obtained with the
temporal method.

Each of these estimates was then related to census population
size N.. The ratio of the mean(Ne(LD, mixed ages)) / N. < 0.10 in all
but three cases, with the lowest ratio being approximately 0.01
(CV) and the largest being approximately 0.18 (median =
0.078 [0.046] for the six populations with available Ne(adjz);
table 1). Such wide range in the ratio of effective to census size
is also observed among the [Ne(ade) /N.] ratios (table 1), where
they lie in the 20-30% range in two populations (WW, CY),
in the 10% in one (GK), 5% in two (RCU, HE) and 1% in the
remaining two (CV, TB) of the seven populations for which
Ne(adjz) could be estimated (median = 0.048; table 1). Such vast
differences in effective to census size, regardless of how effective
size is measured implicate vast differences in reproductive
dynamics among these brook trout populations.

Predictably, the median (NQ(MLNE> /NC) was lower than
with the other methods (0.011), but still, important differ-
ences were observed among populations (table 1) with one
population exhibiting a ratio = 0.133, five exhibiting ratios
in the 0.02-0.05 range, and seven exhibiting ratios less than
or equal to 0.01 (table 1), once again implicating difference
in reproductive dynamics among populations.

Next, we examined the range of reproductive skew
required to attain these ratios using AGENE based on each
population’s age-specific survival rates (electronic supplemen-
tary material, table S2) and relative fecundity [35]. We assumed
relative fecundities for 2+ and 3+ males were, respectively,
three and four times that of a 14 male, a reasonable assump-
tion given that a 3+-year-old is approximately twice as along
as a 14-year-old. This resulted in a generation length for
males similar to that for females. Using the above values for
these life-history traits, the Poisson factor (variance in repro-
ductive success over its mean, Vi/k) ranged from a low of
between 5 and 10 for four populations (RCD, WW, BH, CY)
to a high of 120 and 200 for two populations (TB and CV,
respectively) and was intermediate (20-50) in the other four
(RCU, CH, SBD, HE; table 1). In general, and using estimates
of age-specific survival rates averaged over all populations,
observing a ratio N./N, ~ 0.180 requires a skew in reproduc-
tive success (Poisson factor) & 10, a ratio N, / N, in the range
of 0.040-0.020 requires a skew in the range of 50-100, and a
ratio Ne / NC ~ 0.010 requires a skew ~200.

4. Discussion

Waples ef al. [10] recently presented the methods for adjusting
estimates of effective population size (N,) and effective number
of breeders (N,) in iteroparous populations by accounting for
the impact of AL and age at first maturation. We have shown
the importance of those adjustments for small brook trout
populations; adjusted estimates of N, derived from adjusted
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estimates of N}, ranged from nearly fivefold larger than to
around 30% smaller than unadjusted estimates of N, derived
from random samples of individuals of mixed ages. These
results suggest that published estimates of effective population
size obtained with random samples of individuals of mixed
ages for iteroparous species with overlapping generations
and even those based on unadjusted Nb can be biased,
and should thus be considered with caution. As seen in other
studies [15-17], we also found that Ne(ade)/Nc ratios were
variable across populations in the same geographical area, ran-
ging from a high of 0.29 (CY) to a low of around 0.01 (e.g. CV,
TB). These differences presumably reflect differences in popu-
lation dynamics potentially mediated through differences
among streams in environmental characteristics and
productivity, which will probably affect the intensity of compe-
tition for access to mates, or for redd sites. In fact, we found
that, given the observed age-specific survival rates and the
known age-specific relative fecundities, very high variances
in reproductive success in the order of V/k~50-200 are
needed to exhibit Ne / N. ratios in the range of 0.05-0.01. Irre-
spective of the differences, the majority of the Ne(ade) /NC
ratios were very low, the median ratio was 0.048, considerably
smaller than the 0.20 median ratio described by Palstra &
Ruzzante [4] for small salmonid populations. In this study,
this ratio was between 20% and 30% in two populations
(WW, CY) and was otherwise less than or equal to 0.1 (table 1).

Before discussing the results in detail, we raise four
caveats. First, we have used estimates of age at first matu-
ration (a), AL and generation length (G) that were averages
across populations. It is possible, indeed likely, that these
parameters varied somewhat across populations, but much
more intensive sampling would be required to accurately
measure this variation. Second, our three Ne estimates refer
to slightly different though overlapping time periods. Mean
Ne (1D, mixed ages) Tepresents averages (harmonic means) over
the period 2009_2013& NeMLne) i a temporal estimate over
the same period, and N, (.qp) is derived from an annual effec-
tive size estimate (N,) based on samples of 14 year old
individuals collected in 2013. The N, estimates were instead
obtained in 2014 with some estimates repeated in 2015.
Thus, our Ne and N, estimates do not refer to the same
time period and this may have introduced an unknown
bias in our ratio estimates (5) if population size varies dra-
matically between years. In our analysis, we have thus
assumed population size remained constant between years.
Third, 23 of the 31 samples exhibited between one and four
loci out of HWE even after correction for multiple tests.
These departures probably reflect real biological phenomena
including the combined effect of small effective sizes and age
structure, where cohorts differ in their allele frequencies
resulting in an intercohort Wahlund effect, along with the
potential existence of siblings and spatial or deme structure
within streams. The extent to which these departures from
HWE affect downstream analyses has unfortunately not
been examined in detail [36]. Fourth, the N, temporal esti-
mates were generally smaller than those based on LD. This
is not surprising given that the temporal method is expected
to provide downwardly biased estimates when generations
are not discrete and fewer than three to five generations
have elapsed between samples. Regardless of this downward
bias, the (NQ(MLNE> /NC) ratios differed among populations,
and we inferred this is due to differences in reproductive
dynamics among populations. In doing so, we assumed the

potential bias introduced by age structure does not differ

among populations.

(a) Effective number of breeders to effective population
size ((Np(agja) / Ne(uo, mixed ages) ) 1atios

We examined the relation between the annual effective size
(Np) and the generational effective population size (N.).
This relationship had until recently been examined in
detail largely only for semelparous age-structured species
[37,38] (but see [8,39]). Following these studies, it was
assumed that in iteroparous species, effective sizes were
N. < Nb *G , where G is generation length, which in turn
implies that Nb <N, [10,40]. It has since been shown that
this is not necessarily true and that in iteroparous species
Nb can indeed be >N., with evidence the Nb/Ne ratio
reported to vary across species by a factor of 6 from 0.3 to
1.6 [10]. In fact, here we show a similar range of varia-
tion in this ratio among the six populatlons for which we
were able to estimate both Nb (adj2) and N, (LD, mixed ages)’
Nb (adj2) /I}T LD, mixed ages) = 1.66 in one populatlon (CY),
Nb(ade)/ IYe(LD, mixed ages) ~ 1 in another (WW) and
Np(adi2) /Ne(LD, mixed ages) between 0.63 and 0.24 in the remain-
ing four populations. These wide interpopulation differences
in N /N ratios suggest, again, the existence of important
differences in population dynamics across streams within a
single reproductive season (see above). An issue currently
under investigation in our laboratory concerns the degree to
which within-population temporal changes in Nj, match the
among-population differences in Nj, and how they relate to
variation in N, (see below and [37,38]). It should be noted
though, that estimates of Ne(Lp, mixed ages) have been shown
to provide estimates of N, that are up to 93% of the true N,
in species with life histories similar to those of our brook
trout populations [10]. In other words, N, is supposed to be
slightly underestimated when using a random sample of
individuals of mixed ages. In fact, the majority (five out of
six) of our NE(LD, mixed ages) are smaller than Ne(ade)- In the fol-
lowing section, we discuss our analyses of the ratios of
effective to census population size based on both
N e(LD, mixed ages) and N e(adj2) (table 1)

(b) Effective population size to census population size
(Ne/N,) ratios

Census population size was estimated by extrapolating fish
density over the electrofished streambed section (estimated
through mark recapture), to the length of the stream over
which there was no obvious barrier to fish movement. This
scale is well within the range of adult brook trout movement
[41,42]. Our results indicate that at this spatial scale, the
(Ne/N,) ratios are both low relative to the ratios generally
expected in small populations of salmonids (Ne /NC ~0.20,
[4]) and extremely variable across populations (table 1).
Palstra & Fraser [5] argued that uncertainty in the esti-
mates of effective population size (N.) translates into
uncertainty into the ratios (N./N.). Although we have con-
siderably reduced the uncertainty in the individual N,
estimates, we still find major differences in the N. /NC ratios
across populations within a single species. These results
suggest that uncertainty is not the only cause, perhaps not
even the major cause for intraspecific variation in these
ratios. The variation probably reflects a real biological
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phenomenon and is a function of variation in the effective
number of breeders (see also [14,39,43]) and in reproductive
success. In fact, given the estimated age-specific survival
rates and age- or size-specific relative frequencies, we have
shown with AGENE [34] that very high variances in reproduc-
tive success (between 50 and 100 times higher than the mean
reproductive success) are necessary to generate N./N, in the
0.05-0.02 range (200 times higher to generate ratios ~ 0.01).
Theory predicts that N/N. ratios should be low in species
with early maturity and long reproductive lifespan because
of the large variance in reproductive success that can ensue
from such combination of life-history traits [10]. Here we
have shown that these ratios can also be low even when AL
and age at maturity are relatively short. Our estimates reflect
the N¢/N. ratios across a number of brook trout populations
at a particular point in time. We have not quantified how
these ratios vary over time within populations and how they
relate to variation in N; this is the focus of our ongoing
work. Long-lived sturgeon, for instance, have been described
as having relatively stable interannual variation in Nj/N.
ratios (0.27-0.86) despite a 40-fold difference in annual larval
production [44]. This result was attributed to a low variance
in reproductive success probably stemming from the polyga-
mous mating system and the large number of adults
breeding in a temporally stable population [44]. Similarly,
recent studies on stream brook trout populations found that
Nb was stable relative to N, with no evidence of a relationship
between these two metrics but a link between Nj, and stream

References

flow [39]. Understanding relationships between N,, N}, and
N, and how these relate to population dynamics and fluctu-
ations in population size are important for the design of
robust strategies for species of conservation concern, and we
encourage further efforts to improve our understanding of
these relationships.

Ethics. The sampling was conducted under fishing permit no. 321158
issued to the Inland Fisheries Division of the Nova Scotia Depart-
ment of Fisheries and Aquaculture.

Data accessibility. Genotypic data have been uploaded to Dryad and are
available for download: http://dx.doi.org/10.5061/dryad.nh448.
Author contributions. D.E.R. and S.J.W. designed the study. K.H., S.P. and
G.R.M. produced the molecular data and conducted initial analyses
as part of two honours theses (K.H. 2010, S.P. 2014). A.C. and ].M.
conducted the analysis on life-history traits. D.E.R. and G.R.M. con-
ducted further analysis. D.E.R. wrote the first draft with input from
S.J.W., GRM. and ].M. All authors contributed to fieldwork.

Competing interests. We declare we have no competing interests.

Funding. The work was supported by an NSERC Discovery grant to
D.E.R. (RGPIN-2014-04696) and by grants to DER from the NS Fresh-
water Fisheries Research Cooperative administered by the Inland
Fisheries Division of the NS Department of Fisheries and
Aquaculture.

Acknowledgements. We thank Robin Waples and an anonymous referee
for their insightful comments on an earlier version of this MS. We
thank Connor Booker, Joshua Goodwin, Kayla Lawton, Angela
Fuentes-Pardo, Kristen Wilson, Livia Anthes, Shreeran Senthivasan,
David Malloy, Morgan Colp and Danielle McCracken for assistance
in the field.

Genetics 16, 97—159.
Crow JF, Kimura M. 1970 An introduction to
population genetics. Minneapolis, MN: Burgess

1. Wright S. 1931 Evolution in Mendelian populations. 9.

Waples RS, Luikart G, Faulkner JR, Tallmon DA. 2013
Simple life history traits explain key effective
population size ratios across diverse taxa. Proc. R. Soc.
B 280, 20131339. (doi:10.1098/rspb.2013.1339)

brook trout (Salvelinus fontinalis) distributed
continuously along headwater channel networks.
Mol. Ecol. 20, 3711-3729. (doi:10.1111/j.1365-
294X.2011.05210.x)

Publishing Co. 10.  Waples RS, Antao T, Luikart G. 2014 Effects 15. Belmar-Lucero S, Wood SLA, Scott S, Harbicht AB,
Frankham R. 1995 Effective population size adult of overlapping generations on linkage Hutchings JA, Fraser DJ. 2012 Concurrent habitat
population size ratios in wildlife: a review. Genet. Res. disequilibrium estimates of effective population and life history influences oneffective/census

66, 95—107. (doi:10.1017/50016672300034455) size. Genetics 197, 769—780. (doi:10.1534/ population size ratios in stream-dwelling trout. Ecol.
Palstra FP, Ruzzante DE. 2008 Genetic estimates of genetics.114.164822) Evol. 2, 562—573. (d0i:10.1002/ece3.196)
contemporary effective population size: what can 1. Koizumi I, Yamamoto S, Maekawa K. 2006 16.  Whiteley AR, Coombs JA, Hudy M, Robinson Z,
they tell us about the importance of genetic Decomposed pairwise regression analysis of genetic Colton AR, Nislow KH, Letcher BH. 2013
stochasticity for wild population persistence? Mol. and geographic distances reveals a metapopulation Fragmentation and patch size shape genetic

Ecol. 17, 3428—3447. (doi:10.1111/}.1365-294X. structure of stream-dwelling Dolly Varden charr. structure of brook trout populations. Can. J. Fish.
2008.03842.x) Mol. Ecol. 15, 3175-3189. (doi:10.1111/}.1365- Aquat. Sci. 70, 678—688. (doi:10.1139/cjfas-
Palstra FP, Fraser DJ. 2012 Effective/census 294X.2006.03019.x) 2012-0493)

population size ratio estimation: a compendium 12. Gomez-Uchida D, Knight TW, Ruzzante DE. 2009 17. Wood JLA, Belmar-Lucero S, Hutchings JA, Fraser
and appraisal. Ecol. Evol. 2, 2357—2365. (doi:10. Interaction of landscape and life history attributes DJ. 2014 Relationship of habitat variability to
10002/ece3.329) on genetic diversity, neutral divergence and gene population size in a stream fish. Ecol. Appl. 24,
Robinson JD, Moyer GR. 2012 Linkage flow in a pristine community of salmonids. Mol. 1085—1100. (doi:10.1890/13-1647.1)
disequilibrium and effective population size when Ecol. 18, 4857—-4869. (doi:10.1111/).1365-294X. 18. Ricker WE. 1975 Computation and interpretation of
generations overlap. Evol. Appl. 6, 290—302. 2009.04409.x) biological statistics of fish populations. Bull. Fish.
(doi:10.1111/j.1752-4571.2012.00289.x) 13. Gomez-Uchida D, Palstra FP, Knight T, Ruzzante DE. Res. Bd. Can. 191, 382.

Waples RS. 2002 Effective size of fluctuating salmon 2013 Contemporary population and metapopulation ~ 19. Elphinstone MS, Hinten GN, Anderson MJ, Nock CJ.
populations. Genetics 161, 783—791. effective size (N, and meta-N,): comparison among 2003 An inexpensive and high-throughput
Skrbinsek T, Jelenic M, Waits L, Kos I, Jerina K, three salmonid species inhabiting a fragmented procedure to extract and purify total genomic DNA
Yrontelj P. 2012 Monitoring the effective system and differing in gene flow and its for population studies. Mol. Ecol. Notes 3, 317 —320.
population size of a brown bear (Ursus arctos) asymmetries. Ecol. Evol. 3, 569—580. (doi:10.1002/ (doi:10.1046/j.1471-8286.2003.00397.x)

population using new single-sample Approaches. ece3.485) 20. van Oosterhout C, Hutchinson WF, Wills DPM,
Mol. Ecol. 21, 862—875. (doi:10.1111/j.1365-294X.  14. Kanno Y, Vokoun JC, Letcher BH. 2011 Fine-scale Shipley P. 2004 MICRO-CHECKER: software for

2011.05423.x)

population structure and riverscape genetics of

identifying and correcting genotyping errors in

10975107 €8T § 0 Y 20id  biorbuiysigndfranosieforqdsi H


http://dx.doi.org/10.5061/dryad.nh448
http://dx.doi.org/10.5061/dryad.nh448
http://dx.doi.org/10.1017/S0016672300034455
http://dx.doi.org/10.1111/j.1365-294X.2008.03842.x
http://dx.doi.org/10.1111/j.1365-294X.2008.03842.x
http://dx.doi.org/10.10002/ece3.329
http://dx.doi.org/10.10002/ece3.329
http://dx.doi.org/10.1111/j.1752-4571.2012.00289.x
http://dx.doi.org/10.1111/j.1365-294X.2011.05423.x
http://dx.doi.org/10.1111/j.1365-294X.2011.05423.x
http://dx.doi.org/10.1098/rspb.2013.1339
http://dx.doi.org/10.1534/genetics.114.164822
http://dx.doi.org/10.1534/genetics.114.164822
http://dx.doi.org/10.1111/j.1365-294X.2006.03019.x
http://dx.doi.org/10.1111/j.1365-294X.2006.03019.x
http://dx.doi.org/10.1111/j.1365-294X.2009.04409.x
http://dx.doi.org/10.1111/j.1365-294X.2009.04409.x
http://dx.doi.org/10.1002/ece3.485
http://dx.doi.org/10.1002/ece3.485
http://dx.doi.org/10.1111/j.1365-294X.2011.05210.x
http://dx.doi.org/10.1111/j.1365-294X.2011.05210.x
http://dx.doi.org/10.1002/ece3.196
http://dx.doi.org/10.1139/cjfas-2012-0493
http://dx.doi.org/10.1139/cjfas-2012-0493
http://dx.doi.org/10.1890/13-1647.1
http://dx.doi.org/10.1046/j.1471-8286.2003.00397.x
http://rspb.royalsocietypublishing.org/

21.

22.

23.

24,

25.

26.

27.

28.

Downloaded from http://rspb.royalsocietypublishing.org/ on January 27, 2016

microsatellite data. Mol. Ecol. Notes 4, 535—538.
(doi:10.1111/}.1471-8286.2004.00684.x)

Excoffier L, Lischer HEL. 2010 Arlequin suite v3.5:
a new series of programs to perform population
genetic analysis under Linux and Windows. Mol.
Ecol. Resour. 10, 564—567. (doi:10.1111/j.1755-
0998.2010.02847.x)

Peakall R, Smouse PE. 2006 GENALEX 6: genetic
analysis in Excel. Population genetic software for
teaching and research. Mol. Ecol. Notes 6, 288 —295.
(doi:10.1111/}.1471-8286.2005.01155.%)

Goudet J. 1995 FSTAT Version 1.2: a computer
program to calculate F-statistics. Heredity 86,
485-486.

R Development Core Team. 2009 R: a language and
environment for statistical computing. Vienna,
Austria: R Foundation for Statistical Computing.
Paradis E, Claude J, Strimmer K. 2004 APE: analyses
of phylogenetics and evolution in R language.
Bioinformatics 20, 289—290. (doi:10.1093/
bioinformatics/btg412)

Hubisz MJ, Falush D, Stephens M, Pritchard JK.
2009 Inferring weak population structure with the
assistance of sample group information. Mol. Ecol.
Resour. 9, 1322-1332. (doi:10.1111/j.1755-0998.
2009.02591.x)

Evanno G, Regnaut S, Goudet J. 2005 Detecting the
number of clusters of individuals using the software
STRUCTURE: a simulation study. Mol. Ecol. 14, 2611—
2620. (doi:10.1111/j.1365-294X.2005.02553.x)

Dent EA, von Holdt BM. 2012 STRUCTURE
HARVESTER: a website and program for visualizing
STRUCTURE output and implementing the Evanno
method. Conserv. Genet. Resour. 4, 359-361.
(doi:10.1007/512686-011-9548-7)

30.

=

32.

33.

34.

35.

36.

37.

31.

Jakobsson M, Rosenberg NA. 2007 CLUMPP: a
cluster matching and permutation program for
dealing with label switching and multimodality
analysis of population structure. Bioinformatics 23,
1801-1806. (doi:10.1093/bioinformatics/btm233)
Rosenberg NA. 2004 DISTRUCT: a program for the
graphical display of population structure. Mol. Ecol.
Notes 4, 137—-138. (doi:10.1046/j.1471-8286.2003.
00566.x)

Wilson GA, Rannala B. 2003 Bayesian inference of
recent migration rates using multilocus genotypes.
Genetics 163, 1177-1191.

Waples RS, Do C. 2008 LDNE: a program for
estimating effective population size from

data on linkage disequilibrium. Mol. Ecol. Resour.
8, 753-756. (doi:10.1111/.1755-0998.2007.
02061.x)

Wang JL, Whitlock MC. 2003 Estimating effective
population size and migration rates from genetic
samples over space and time. Genetics 163, 429—446.
Waples RS, Do C, Chopelet J. 2011 Calculating Ne
and Ne/N in age-structured populations: a hybrid
Felsenstein —Hill approach. Ecology 92, 1513 —1522.
(doiz10.1890/10-1796.1)

Halfyard EA, MacMillan JL, Madden RJ. 2008
Fecundity and sexual maturity in select Nova Scotia
trout populations. Unpublished report. Pictou, Nova
Scotia: Inland Fisheries Division, Nova Scotia
Department of Fisheries and Aquaculture.

Waples RS. 2015 Testing for Hardy— Weinberg
proportions: have we lost the plot? J. Hered. 106,
1-19. (doi:10.1093/jhered/esu062)

Nunney L. 2002 The effective size of annual plant
populations: the interaction of a seed hank with
fluctuating population size in maintaining genetic

39.

40.

4.

42.

43.

4,

variation. Am. Nat. 160, 195—204. (doi:10.1086/
341017)

Waples RS. 2006 Seed banks, salmon, and sleeping
genes: effective population size in semelparous,
age-structured species with fluctuating abundance.
Am. Nat. 167, 118—135. (doi:10.1086/498584)
Whiteley AR, Coombs JA, Cembrola M, 0'Donnell MJ,
Hudy M, Nislow KH, Letcher BH. 2015 Effective number
of breeders provides a link between interannual
variation in stream flow and individual reproductive
contribution in a stream salmonid. Mol. £col. 24, 3585 —
3602. (doi:10.1111/mec.13273)

Wang J. 2009 A new method for estimating
effective population sizes from a single sample of
multilocus genotypes. Mol. Ecol. 18, 2148—2164.
(doi:10.1111/}.1365-294X.2009.04175.%)

Kanno Y, Letcher BH, Coombs JA, Nislow KH, Whiteley
AR. 2014 Linking movement and reproductive history of
brook trout to assess habitat connectivity in a
heterogeneous stream network. Freshw. Biol. 59, 142 —
154. (doi:10.1111/fwb.12254)

Kelson SJ, Kapuscinski AR, Timmins D, Ardren WR.
2015 Fine-scale genetic structure of brook trout in
a dendritic stream network. Conserv. Genet. 16,
31-42. (doi:10.1007/510592-014-0637-5)

Perrier C, April J, Cote G, Bernatchez L, Dionne M.

In press. Effective number of breeders in relation to
census size as management tools for Atlantic salmon
conservation in a context of stocked populations.
(onserv. Genet. (doi:10.1007/510592-015-0758-5)
Duong YD, Scribner KT, Forsythe PS, Crossman JA, Baker
EA. 2013 Interannual variation in effective number of
breeders and estimation of effective population size in
long lived iteroparous lake sturgeon. Mol. Ecol. 22,
1282—1294. (idoi:10.1111/mec.12167)

L09ZSL0T €8T g 20S Y 0id  biobuiysigndAianosiedorqdss H


http://dx.doi.org/10.1111/j.1471-8286.2004.00684.x
http://dx.doi.org/10.1111/j.1755-0998.2010.02847.x
http://dx.doi.org/10.1111/j.1755-0998.2010.02847.x
http://dx.doi.org/10.1111/j.1471-8286.2005.01155.x
http://dx.doi.org/10.1093/bioinformatics/btg412
http://dx.doi.org/10.1093/bioinformatics/btg412
http://dx.doi.org/10.1111/j.1755-0998.2009.02591.x
http://dx.doi.org/10.1111/j.1755-0998.2009.02591.x
http://dx.doi.org/10.1111/j.1365-294X.2005.02553.x
http://dx.doi.org/10.1007/s12686-011-9548-7
http://dx.doi.org/10.1093/bioinformatics/btm233
http://dx.doi.org/10.1046/j.1471-8286.2003.00566.x
http://dx.doi.org/10.1046/j.1471-8286.2003.00566.x
http://dx.doi.org/10.1111/j.1755-0998.2007.02061.x
http://dx.doi.org/10.1111/j.1755-0998.2007.02061.x
http://dx.doi.org/10.1890/10-1796.1
http://dx.doi.org/10.1093/jhered/esu062
http://dx.doi.org/10.1086/341017
http://dx.doi.org/10.1086/341017
http://dx.doi.org/10.1086/498584
http://dx.doi.org/10.1111/mec.13273
http://dx.doi.org/10.1111/j.1365-294X.2009.04175.x
http://dx.doi.org/10.1111/fwb.12254
http://dx.doi.org/10.1007/s10592-014-0637-5
http://dx.doi.org/10.1007/s10592-015-0758-5
http://rspb.royalsocietypublishing.org/

	Effective number of breeders, effective population size and their relationship with census size in an iteroparous species, Salvelinus fontinalis
	Introduction
	Material and methods
	Study sites and sample collection
	Population size ({\hat N_{\rm c}}) estimation
	Life-history characteristics
	Molecular protocol
	Within-sample analysis
	Population structure
	Effective population size and effective number of breeders

	Results
	Size at age
	Age at maturity ([alpha]) and adult lifespan
	Census population sizes
	Within-sample analysis
	Population structure and gene flow
	Effective population size ({\hat{N}_{\rm e}}), effective number of breeders ( {\hat{N}_{\rm b}})  and census population size ({\hat{N}_{\rm c}}), and their ratios using raw and adjusted estimates

	Discussion
	Effective number of breeders to effective population size (( {\hat{\bi N}_{{\rm b}( {\rm adj}2) }}{\rm /}{\hat{\bi N}_{{\rm e}( {\rm LD}\comma\, {\rm mixed}\, {\rm ages}) }})  ratios
	Effective population size to census population size ( {\hat{\bi N}_{\rm e}}{\rm /}{\hat{\bi N}_{\rm c}})  ratios
	Ethics
	Data accessibility
	Author contributions
	Competing interests
	Funding

	Acknowledgements
	References


