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Abstract

The effective number of breeders that give rise to a cohort (Nb) is a promising metric

for genetic monitoring of species with overlapping generations; however, more work is

needed to understand factors that contribute to variation in this measure in natural

populations. We tested hypotheses related to interannual variation in Nb in two long-

term studies of brook trout populations. We found no supporting evidence for our ini-

tial hypothesis that N̂b reflects N̂c (defined as the number of adults in a population at

the time of reproduction). N̂b was stable relative to N̂C and did not follow trends in

abundance (one stream negative, the other positive). We used stream flow estimates to

test the alternative hypothesis that environmental factors constrain Nb. We observed

an intermediate optimum autumn stream flow for both N̂b (R2 = 0.73, P = 0.02) and

full-sibling family evenness (R2 = 0.77, P = 0.01) in one population and a negative cor-

relation between autumn stream flow and full-sib family evenness in the other popula-

tion (r = �0.95, P = 0.02). Evidence for greater reproductive skew at the lowest and

highest autumn flow was consistent with suboptimal conditions at flow extremes. A

series of additional tests provided no supporting evidence for a related hypothesis that

density-dependent reproductive success was responsible for the lack of relationship

between Nb and NC (so-called genetic compensation). This work provides evidence

that Nb is a useful metric of population-specific individual reproductive contribution

for genetic monitoring across populations and the link we provide between stream

flow and Nb could be used to help predict population resilience to environmental

change.
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Introduction

Effective population size (Ne) is one of the most funda-

mental variables in evolutionary biology and conserva-

tion genetics (Waples 2005; Luikart et al. 2010; Hare

et al. 2011). Ne is defined as the size of a theoretical and

ideal population affected by genetic drift at the same

rate per generation as the population under consider-

ation (Wright 1931). Ne allows prediction of a popula-

tion’s adaptive potential in response to environmental

change because it is closely related to a population’s

vulnerability to genetic drift (Hare et al. 2011). For ite-

roparous organisms, it is challenging to reliably esti-

mate the effective size of an entire generation, or

generational Ne (Waples & Yokota 2007; Waples & Do
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2010; Waples et al. 2014). It is more straightforward to

apply Ne estimators to single cohorts (defined as a

group of individuals born in a given year and thus with

the same age; Caswell 2001) to obtain an estimate of the

effective number of breeders (Nb) that gave rise to that

cohort (Waples 2005; Palstra & Fraser 2012; Whiteley

et al. 2012; Waples et al. 2014). Variation in cohort-spe-

cific estimates of Nb appears to be largely influenced by

the number and size of families that occur within a

cohort, hereafter referred to as that cohort’s family

structure. Thus, major influences on Nb include number

of families an individual contributes to, the size of those

families, and whether survival from fertilization to the

time of sampling is family dependent (Waples & Do

2010; Christie et al. 2012). For age-structured species, Nb

is more relevant than Ne for understanding eco-evolu-

tionary processes that unfold during breeding cycles,

such as sexual selection (Waples & Antao 2014; Waples

et al. 2014).

Estimates of Nb would be useful for tracking popula-

tion trends if N̂b reflects the number of adults in a pop-

ulation at the time of reproduction (N̂C, Hypothesis 1,

Fig. S1, Supporting information). In this case, N̂b would

provide a complementary metric to more intensive

abundance monitoring or possibly could be used in the

place of abundance monitoring (Tallmon et al. 2010). A

correlation between N̂b and N̂C would require that suc-

cessful reproductive contribution is proportional to

adult abundanc and that variance in reproductive suc-

cess does not increase with abundance. A significant

positive correlation between N̂b and N̂C has been

detected in some long-term studies (Osborne et al. 2010;

Charlier et al. 2012) but not in others (Ardren & Kapu-

scinski 2003; Palstra et al. 2009; Berry & Kirkwood 2010;

Serbezov et al. 2012; Duong et al. 2013; Johnstone et al.

2013; Dowling et al. 2014).

A lack of relationship between N̂b and N̂C could be

due to environmental factors that constrain Nb (Hypoth-

esis 2, Fig. S1, Supporting information). Environmental

factors that influence the number or variation in size of

families produced or that affect family-dependent

survival could constrain Nb for a given population

(Christie et al. 2012). This could include environmental

factors that limit quantity of reproductive habitat, and

therefore adult density, or reproductive habitat quality

(Belmar-Lucero et al. 2012). Adult density could influ-

ence reproductive success and Nb through competition

for mates or mating locations or possibly through envi-

ronmental sensitivity of age at maturity (Belmar-Lucero

et al. 2012). Higher habitat quality could also allow

greater family production (contribution to more families

in one season or breeding cycle) in a manner indepen-

dent of adult densities. Support for this hypothesis

would suggest that cohort-specific N̂b is a useful

population-specific indicator of the number of adults

that successfully contribute to a cohort and the variance

in that contribution. In other words, N̂b would summa-

rize successful individual reproductive contribution per

breeding cycle for a population. This broad formulation

of an environmental constraint on Nb hypothesis has

received little attention to date (but see Belmar-Lucero

et al. 2012; Wood et al. 2014). However, a more restric-

tive hypothesis related to density-dependent reproduc-

tive success has received more attention. The

hypothesis that positive density-dependent reproduc-

tive success causes the relationship between N̂b and N̂C

to be flat or negative (Hypothesis 2a, Fig. S1, Support-

ing information) has been termed ‘genetic compensa-

tion’ (Ardren & Kapuscinski 2003). Evidence for genetic

compensation comes from several studies of rainbow

trout (Oncorhynchus mykiss) (Ardren & Kapuscinski

2003; Araki et al. 2007) and may generally hold across

salmonid fishes (but see concerns raised by Palstra &

Ruzzante 2008).

We focus on habitat-dependent constraints on Nb in

stream-dwelling salmonids (trout, char, salmon). Work

with salmonids has revealed that stream flow is an

important environmental factor that can be used to help

predict species distributions under climate change

(Wenger et al. 2011; Isaak et al. 2015). Other work has

demonstrated strong relationships between stream flow

and demographic rates (Letcher et al. 2014). As variance

in reproductive success, the number of families pro-

duced and family-dependent survival have a large

influence on Nb (Waples & Do 2010; Christie et al.

2012), the number of successful redd (nest) sites should

be the environmental factor most likely to influence Nb

for these species. We hypothesize that interannual vari-

ation in stream flow is the environmental factor most

likely to influence redd site quantity and quality, and

therefore redd success. Low flow during reproduction

might limit spawning habitat and influence Nb via den-

sity-dependent effects on reproductive success. That is,

at high density, there might be more competition for

spawning territories (Blanchfield et al. 2003), more

competition for mates, higher redd superimposition

(Chebanov 1991; Blanchfield & Ridgway 2005), elevated

embryo mortality caused by delayed spawning (Sprin-

gate et al. 1984) or a combination of these factors

(Ardren & Kapuscinski 2003). Both low and high flow

during reproduction might create elevated habitat het-

erogeneity and suboptimal spawning conditions that, in

the absence of uniform influence on all reproducing

adults, could lead to elevated skew in reproductive suc-

cess. Flow conditions during egg incubation or the early

juvenile stage might also cause reproductive skew by

influencing family-dependent survival. Extreme flows at

these life stages might limit habitat or food availability
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(low flow) or destroy entire families (high flow). To our

knowledge, this study will provide the first attempt to

link interannual variation in stream flow with a key

variable (Nb) that influences contemporary eco-evolu-

tionary dynamics (Waples & Antao 2014; Waples et al.

2014).

Here, we use genetic and demographic data collected

from two long-term brook trout (Salvelinus fontinalis)

studies to test hypotheses related to variation in N̂b over

time. First, we tested whether N̂b reflects N̂C

(Hypothesis 1 in Fig. S1, Supporting information) by

examining the correlation between these two measures in

each long-term study population. Finding no correlation,

we tested the second hypothesis that environmental fac-

tors constrain Nb through effects on variance in repro-

ductive success (Hypothesis 2 in Fig. S1, Supporting

information) and more narrowly that environmental con-

straints on Nb act through density-dependent variance in

reproductive success (Hypothesis 2a in Fig. S1, Support-

ing information). Specifically, our tests provide some of

the most comprehensive support to date that cohort-spe-

cific N̂b summarizes successful individual reproductive

contribution per breeding cycle for a population because

of underlying relationships to the quantity or quality of

available reproductive and juvenile rearing habitat.

Methods

Study species and sites

The brook trout is a cold-water indicator species in east-

ern North America (Hudy et al. 2008). Competition with

non-native species and habitat fragmentation and deg-

radation threaten its persistence (Hudy et al. 2008).

Whiteley et al. (2012) demonstrated that Nb can be reli-

ably and precisely estimated for brook trout, based on a

single cohort [young-of-the-year (YOY)] and a sampling

design that avoids family over-representation. Long-

term studies within the native eastern distribution of

brook trout provide detailed demographic data (Letcher

et al. 2007, 2014) and an opportunity to examine Nb

over time in multiple populations.

We use data from two long-term brook trout study

sites in Massachusetts (West Brook) and Virginia (Frid-

ley Gap). West Brook (hereafter WB) is a headwater

stream in western Massachusetts, USA, described in

detail by Letcher et al. (2007) and Kanno et al. (2014).

The study area consists of a 1-km-long third-order

mainstem (mainstem West Brook, WB; mean wetted

width = 4.5 m), and two 0.3-km-long second-order trib-

utaries (Open Large, OL; mean wetted width = 3 m

and Open Small, OS; mean wetted width = 2 m).

Impassable waterfalls are located at the upstream

boundaries of the two tributary study reaches. Fish in

the mainstem move regularly between the two tributar-

ies (Kanno et al. 2014). Passive integrated transponder

(PIT) tag antennas are located at the upstream and

downstream boundaries of the mainstem and at the

mouths of the two tributaries (Kanno et al. 2014). Fish

were sampled in a spatially continuous manner on four

occasions per year (spring = late March, summer =
June, autumn = late September and early October, win-

ter = early December) using double-pass electrofishing

and block nets at the ends of 20-m sections (Kanno et al.

2014). The mainstem has been sampled since 2000 and

sampling of the tributaries began in 2002. For genetic

analyses within WB, we used entire cohort samples

(Table 1). This included fish of any age at initial capture

that could be assigned to a given cohort. Cohort assign-

ments are based on length frequency histograms and a

growth model (Letcher et al. 2014). For genetic analyses,

we pooled fish from the mainstem and two tributaries

based on evidence that this population acts as a func-

tional metapopulation with high connectivity (Kanno

et al. 2014). Upon capture, fish were measured, weighed

and PIT-tagged, and an anal fin clip was taken as a tis-

sue sample.

Fridley Gap (hereafter FG) is a 1.8-km-long headwa-

ter stream in northcentral Virginia, USA, described in

detail in Hudy et al. (2010). This population was

re-established from a single source in 1993 after lime-

stone remediation to counter low pH (Hudy et al. 2000).

The source population (DV-a; Whiteley et al. 2013) was

located in a nearby stream (37 km away) and possessed

above average genetic diversity for this species (approx-

imately 11 alleles per locus; Whiteley et al. 2013). A

small dam occurs at the downstream extent of fish habi-

tat. A small tributary (250 m long, mean wetted

width = 1.8 m) enters the mainstem 1.5 km upstream of

the dam. Mean wetted width of the mainstem is 3.8 m.

The upstream extent of the brook trout distribution is

determined by intermittent flows in the headwaters.

Fish were sampled throughout the available habitat

with single-pass electrofishing in summer (July) begin-

ning in 2004. Upon capture, fish were measured and an

anal fin clip was taken for a source of genetic material.

For genetic analyses within FG, we used all YOY cap-

tured each summer to represent a given cohort.

Genetic analyses

We examined variation at either 12 (WB) or eight (FG)

microsatellite loci in 6177 fish from WB and 1374 fish

from FG (Table 1). DNA was extracted from fin clip tis-

sue samples following a standard salt precipitation pro-

cedure. We used the following eight loci for all

populations: Sfo-C113, Sfo-C88, Sfo-D75, Sfo-D100, Sfo-

C24, Sfo-C115, Sfo-C129 (King et al. 2012) and Ssa-D237

© 2015 John Wiley & Sons Ltd

NB AND HABITAT CONSTRAINTS 3587



(King et al. 2005). Four additional loci were added for

the WB: Sfo-C38, Sfo-C86, Sfo-B52 and Sfo-D91a (King

et al. 2012). DNA extraction and amplification followed

Whiteley et al. (2013). Loci were electrophoresed on an

ABI Prism 3130xl genetic analyser (Applied Biosystems

Inc., Foster City, California), and alleles were hand-

scored using GENEMAPPER version 3.2 and PEAK SCANNER

version 1.0 (Applied Biosystems Inc.). Positive controls

of brook trout with known genotypes were used for

each set of PCR and electrophoresis.

We calculated summary statistics and tested for viola-

tions of Hardy–Weinberg (HW) proportions and linkage

(gametic) disequilibrium (LD) for each cohort within

each population. We used CREATE version 1.33 (Coombs

et al. 2008) to make input files for FSTAT version 2.9.3.2

(Goudet 2001) and GENEPOP version 4.0.10 (Rousset

2008). We calculated mean number of alleles per cohort

(AO); mean allelic richness, standardized to the cohort

with the lowest number of individuals (AR); mean

expected heterozygosity (HS); and FIS for each cohort

(Table 1). In FG, two very large alleles (> 795 bp) were

discovered and scored accurately in one cohort (2011)

but were scored as a null allele in the earlier four

cohorts. We chose to retain this locus in the analysis

because comparisons within the cohort where we

scored the two large alleles indicated little difference in

point estimates or confidence intervals of N̂b with or

without their inclusion (see Appendix S1).

Tests for departures from HW proportions within

each cohort across loci and for LD were performed with

GENEPOP. The loci used here have generally conformed

to HW proportions and show negligible signal of LD

(Kanno et al. 2011; Annett et al. 2012; Kazyak et al.

2015), except when large single-cohort samples have

been examined (Whiteley et al. 2013). The later study

found that elevated variance in family size was an

important predictor of significant HW departures and

LD. Because we had large sample sizes per cohort

(range 288–1094 for WB, 69–899 for FG) and many large

full-sib families within cohorts (details about estimation

below), we suspected that we would observe substantial

signal of HW deviations and LD due to both statistical

(large sample size) and biological (family- and popula-

tion-level structure) reasons (Meirmans 2015). To aid in

interpretations, we chose to use both a less conservative

(B-Y FDR; Benjamini & Yekutieli 2001; Narum 2006)

and highly conservative (Bonferroni) correction for mul-

tiple tests. We also randomly sampled one full-sib per

Table 1 Genetic summary statistics and N̂b for brook trout cohorts from two long-term study sites

Cohort NG HW LD AR HS FIS N̂fam F̂E NB mean r2 N̂b�LDNe N̂b�fam N̂C

West Brook (WB)

2001 1094 10 61 9.0 0.614 0.058 340 0.935 3.2 7.5 124.4 (110.4–139.3) 368.7 –
2002 789 11 65 9.2 0.635 0.067 219 0.898 3.6 11.8 94.6 (84.7–105.3) 131.0 –
2003 909 9 61 8.7 0.614 0.039 269 0.914 3.4 10.1 152.7 (131.2–176.8) 234.7 1075.3 (618.1–3218.2)
2004 816 10 64 8.9 0.632 0.019 269 0.919 3.0 7.7 108.6 (95.3–123.2) 241.0 704.3 (625.1–818.7)
2005 590 5 60 9.5 0.620 0.040 242 0.936 2.4 4.3 157.3 (139.6–177.0) 275.6 470.6 (432.0–522.2)
2006 432 11 58 9.6 0.631 0.018 116 0.855 3.7 15.8 52.8 (45.5–60.9) 67.1 579.7 (526.7–666.6)
2007 288 4 30 9.4 0.614 0.033 139 0.953 2.1 2.4 141.2 (121.6–164.5) 243.8 352.8 (307.4–413.3)
2008 513 10 60 8.3 0.607 0.019 143 0.879 3.6 12.6 65.1 (55.8–75.5) 79.1 220.0 (193.6–265.2)
2009 746 9 62 9.0 0.610 0.032 180 0.916 4.1 14.3 109.3 (95.5–124.6) 182.5 208.0 (182.3–257.1)

Fridley Gap (FG)

2004 899 7 28 9.5 0.787 0.055 177 0.896 5.1 26.2 116.6 (98.6–136.9) – 439.9

2006 96 1 10 9.3 0.778 0.077 49 0.938 2.0 2.4 118.7 (87.8–168.8) – 416

2009 69 2 7 9.3 0.773 0.070 37 0.955 1.9 1.9 82.5 (63.7–110.6) – 612 (489.5–734.6)
2010 99 1 6 9.5 0.788 0.053 52 0.953 1.9 1.9 131.2 (95.0–192.7) – 1028 (901.4–1154.3)
2011 211 4 25 9.3 0.783 0.056 96 0.940 2.2 3.6 101.6 (88.3–117.1) – 1004 (882–1145)

Cohorts are defined by the year of emergence. NG is the number of individuals genotyped per cohort. HW is the number of signifi-

cant tests for departures from Hardy–Weinberg proportions following B-Y FDR correction for 108 (WB) or 40 (FG) tests (a = 0.05).

LD is the number of significant tests for linkage disequilibrium following B-Y FDR correction for 594 (WB) or 140 (FG) tests

(a = 0.05). AR is mean allelic richness, based on the minimum sample size of 288 (WB) or 69 (FG) individuals. HS is mean expected

heterozygosity. FIS is a measure of departure from HW proportions. N̂fam is the number of estimated full-sib families. F̂E is family

evenness, a measure inversely related to variance in the full-sib family distribution of each cohort. NB mean and variance (r2) are

from a negative binomial distribution fitted to full-sib family distributions of each cohort. N̂b�LDNe is the effective number of breeders

estimated with LDNe, shown with 95% CI. N̂b�fam is based on equation 6 from Waples & Waples (2011). N̂C (shown with 95% CI) is

the number of adults (age-1 and older) estimated from the fall previous to the listed spring-defined cohort. For years lacking proba-

bility of detection (p) estimates, we used average p across years and calculated a point estimate for abundance only. For WB, only

the mainstem was sampled in 2001, and therefore, the connected tributaries (OS and OL) are not included in these estimates.
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family (hereafter RS1perfam) following Whiteley et al.

(2013) to minimize full-sib family effects on tests for

deviations from HW proportions and LD. It is possible

that the number of significant tests would decline with

this subsampling procedure due to reduced sample size

and the associated reduction in power. To account for

possible reductions in power associated with subsam-

pling, we also randomly selected the number of indi-

viduals equal to the estimated number of full-sib

families for each cohort without consideration of each

individual’s full-sib family membership (hereafter RS).

We assessed genotyping error by randomly selecting

100 individuals and performing a second DNA extrac-

tion and amplification of all 12 loci in WB. Ninety-one

of the 100 individuals yielded complete genotypes.

Seven of 2184 allele scores differed, resulting in a per

allele error rate of 0.32%. A single individual accounted

for four of the seven differing alleles and was likely

due to a process error for that individual.

We used the program LDNE version 1.31 (Waples &

Do 2008) to obtain estimates of Nb (N̂b) for each

cohort (Table 1). This is the most extensively tested

single-sample effective population size estimator (Luik-

art et al. 2010). A monogamous mating model was

assumed because brook trout appear to conform much

more closely to monogamy than random mating (Coo-

mbs 2010). Nb estimates were derived using a mini-

mum allele frequency cut-off (Pcrit) of 0.02. Pcrit = 0.02

has been shown to provide an adequate balance

between precision and bias across sample sizes (Wa-

ples & Do 2008). 95% confidence intervals were gener-

ated using the jackknife approach. We also used

equation 6 from Waples & Waples (2011) to estimate

Nb (hereafter N̂b�fam) as:

N̂b ¼ 2S� 2
Pðk2i
� �

=2s
� �� 1

where S is the total number of offspring in a cohort and

ki equals the number of offspring contributed by parent

i. For data without a known pedigree, this approach

requires estimation of family groups. We implemented

this approach with estimates of the number and size of

full-sibling families for each cohort with the assumption

of a monogamous mating system (no half-sib families).

This method is expected to be highly sensitive to sam-

ple size because it relies on an accurate estimate of the

distribution of full-sib families. Therefore, we only esti-

mated N̂b�fam for WB because we used entire cohort

samples for this site.

We used COLONY version 1.2 (Wang 2004) for full-sib

family reconstruction. A previous study based on

empirically parameterized simulations confirmed high

accuracies of sibship reconstruction in WB based on the

same 12 microsatellite loci using COLONY version 1.2

(Letcher et al. 2011). Reconstructed full-sib families com-

posed of at least two individuals had a rate of correct

family inference of 91.2% (0.7% SE). For full-sib families

composed of at least five individuals, the rate of correct

family inference was 97.7% (0.4% SE) (Letcher et al.

2011). Other single-sample estimators of N̂b are avail-

able (Tallmon et al. 2008; Wang 2009) but appear to be

biased when applied to simulated data from our focal

populations (A. R. Whiteley, unpublished data).

Full-sib family reconstruction allowed us to examine

the influence of family structure (cohort-specific number

and size of families) on estimates of Nb. We obtained

estimates of the number of full-sibling families pro-

duced (N̂fam) from COLONY. We estimated family even-

ness (F̂E) as a measure of variance in family size

(Whiteley et al. 2013). F̂E was calculated as FE = H0/
H0

Max, where H0 ¼ �PS
1 pi lnðpiÞ and H0

Max = ln (S)

(Mulder et al. 2004). S, which usually represents the

number of species in an evenness calculation, here rep-

resented the number of families and pi represented the

proportion comprised of the i-th family. We also calcu-

lated the mean (l) and overdispersion parameter (k) for

a negative binomial distribution fit to the full-sib family

distribution for each cohort with the MASS package in

program R version 3.1.1 (R Development Core Team

2006). We calculated the variance of these negative

binomial distributions as l + l2/k (Bolker 2008).

The relationship between Ne and Nb might lead to

bias in N̂b for species with overlapping generations

(Waples et al. 2014), such as the brook trout. To accom-

modate this, Waples et al. (2014) introduced a bias

correction based on life history information. We con-

structed a life table from demographic data in WB (Let-

cher et al. 2014) (Table S1, Supporting information). We

then used program AGENE (Waples et al. 2011) to calcu-

late the Nb-to-Ne ratio. From AGENE, N̂b was 70 and N̂e

was 100 (Nb/Ne ratio = 0.70). Applying equation 8 from

Waples et al. (2011) reveals that N̂b from our study

could be biased high by approximately 3.4%. We chose

not to apply this bias correction because we were inter-

ested in comparing relative N̂b over time and the bias

correction would not influence these comparisons.

N̂b can also be biased by population substructure.

Exclusion of habitat that is important for reproduction

or inclusion of cryptically genetically differentiated sites

can both lead to bias (Waples & England 2011; Neel

et al. 2013). For WB, we used a metapopulation estimate

of Nb based on the mainstem and two connected tribu-

taries. These three sites exhibit low genetic differentia-

tion (mean pairwise FST of overyearlings = 0.03; Kanno

et al. 2014) and include important spawning and early

rearing habitat as well as habitat used for adult growth

(Kanno et al. 2014; Letcher et al. 2014). This spatial scale

of analysis allowed us to avoid possible biases (likely
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downwards) that might have occurred had we esti-

mated Nb for only part of the metapopulation. Popula-

tion substructure was not an important factor in FG

(Hudy et al. 2010).

Demographic measures

We define NC as the number of adults in a population at

a specific point in time (Luikart et al. 2010). For brook

trout, this includes all age-1 fish and older because both

sexes tend to start reproducing at age-1, although age at

maturity is variable in this species (Hutchings 1994).

Further, age-0 brook trout (YOY) are readily field identi-

fiable based on body size (Hudy et al. 2010). In each

study system, we estimated N̂C and N̂YOY based on

autumn (WB) or summer (FG) samples, because YOY

can be distinguished from overyearlings in summer or

autumn and we wanted to compare estimates of annual

census sizes (either N̂C or N̂YOY) to annual N̂b. A given

N̂b corresponded to each spring-defined cohort for year

t (Waples 2005; Charlier et al. 2012). The appropriate N̂C

for comparison to the N̂b from year t was from the pre-

vious year (t � 1) because that was when reproduction

that gave rise to a spring-born cohort occurred (Waples

2005; Charlier et al. 2012). The appropriate N̂YOY for

comparison to the N̂b from year t was from summer or

autumn of the same year a cohort was born (year t).

For WB, demographic measures were obtained from

a long-term individual-based field study (Letcher et al.

2014). N̂C was estimated as the count of age-1 and older

fish divided by the probability of capture (p). We

obtained estimates of p̂ from a CJS model (Letcher et al.

2014). Fish age or body size was not included in this

model. To incorporate uncertainty, we subsampled p̂

from each of 200 chains of the model described in Let-

cher et al. (2014). We divided season-specific (autumn)

and river-specific (WB, OL or OS) fish counts (YOY or

adults) by river-specific autumn subsampled p̂ for each

of the 200 chains to obtain a distribution of abundance

estimates per year and per river. We summarized these

distributions with the median, 5% and 95% quantiles.

We summed each of these estimates from WB, OL and

OS to obtain a point estimate and 95% confidence inter-

val for metapopulation N̂C and N̂YOY for each year. We

used the same p̂ for YOY and adults; however, p̂ for

YOY is generally lower than it is for adults (Letcher

et al. 2014). Therefore, the N̂YOY reported here were

likely to be biased low. Demographic estimates

were available from 2002 to 2009 for WB. Therefore, N̂C

were available for comparison to the 2003–2009 cohorts

because of the 1-year time lag. N̂YOY were available for

comparison to the 2002–2009 cohorts.

For FG, N̂C and N̂YOY were based on single-pass elec-

trofishing capture–mark–recapture (CMR) estimates. We

used the Lincoln–Petersen model (Seber 1982) based on

two sampling events separated by at most 2 weeks. We

calculated the standard error and used this to calculate

95% confidence intervals (Smith & Smith 2001). CMR

was performed in 2006–2011. To obtain point estimates

for summer 2003 adults (for comparison to 2004 cohort

N̂b), summer 2004 YOY (for comparison to 2004 cohort

N̂b) and summer 2005 adults (for comparison to 2006

cohort N̂b), we divided counts by 2006–2011 CMR-

based mean p̂ for adults (0.511) and YOY (0.209) sepa-

rately. CMR-based abundance estimates were available

for all other cohorts for which we obtained N̂b.

Habitat constraints on N̂b

We initially tested for constraints on N̂b by examining

the stability of N̂b relative to N̂C. More stable measures

over time should have lower coefficients of variation

(CV). We calculated unbiased CV (Sokal & Rohlf 1995).

We used the harmonic mean as the measure of central

tendency for N̂b, N̂C and N̂YOY.

Constraints on N̂b might occur through environmen-

tal effects on habitat quantity or quality. We tested the

influence of stream flow during reproduction (autumn),

egg incubation (winter) and the early juvenile life stage

(spring) on variation in N̂b. Autumn stream flow repre-

sented a surrogate for spawning habitat quality

and availability. We used estimates of autumn dis-

charge from a 3-month window from 1 October to 31

December. This window includes time preceding, dur-

ing and immediately following reproduction, which

occurs from late October to mid-November. As a surro-

gate for egg incubation and overwintering habitat qual-

ity, we used estimates of winter discharge (Kovach

et al. 2015). The 2-month window from 1 January to 28

February was used for winter flow. As a surrogate for

early rearing habitat quality, we used spring discharge

for a 3-month window from 1 March to 31 May. The

spring measure was correlated with 4-month (1 Febru-

ary to 31 May, r = 0.93, P = 0.0003) and 5-month (1 Feb-

ruary to 30 June, r = 0.90, P = 0.0009) windows in WB.

We retained the 3-month spring window for subsequent

analyses. If we found significant results for these larger

windows of time in each season, we subsequently used

monthly discharge estimates to help pinpoint the period

with greatest environmental influence on N̂b.

We lagged autumn discharge estimates by 1 year

(time t � 1) relative to spring-defined cohorts (time t).

Winter and spring discharge estimates were from the

same year as spring-defined cohorts (time t). Estimates

of discharge were in cubic metres per second (cms). For

WB, we used a flow extension model based on dis-

charge from a USGS gauging station located on the Mill

River (Xu et al. 2010). We used the mean of daily mean
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flow over each window of time. For the period 6 Febru-

ary 2007 to 1 March 2007, ice prevented the gauge from

taking a daily measure. We used mean daily flow of

available days for that period. For FG, manual

discharge measurements were measured monthly.

We used linear models separately with autumn dis-

charge, winter discharge and spring discharge as

explanatory factors and N̂b, F̂E or N̂fam as the response

variables. For each of these three seasons, we fit a

model with and without a quadratic term to test for

intermediate optima. For FG, we tested for correlations

with flow in each season and N̂b because we lacked suf-

ficient data to perform regressions with a quadratic

term.

Genetic compensation

The genetic compensation hypothesis postulates that

variance in reproductive success will be greater at high

adult densities at the time of reproduction. Under

genetic compensation, a series of predictions can be

tested. (i) A negative relationship between the N̂b/N̂C

ratio and N̂C is predicted (Ardren & Kapuscinski 2003).

Low N̂C should be associated with relatively high N̂b

under genetic compensation; however, the need to stan-

dardize N̂b by N̂C has led to the common approach of

testing the relationship between the N̂b/N̂C ratio and

N̂b. However, this approach suffers from relating a ratio

to its denominator (Palstra & Ruzzante 2008) and does

not directly test for a relationship between variance in

reproductive success and adult abundance or density

(Araki et al. 2007). We used F̂E, as an inversely related

surrogate for variance in reproductive success to more

directly test for genetic compensation. (ii) F̂E is pre-

dicted to be negatively correlated with adult abundance

(high evenness at low adult abundance). (iii) The num-

ber of full-sib families produced relative to the number

of breeding adults (ratio of N̂fam to N̂C) is predicted to

be positively correlated with F̂E. That is, reproductive

cycles with few adults that produce a relatively large

number of full-sib families (high value of this ratio)

should be the reproductive bouts with the greatest

evenness under genetic compensation.

For each study site, we tested correlations among the

variables N̂b, N̂C, N̂YOY, F̂E, N̂fam or specified ratios.

The genetic compensation hypothesis specifically pre-

dicts that variance in reproductive success should vary

with adult density at the time of reproduction. We cal-

culated autumn surface areas (m2) as mean width of

each section (m) 9 section length (m) 9 total number of

sections of each of the metapopulation components

(mainstem, OS, OL). We calculated adult densities

(number of fish/m2) in WB by dividing metapopulation

N̂C by the summed surface areas of mainstem, OS and

OL (Table S2, Supporting information). Mean metapop-

ulation surface areas ranged from 6263 to 8300 m2

(mean = 7204 m2, SD = 811). N̂C and adult densities

were highly correlated (r = 0.97, P = 0.0003). We chose

to use N̂C throughout the manuscript because density

estimates were not available for FG.

Results

Genetic variation

West Brook. Mean AO per cohort ranged from 8.7 to

10.4, mean AR (standardized to lowest sample size per

cohort; N2007 = 288) ranged from 8.7 to 9.6, mean HS

ranged from 0.607 to 0.635, and mean FIS ranged from

0.018 to 0.067 (Table 1). For the nine WB cohorts, signif-

icant departures from HW proportions occurred in 89

of 108 (82%) tests performed (P < 0.05), where five were

expected by chance (a = 0.05; Table 1). Following B-Y

FDR correction for 108 tablewide tests (a = 0.05), 79

(73%) tests remained significant (Table 1). Following

Bonferroni correction for 108 tablewide tests (a = 0.05),

69 (64%) tests remained significant. Randomly subsam-

pling one individual per full-sib family (RS1perfam)

reduced but did not eliminate the signal of departures

from HW proportions. Significant departures from HW

proportions occurred in 23 of 108 (21%) tests following

B-Y FDR correction. Following Bonferroni correction,

seven of 108 (6%) tests remained significant. RS1perfam
reduced the signal of deviations from HW proportions

more than the RS subsampling procedure, which was

meant to mimic the power reduction that occurred

when we conducted the RS1perfam subsampling proce-

dure. There remained 37 (34%; B-Y FDR) and 22 (20%;

Bonferroni) significant tests after applying the RS sub-

sampling procedure.

Significant LD was detected in 558 of 594 (94%) tests

performed (P < 0.05), where 30 were expected by

chance (a = 0.05). Following B-Y FDR correction for 594

tablewide tests (a = 0.05), 521 (88%) LD tests remained

significant. Following tablewide Bonferroni correction,

445 (75%) LD tests remained significant. RS1perfam
reduced the signal of LD. Significant LD occurred in 50

of 594 (8%) tests following B-Y FDR adjustment and 25

tests (4%) following Bonferroni correction. Substantially

more signal of LD occurred with RS. Significant LD

occurred in 229 of 594 (39%) tests following B-Y FDR

adjustment and 135 tests (23%) following Bonferroni

correction.

Fridley Gap. Mean AO per cohort ranged from 9.3 to

10.9, mean AR (standardized to N2009 = 69) ranged from

9.1 to 9.5, mean HS ranged from 0.773 to 0.788, and FIS
ranged from 0.053 to 0.077. For the five FG cohorts,
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significant departures from HW proportions occurred

in 20 of 40 (50%) tests performed (P < 0.05), where two

were expected by chance (a = 0.05). Following B-Y

FDR correction for 40 tablewide tests (a = 0.05), 15

(38%) tests remained significant (Table 1). Following a

tablewide Bonferroni correction, 13 (33%) tests

remained significant. We observed fewer departures

from HW proportions the RS1perfam subsampling proce-

dure. Significant departures from HW proportions

occurred in five of 40 (13%) tests following a tablewide

B-Y FDR correction and four of 40 (10%) tests follow-

ing Bonferroni correction. These four significant tests

occurred with Ssa-D237, the locus known to have null

alleles. For the 2011 cohort, where we removed the

null allele problem, Ssa-D237 conformed to HW pro-

portions once one random full-sib per family was

selected (P = 0.672). RS provided an intermediate num-

ber of significant tests for deviations from HW propor-

tions (data not shown).

Significant LD was detected in 96 of 140 (69%) tests

performed (P < 0.05), where seven were expected by

chance (a = 0.05). Following B-Y FDR correction for 140

tablewide tests (a = 0.05), 76 (54%) tests remained sig-

nificant (Table 1). Following Bonferroni correction for

140 tablewide tests (a = 0.05), 59 (42%) tests remained

significant. RS1perfam strongly reduced the LD signal.

Significant LD occurred in three of 140 (2%) tests fol-

lowing B-Y FDR adjustment and one of 140 (0.71%)

tests following Bonferroni correction. RS provided an

intermediate number of significant tests for LD (data

not shown).

Patterns of variation in N̂b and abundance

West Brook. N̂b�LDNe was highly correlated with N̂b�fam

(r = 0.80, P = 0.01; Fig. S2, Supporting information).

Point estimates of N̂b�LDNe based on entire cohorts and

for the entire WB metapopulation ranged from 52.8 to

157.3 (Table 1, Fig. 1a). Point estimates of N̂b�fam based

on entire cohorts and for the entire WB metapopulation

ranged from 67.1 to 368.7 (Table 1). The harmonic mean

of N̂b�LDNe across cohorts was 98.6 (SD = 36.6), and the

harmonic mean of N̂b�fam was 151.2 (SD = 97.6). N̂b�LDNe

was positively related to number of families (N̂fam;

r = 0.54, P = 0.13) and family evenness (F̂E; r = 0.87,

P = 0.002) and negatively related to variance of the nega-

tive binomial distribution fitted to the full-sib family dis-

tribution of each cohort (r = �0.76, P = 0.02)(Fig. S3a–c,
Supporting information). N̂b�fam showed similar relation-

ships (Fig. S3d–f, Supporting information). We focus on

N̂b�LDNe for the remainder of the study. F̂E and variance

of the negative binomial distributions were highly corre-

lated (r = �0.86, P = 0.003). We focus on F̂E as a surro-

gate for variance in reproductive success for the

remainder of the study due to its stronger relationship

with N̂b. Cohorts with relatively low N̂b had more

uneven full-sib family distributions (Figs S3b,e and S4,

Supporting information). For example, the two lowest N̂b

occurred in the 2006 and 2008 cohorts when the family

size distribution was skewed (F̂E was low; Fig. S4f,h,

Supporting information). These cohorts with lower N̂b

also had fewer full-sib families (Fig. S4f,h, Supporting

information). Large N̂b (e.g. 2005 and 2007 cohorts) were

associated with even family distributions, large numbers
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Fig. 1 Estimates of N̂b and adult (N̂C) or juvenile (N̂YOY) abun-

dance over time within the (a) Massachusetts (WB) and (b) Vir-

ginia (FG) brook trout study sites. N̂b is shown with solid lines

and filled circles. N̂C is shown with dashed lines and closed

triangles. N̂C is lagged by 1 year relative to the spring-defined

birth year of cohorts. That is, N̂C represents the fall from the

year prior to the year shown on the x-axis. N̂YOY is shown

with the dashed lines and open squares. N̂YOY and N̂b are

from the same years as shown on the x-axis. N̂b were esti-

mated from the program LDNe (N̂b�LDNe).
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of singleton full-sib families and fewer large families

(Fig. S4e,g, Supporting information).

N̂b was more stable than adult or juvenile abundance

and did not vary in relation to either of these demo-

graphic measures in WB (Table S2, Supporting informa-

tion, Fig. 1a). Variation in N̂b occurred in a regular

pattern (relatively high values followed by relatively low

values) with no positive or negative trend (Table 1;

Fig. 1a). The CV of N̂b across cohorts was 0.34. N̂C

(lagged 1 year relative to N̂b) declined over the study

period (Table S2, Supporting information; Fig. 1a). The

correlation between N̂C and N̂b was positive but nonsig-

nificant (r = 0.34, P = 0.45; Table S2, Supporting informa-

tion, Fig. 1a). N̂C had a higher coefficient of variation

than N̂b (harmonic mean = 380.7, SD = 306.5, CV = 0.80;

Table S2, Supporting information; Fig. 1a). N̂YOY was not

correlated with N̂b (r = 0.03, P = 0.94) and was less stable

than N̂b (harmonic mean = 556.6, SD = 345.6, CV = 0.62;

Table S2, Supporting information; Fig. 1a). N̂C and N̂YOY

were also not correlated (r = 0.16, P = 0.73), providing no

evidence that the number of adults available to spawn

determines the strength of the following cohort. This cor-

relation was weak because production of a large number

of YOY was produced by relatively few parents in some

of the years (Fig. 1a). For example, 2009 had the lowest

N̂C during the autumn reproductive bout (autumn 2008)

but the highest N̂YOY point estimate at recruitment the

following year (autumn 2009).

Fridley Gap. N̂b�LDNe ranged from 82.5 to 131.2 and was

positively but not significantly correlated with N̂fam

(r = 0.19, P = 0.76) and negatively but not significantly

correlated with F̂E (r = �0.25, P = 0.69) (Fig. S5, Sup-

porting information). Full-sib family distributions were

highly similar across years (Fig. S6, Supporting informa-

tion). The largest cohort (2004 cohort) had a similar N̂b

as other years because low F̂E was offset by a substan-

tially larger N̂fam (Fig. S6, Supporting information).

N̂b did not vary in relation to either adult or juvenile

abundance in FG (Table S2, Supporting information,

Fig. 1b). N̂b was highly stable during the 7-year period

(N̂b was available for five of these years; Fig. 1b). The

harmonic mean of N̂b was 107.3 (SD = 18.7, CV = 0.18).

N̂C (lagged 1 year relative to N̂b) increased steadily

from 2003 to 2010 (Fig. 1b) and was weakly positively

correlated with N̂b (r = 0.12, P = 0.85). Harmonic mean

N̂C was 638.5 (SD = 255.8, CV = 0.40; Table S2, Support-

ing information; Fig. 1b). N̂YOY tended to be greater in

the first half of the study period with a peak in 2004

(Fig. 1b) and was weakly positively correlated with N̂b

(r = 0.15, P = 0.81). Harmonic mean N̂YOY was 859.9

(SD = 1167.3, CV = 1.36; Table S2, Supporting informa-

tion; Fig 1b). N̂C and N̂YOY were also not correlated

(r = 0.12, P = 0.85).

Habitat constraints and genetic compensation

West Brook. There was a significant quadratic (interme-

diate optimum) relationship between stream discharge

and N̂b during autumn (Table 2; Fig. 2). Stream dis-

charge during other periods of time was weakly and

nonsignificantly associated with N̂b (Table 2). Autumn

0
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R2 = 0.73; P = 0.02

Fig. 2 Relationship between autumn discharge and N̂b�LDNe in

the Massachusetts population (WB). Mean fall discharge is the

average of mean daily discharge taken from 1 October to 31

December in the year preceding a spring-born cohort, that is,

when reproduction occurred. Results from a quadratic regres-

sion are shown.

Table 2 Tests for habitat constraints on N̂b in WB

Predictor(s)

N̂b (dependent variable)

F P d.f. R2

Autumn 0.5 0.50 1,7 0.07

Autumn quadratic 8.2 0.02 2,6 0.73

Winter 2.1 0.19 1,7 0.23

Winter quadratic 2.2 0.19 2,6 0.43

Spring 1.6 0.24 1,7 0.19

Spring quadratic 1.5 0.29 2,6 0.34

N̂b (from the program LDNE) was the dependent variable, and

seasonal flow (autumn, winter, spring) with or without a qua-

dratic term in the linear model was used as a predictor.

Autumn flow was the mean of mean daily stream discharge

from 1 October to 31 December in the year prior to the emer-

gence of a spring-defined cohort. Winter flow was mean

stream discharge from 1 January to 28 February in the year of

emergence of a spring-defined cohort. Spring flow was mean

stream discharge from 1 March to 31 May in the year of emer-

gence of a spring-defined cohort. Quadratic terms were added

to test for intermediate optima. Shown are F-values (F),

P-values (P), degrees of freedom (d.f.) and proportion of vari-

ance explained (R2).
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stream discharge had a stronger quadratic relationship

with F̂E (F2,6 = 10.0, P = 0.01, R2 = 0.77) than N̂fam

(F2,6 = 0.50, P = 0.62, R2 = 0.15). To investigate the

autumn relationship further, we examined discharge

monthly. The quadratic regression with mean flow dur-

ing the month of October as the predictor explained

more than 60% of the variation in N̂b and F̂E. This

regression was significant with F̂E as the dependent

variable (F2,6 = 5.5, P = 0.04, R2 = 0.65; Fig. 3a), was

marginally significant with N̂b as the dependent vari-

able (F2,6 = 4.6, P = 0.06, R2 = 0.61) and was nonsignifi-

cant with N̂fam as the dependent variable (F2,6 = 0.64,

P = 0.56, R2 = 0.18). Mean November and December

discharge was not significantly related to N̂b (P > 0.70

for each month). Discharge during autumn 2005 (high-

est mean October discharge) relative to the 2006 cohort

(lowest N̂b) drove the quadratic shape of the flow–N̂b

relationship in WB. The mean of mean daily discharge

in October 2005 was 1.7 cms (mean October discharge

from 2000 to 2009 = 0.34 cms). Nine days had mean

daily discharge >1 cms (range 0.01–18.3 cms) between 8

October and 27 October. Average discharge in Novem-

ber 2005 was 0.49 cms (3 days with discharge > 1 cms).

This provides limited evidence that the critical window

of time during which extremely high stream discharge

influences N̂b and F̂E is immediately preceding and

during the beginning of the seasonal reproductive cycle.

A significant negative correlation between the N̂b=N̂C

ratio and N̂C was consistent with genetic compensation

in WB (Table 3; Fig. 4a). However, F̂E and N̂C were not

correlated (prediction = negative; Table 3). The correla-

tion between F̂E and the N̂fam=N̂C ratio was in the pre-

dicted direction but was not significant (Table 3; Fig. 4b).

Fridley Gap. N̂b was also stable relative to N̂C in FG.

There was no evidence of an effect of flow on N̂b, but

there was evidence for a relationship between high flow

and variance in family sizes (reduced family evenness).

N̂b was not significantly correlated with discharge dur-

ing autumn, winter or spring (P > 0.05). However, F̂E

and autumn discharge were significantly negatively cor-

related (Fig. 3b). This was driven by the highest flow in

2003 (0.17 cms, average from 2004 to 2011 = 0.08 cms)

and the correspondingly lowest family evenness in

2004. F̂E was significantly negatively correlated with

flow in October (r = �0.95, P = 0.02) and November

(r = �0.96, P = 0.01), but not in December (r = �0.57,

P = 0.43).

A significant negative correlation between the N̂b=N̂C

ratio and N̂C was consistent with genetic compensation

(Table 3; Fig. 4c). However, there was no additional evi-

dence for genetic compensation in FG. The correlation

between F̂E and N̂C was opposite from the direction

predicted (Table 3). Finally, the correlation between F̂E

and the N̂fam=N̂C ratio was in the opposite direction

than predicted and was statistically significant (Table 3;

Fig. 4d). This relationship was significant with or with-

out the 2004 cohort, which appeared to be highly influ-

ential (Fig. S6, Supporting Information) because it had

approximately twice as many families as the next larg-

est cohort and had the lowest F̂E.

Discussion

Our study provides one of the most comprehensive

analyses of the mechanistic underpinnings of N̂b within

populations conducted to date. We obtained highly
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Fig. 3 Relationship between mean October discharge and fam-

ily evenness (F̂E) for (a) WB and (b) FG. Family evenness is a

metric of variance in the full-sib family size distribution. Mean

October discharge is the average of mean daily discharge taken

from 1 October to 31 October of the autumn preceding a

spring-born cohort, that is when the reproductive bout

occurred. Results from quadratic regressions (a) or correlation

coefficients and associated P-values (b) are shown.
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Table 3 Tests for genetic compensation in two long-term brook trout study sites

Variables Prediction

WB FG

Dir. r P Dir. r P

N̂b=N̂C; N̂C – – �0.74 0.05 � �0.87 0.05

F̂E, N̂C – – �0.01 0.99 + 0.53 0.36

F̂E, N̂fam/N̂C + + 0.17 0.72 � (�) �0.99 (�0.92) 0.002 (0.03)

Direction and significance of relationships indicated in the variables column were determined with Pearson’s correlation tests. Signif-

icant values (P ≤ 0.05) are in bold. A test with a potential outlier value removed is shown in parentheses. N̂b were estimated from

the program LDNE (N̂b�LDNe)
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Fig. 4 Tests of genetic compensation in two brook trout populations. Results for WB appear in panels (a) and (b). Results for FG

appear in panels (c) and (d). For the N̂b/N̂C ratio (panels a and c), N̂b from a given spring-defined cohort is compared to N̂C from

the previous year. For the N̂fam/N̂C ratio, the number of families estimated from a spring-defined cohort is compared to N̂C from the

previous year. Pearson’s correlation coefficients and associated P-values are shown in each panel. N̂b were estimated from the pro-

gram LDNE (N̂b�LDNe).
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precise estimates of cohort-specific N̂b, and we related

these estimates to demographic and environmental

measures. N̂b was not correlated with N̂C in either pop-

ulation. We found evidence for environmentally driven

habitat constraints (stream flow) on interannual varia-

tion in N̂b but not for genetic compensation. These

results have important implications for understanding

cohort-specific estimates of effective size and for the use

of Nb as a metric for genetic monitoring (defined as

quantification of temporal changes in population

genetic metrics or other population data based on mole-

cular markers; Schwartz et al. 2007). The link between

Nb and stream flow provides a foundation that could

be used to build models of variation in Nb across space

and in relation to environmental covariates. Our results

also suggest that management actions aimed at habitat

improvement are likely to be more effective at main-

taining effective population size than efforts to directly

increase abundance.

Patterns of variation in N̂b and abundance

The lack of correlation between N̂b and N̂C observed

here is consistent with several other studies of salmonids

(Ardren & Kapuscinski 2003; Araki et al. 2007; Palstra

et al. 2009; Serbezov et al. 2012; Johnstone et al. 2013),

razorback sucker (Xyrauchen texanus) (Dowling et al.

2014), lake sturgeon (Acipenser fulvescens) (Duong et al.

2013) and an island population of the red fox (Vulpes

vulpes) (Berry & Kirkwood 2010). Several studies of

fishes have observed a positive correlation between

cohort-specific N̂b and N̂C (Osborne et al. 2010; Charlier

et al. 2012). Care must be taken in interpreting results

and drawing conclusions from few studies, especially

when precision of effective size estimates can be low due

to sampling limitations. However, lack of correlation in

ours and other studies provides growing evidence that

Nb might be of limited use for detecting population

trend in many cases. It remains possible that N̂b more

closely tracks N̂C at smaller population sizes than those

examined here. Indeed, in a recent comprehensive

review, Palstra & Fraser (2012) provide evidence that a

positive relationship between N̂b and N̂C might occur at

very low abundance (NC less than approximately 250).

There were several lines of evidence that Nb was con-

strained in our brook trout study populations. First, N̂b

was more stable than N̂C. N̂b varied threefold, while

N̂C varied fivefold in one population (WB), and N̂b var-

ied 1.6-fold and N̂C varied threefold in the other popu-

lation (FG). Second, there was a lack of response in N̂b

despite a negative trend in abundance in WB and a

positive trend in FG. In both populations, there were

years with larger N̂C but these did not translate into lar-

ger N̂b. These results are similar to other studies. For

example, Ardren & Kapuscinski (2003) examined a pop-

ulation of rainbow trout over 18 years and found that

N̂b was stable during an approximately threefold

decline in abundance. Duong et al. (2013) found that N̂b

did not exhibit a trend, while N̂C increased over the 10-

year period in a single population of lake sturgeon. N̂b

was stable despite a management-induced demographic

decline in an island population of red fox (Berry &

Kirkwood 2010).

In cases where N̂b does not follow the population

trend, it would remain a central among-population met-

ric for genetic monitoring if it is an indicator of a popula-

tion’s cohort-specific successful individual reproductive

contribution. We hypothesize that the amount of avail-

able reproductive habitat constrains the number of fami-

lies produced and creates a similar distribution of family

sizes from year to year. Despite the greater variability

and range of N̂b observed in WB relative to FG, the simi-

lar harmonic means (98.6 vs. 107.3) suggest that these

two populations have approximately similar numbers of

individuals contributing to reproduction. Standardiza-

tion by the river lengths provides further evidence for

this assertion. N̂b per km was 61.6 (1.6 km sampled) and

59.6 for FG (1.8 km sampled). Further support for N̂b as

a metric of successful individual reproductive contribu-

tion comes from the observation of a positive relation-

ship between N̂b (range 4.9–226.5) and patch size (range

590–11 600 hectares) in brook trout patches in Virginia

(Whiteley et al. 2014) and Newfoundland (Wood et al.

2014), as well as reduced N̂b above dams (Whiteley et al.

2013). Collectively, this work suggests that Nb could be

used for monitoring habitat change and successful indi-

vidual reproductive contribution. We predict that habitat

degradation or enhancement should lead to a sharp

decline (habitat degradation) or increase (habitat

improvement) in N̂b. Additional work before and after

this type of management action as well as continued

analyses across geographic space could help reveal addi-

tional aspects of the relationship between Nb and habitat

quality and quantity.

Habitat constraints and genetic compensation

Constraints on Ne and Nb have been hypothesized to be

due to density-dependent reproductive success, termed

‘genetic compensation’ (Ardren & Kapuscinski 2003).

Under this hypothesis, at low adult abundance, lower

variance in reproductive success leads to relatively high

effective size, either per generation (Ne) or per cohort

(Nb). In salmonids, genetic compensation is mechanisti-

cally hypothesized to be due to density dependence in

competition for spawning territories, competition for

mates, redd superimposition or embryo mortality

caused by delayed spawning (Ardren & Kapuscinski
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2003). We found no compelling evidence for this strict

genetic compensation hypothesis in either of our study

populations. We observed a significant negative rela-

tionship between the N̂b=N̂C ratio and N̂C in both pop-

ulations. This observation has been used as a test for

genetic compensation in other studies (Ardren & Kapu-

scinski 2003). However, this result might be due to plot-

ting a ratio against its denominator (Palstra & Ruzzante

2008). This problem was especially apparent in FG, for

which N̂b was remarkably stable. The one cohort (2009)

that deviated substantially from others in N̂b was likely

due to bias due to smaller sample size. In FG, N̂C

increased over time. Given the stability of N̂b, the N̂b-

to-N̂C ratio must, therefore, have declined over time

and the relationship between the N̂b=N̂C ratio and N̂C

was forced to be negative. Our results caution against

the use of this approach for tests of genetic compensa-

tion, especially since our additional, more comprehen-

sive, tests that directly included a surrogate for

variance in reproductive success (family evenness) were

not consistent with genetic compensation in either pop-

ulation. We found no indication that variance in repro-

ductive success was reduced at low abundance. Nor

did we find evidence that variance in reproductive suc-

cess was lower when the ratio of families produced to

adult abundance was relatively large.

Both populations in our study consist of entirely resi-

dent trout populations. It is possible that relatively

small differences in body size in these populations do

not allow similar responses in variance in reproductive

success found in anadromous salmonid populations.

For example, evidence for genetic compensation by

alternative life history strategies has been provided

from populations of steelhead (Oncorhynchus mykiss)

(Araki et al. 2007) and Atlantic salmon (Salmo salar)

(Johnstone et al. 2013). In the steelhead population,

reproductive contribution by relatively small resident

fish was greater when adult anadromous abundance

was lower (Araki et al. 2007). Greater contribution by

smaller individuals likely leads to lower reproductive

skew (and relatively greater N̂b) because fecundity is

size dependent in salmonids. However, we observed

marked reproductive skew in some cohorts in our

study. The largest full-sib family size (estimated at least

7 months after reproduction) was 71, and in both popu-

lations combined, there were 37 full-sib families with 20

or more individuals. This suggests potential for high

variance in reproductive success occurs with these

purely resident trout populations and the potential for

genetic compensation was present but did not occur.

N̂b was stable relative to N̂C but still varied across

years within each population. We found strong support

for the hypothesis that an important environmental

factor (stream flow) influences this within-population

interannual variation in Nb. The observed intermediate

optimum autumn flow for N̂b and F̂E occurred during

a window of time corresponding to October, which

occurs immediately preceding and at the beginning

of the spawning period. We speculate that density-

dependent reproductive success occurs at low autumn

flows due to increased competition for mates or mating

sites, redd superimposition or mortality due to delayed

spawning. However, F̂E was also low during the high-

est autumn flows in both populations, which would

also create low adult densities. For example, autumn

2005 corresponded to the highest mean autumn flow

(0.92 cms) in WB and had intermediate adult abun-

dance (579.7). Abundance (and likely density) was

therefore low during reproduction but corresponded

with the lowest N̂b for the 2006 cohort (52.8). High

autumn flows therefore appear to create suboptimal

spawning conditions that are independent of adult

abundance. It is possible that few families find spawn-

ing sites least affected by high flow conditions, which

might include smaller tributaries that are less affected

by high flows. We previously observed that the second

highest autumn flow year (2003) corresponded with

high reproductive success of adults from the WB that

reproduced in the OS tributary (Kanno et al. 2014). In

the 2004 cohort, the top four full-sib families were born

in OS (family sizes ranged from 19 to 29 full-sibs), but

this did not create enough reproductive skew to have

much influence on metapopulation N̂b (108.6 for 2004

cohort). During the autumn with the highest flow

(2005), which corresponded with the lowest N̂b (52.8)

and lowest F̂E (0.855), the six largest families (family

sizes ranging from 19 to 39) were born in the river

mainstem, which suggests that refugia from high flow

events also occur in the mainstem. The observation of

stream flow appearing to cause interannual variation in

Nb is consistent with our hypothesis that Nb is a metric

of the amount of cohort-specific successful individual

reproductive contribution supported by a given habitat.

Habitat constraints on Nb might also have contributed

to other observations of stable N̂b despite trends in N̂C

(Ardren & Kapuscinski 2003; Araki et al. 2007; Duong

et al. 2013).

Our results do not rule out additional compensatory

factors that might serve to elevate Nb when adult densi-

ties are low, beyond the narrowly defined genetic com-

pensation hypothesis. For example, it remains possible

that relatively more full-sib families are produced or

more families tend to survive at low NC. Another com-

pensatory factor could be density-dependent age at

maturity. Despite the lack of trend in N̂b in WB, we

observed a regular oscillation of N̂b that consisted of

relatively high values followed by relatively low values.

We hypothesize that this oscillation was due to age-1
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fish maturing more often at lower density. When a lar-

ger proportion of age-1 fish mature, there would be

more individuals contributing to offspring production

and possibly a larger N̂b. This could be caused by

both production of more families and lower variance

in family size because age-1 fish tend to be smaller

and would have lower fecundity; thus, family even-

ness would be expected to be greater. The following

year, densities would be expected to be higher. Den-

sity-dependent maturation rates would be lower, lead-

ing to a smaller proportion of mature age-1 fish.

Fewer mature age-1 fish could lead to a lower N̂b.

Our analysis was unable to detect this effect, if pres-

ent, because age at maturity was unknown in our pop-

ulations and we included all age-1 and older fish in

our estimates of N̂C. Further, while these compensa-

tory effects remain possible, the link between flow and

Nb that we have demonstrated shows that environ-

mental factors have the potential to overwhelm com-

pensatory factors.

General implications for N̂b

Our ability to examine components of family structure

across multiple cohorts reveals novel insights about Nb.

Variation in N̂b was shaped by both number of families

and family evenness. We hypothesize that family struc-

ture mediates the cohort-specific signal of LD that

shapes N̂b, although nonindependence of estimates of

the variables involved (N̂b, N̂fam, F̂E) due to their esti-

mation from the same data source must be acknowl-

edged. Independent estimation of these variables would

help to test this hypothesis. However, our results sug-

gest that examination of the distribution of full-sib fami-

lies itself is critical for interpretation of N̂b values. We

found that relatively large N̂b were arrived at by either

production of many full-sib families, low variance in

full-sib family size or both. On the other hand, rela-

tively low values of N̂b were only arrived at when the

number of full-sib families was low and variance in

family size was high (e.g. 2002, 2006, 2008 WB cohorts).

The FG 2004 cohort was highly informative in this

regard. F̂E was low, but we did not observe a response

in N̂b because N̂fam was large. Here, we bracket aside

the relatively low N̂b that was likely due to relatively

small sample size in the FG 2009 cohort. Otherwise, our

sample sizes were large and we can rule out the influ-

ence of bias and lack of precision in these interpreta-

tions. Instead, our results suggest that low N̂b based on

sufficient sample size and appropriate sampling strate-

gies (Whiteley et al. 2012) indicates that individual

reproductive contribution has been low and variable for

a given cohort.

Caveats and assumptions

Several caveats in our analysis are worth mentioning.

We observed a very strong signal of deviation from

HW proportions and LD, particularly in WB. This sig-

nal was likely due to the combination of family struc-

ture and population substructure. Large sample sizes

also translated to strong statistical power and the possi-

bility of statistically but not biologically meaningful

results. The random data reduction step helped demon-

strate the influence of family structure on our HW and

LD results, as deviations were reduced following ran-

dom sampling. Aside from the null alleles at one locus

in FG, which has been reported previously (Hudy et al.

2010), we found no compelling reason to suspect data

quality issues underlying the HW results. Rather, the

lack of consistent HW deviations or LD in other studies

that used the same set of markers (Kanno et al. 2011;

Annett et al. 2012; Kazyak et al. 2015) and the modest

FIS values observed support our interpretation that

deviations had a biological origin.

The lack of supporting evidence for the genetic com-

pensation hypothesis could be influenced by bias in N̂C

or estimates of fish density. Based on our thorough

sampling, especially in WB, our estimates of N̂C should

contain little bias (Letcher et al. 2014). However, we

assumed all age-1 fish were mature and included them

in N̂C. Density-dependent maturation appears to be

common for brook trout (Hutchings 1994; Belmar-Luce-

ro et al. 2012). N̂C might be biased high at large NC due

to reduced rates of maturation of age-1 fish at high

abundance. It follows that our N̂b=N̂C ratios might be

biased low at high N̂C. This bias, if present, would fur-

ther weaken the limited evidence observed for genetic

compensation that was based on relating the N̂b=N̂C

ratio to N̂C. Bias in N̂C could also have influenced our

ability to observe the predicted patterns involving N̂C,

N̂fam and F̂E. However, the evidence for genetic com-

pensation was minimal enough that it is unlikely that

biases associated with this factor would change our

interpretations. Additionally, the genetic compensation

hypothesis specifically predicts that variance in repro-

ductive success should vary with adult density at the

time of reproduction. We used N̂C as a surrogate for

fish density but we also used density estimates from

WB based on stream width measurements collected

every 20 m at the time of sampling. These estimates of

density did not yield different patterns related to the

genetic compensation hypothesis. We cannot rule out

the possibility that the use of fish density estimates

could alter interpretations in FG, but this seems unli-

kely given the magnitude and direction of observed

effects.
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Finally, our assumption of a monogamous mating

system could influence interpretations regarding the

relationship between N̂b and stream flow. Brook trout

in WB appear to conform much more closely to a

monogamous mating model than random mating

(Coombs 2010). The mating system has not been investi-

gated in FG. Polygamy has been observed in other

populations of this species (Blanchfield et al. 2003; The-

riault et al. 2007). Estimates of Nb from LDNe are

approximately doubled for the monogamy model rela-

tive to the random mating model and will be biased

high if we assume monogamy when the true mating

system is polygamous. In terms of evidence for genetic

compensation, our use of metrics that directly estimate

variance in family size avoids this assumption. If the

degree of polygamy is similar among years, our inter-

pretations will not be affected. However, if the degree

of polygamy is greatest at intermediate flows, the

observed relationship between Nb and stream flow

would be weakened. We suspect that this is unlikely.

Instead, the degree of polygamy is likely to be greatest

at the lowest flows, when competition for mates and

mating sites would be greatest. The possibility that N̂b

from low flow years are biased high would strengthen

the observed relationship between Nb and stream flow.

Conclusions

We have demonstrated that N̂b in these populations is

constrained and more strongly affected by habitat fea-

tures and environmental conditions than by abundance.

Our results suggest that Nb might not be appropriate for

tracking abundance, at least for brook trout populations

that range in adult abundance from approximately 200–
1000. It remains possible that Nb might track abundance

in extremely small populations of this species (<200
adults). Importantly, our work adds to a growing body of

evidence that Nb can be useful as an index of habitat

quality and for monitoring population response follow-

ing habitat restoration or degradation. If the management

goal is to enhance effective population size and minimize

the influence of stochastic evolutionary processes, mea-

sures designed to enhance quality or quantity of habitat

(e.g. stream restoration) might have a greater influence

than efforts to directly increase population abundance

(e.g. stocking). Finally, the link we established between

interannual variation in stream flow and Nb could pro-

vide a foundation for future efforts to understand envi-

ronmental variation on evolutionary processes.

Acknowledgements

We thank many students, staff and interns for help with sam-

ple collection from the Massachusetts and Virginia study sites.

Genotypic data were collected by M. Page, S. Jane, M. Burak

and G. Mendez. Stream flow data for FG were provided by D.

Downey and D. Kirk. R. Kovach, Z. Robinson, M. Hansen and

three anonymous reviewers provided helpful comments on

earlier drafts of this manuscript. A. Whiteley received support

from the U.S. Forest Service and National Institute of Food and

Agriculture, U.S. Department of Agriculture, the Massachusetts

Agricultural Experiment Station and the Environmental

Conservation Department of the University of Massachusetts

Amherst, under project number MAS # 14.

References

Annett B, Gerlach G, King TL, Whiteley AR (2012) Conserva-

tion genetics of remnant coastal brook trout populations at

the southern limit of their distribution: population structure

and effects of stocking. Transactions of the American Fisheries

Society, 141, 1399–1410.
Araki H, Waples RS, Ardren WR, Cooper B, Blouin MS (2007)

Effective population size of steelhead trout: influence of vari-

ance in reproductive success, hatchery programs, and genetic

compensation between life-history forms. Molecular Ecology,

16, 953–966.
Ardren WR, Kapuscinski AR (2003) Demographic and genetic

estimates of effective population size (Ne) reveals genetic

compensation in steelhead trout. Molecular Ecology, 12, 35–49.
Belmar-Lucero S, Wood JLA, Scott S et al. (2012) Concurrent hab-

itat and life history influences on effective/census size ratios

in stream dwelling trout. Ecology and Evolution, 2, 562–573.
Benjamini Y, Yekutieli D (2001) The control of the false discov-

ery rate in multiple testing under dependency. Annals of Sta-

tistics, 29, 1165–1188.
Berry O, Kirkwood R (2010) Measuring recruitment in an inva-

sive species to determine eradication potential. Journal of

Wildlife Management, 74, 1661–1670.
Blanchfield PJ, Ridgway MS (2005) The relative influence of

breeding competition and habitat quality on female

reproductive success in lacustrine brook trout (Salvelinus fon-

tinalis). Canadian Journal of Fisheries and Aquatic Sciences, 62,

2694–2705.
Blanchfield PJ, Ridgway MS, Wilson CC (2003) Breeding suc-

cess of male brook trout (Salvelinus fontinalis) in the wild.

Molecular Ecology, 12, 2417–2428.
Bolker BM (2008) Ecological Models and Data in R. Princeton

University Press, Princeton, New Jersey.

Caswell H (2001) Matrix Population Models: Construction, Analy-

sis, and Interpretation Sinauer Associates, Sunderland, Massa-

chusetts.

Charlier J, Laikre L, Ryman N (2012) Genetic monitoring

reveals temporal stability over 30 years in a small, lake-resi-

dent brown trout population. Heredity, 109, 246–253.
Chebanov NA (1991) The effect of spawner density on spawn-

ing success, egg survival, and size structure of the progeny

of the sockeye salmon, Oncorhynchus nerka. Journal of Ichthyol-

ogy, 31, 101–106.
Christie MR, Marine ML, French RA, Waples RS, Blouin MS

(2012) Effective size of a wild salmonid population is greatly

reduced by hatchery supplementation. Heredity, 109, 254–260.
Coombs JA (2010) Reproduction in the wild: the effect of individual

life history strategies on population dynamics and persistence. Dis-

sertation AAI3427513, University of Massachusetts Amherst.

© 2015 John Wiley & Sons Ltd

NB AND HABITAT CONSTRAINTS 3599



R Development Core Team (2006) R: A Language and Environ-

ment for Statistical Computing. R Foundation for Statistical

Computing, Vienna, Austria.

Dowling TE, Turner TF, Carson EW et al. (2014) Time-series

analysis reveals genetic responses to intensive management

of razorback sucker (Xyrauchen texanus). Evolutionary Applica-

tions, 7, 339–354.
Duong TY, 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 ite-

roparous lake sturgeon (Acipenser fulvescens). Molecular Ecol-

ogy, 22, 1282–1294.
Goudet J (2001) FSTAT version 2.9.3, A program to estimate and

test gene diversities and fixation indices. Available from

http://www2.unil.ch/popgen/softwares/fstat.htm. Updated

from Goudet (1995).

Hare MP, Nunney L, Schwartz MK et al. (2011) Understanding

and estimating effective population size for practical applica-

tion in marine species management. Conservation Biology, 25,

438–449.
Hudy M, Downey DM, Bowman DW (2000) Successful restora-

tion of an acidified native brook trout stream through miti-

gation with limestone sand. North American Journal of

Fisheries Management, 20, 453–466.
Hudy M, Theiling TM, Gillespie N, Smith EP (2008) Distribu-

tion, status, and land use characteristics of subwatersheds

within the native range of brook trout in the eastern United

States. North American Journal of Fisheries Management, 28,

1069–1085.
Hudy M, Coombs JA, Nislow KH, Letcher BH (2010) Dispersal

and within-stream spatial population structure of brook trout

revealed by pedigree reconstruction analysis. Transactions of

the American Fisheries Society, 139, 1276–1287.
Hutchings JA (1994) Age- and size-specific costs of reproduc-

tion within populations of brook trout, Salvelinus fontinalis.

Oikos, 70, 12–20.
Isaak DJ, Young MK, Nagel DE, Horan DL, Groce MC (2015)

The cold-water climate shield: delineating refugia for pre-

serving salmonid fishes through the 21st century. Global

Change Biology, 21, 2540–2553.
Johnstone DL, O’Connell MF, Palstra FP, Ruzzante DE (2013)

Mature male parr contribution to the effective size of an

anadromous Atlantic salmon (Salmo salar) population over

30 years. Molecular Ecology, 22, 2394–2407.
Kanno Y, Vokoun JC, Letcher BH (2011) Fine-scale population

structure and riverscape genetics of brook trout (Salvelinus

fontinalis) distributed continuously along headwater channel

networks. Molecular Ecology, 20, 3711–3729.
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. Freshwater Biology, 59, 142–154.
Kazyak DC, Hilderbrand RH, Keller SR et al. (2015) Spatial struc-

ture of morphological and neutral genetic variation in Brook

Trout. Transactions of the American Fisheries Society, 144, 480–490.
King TL, Eackles MS, Letcher BH (2005) Microsatellite DNA

markers for the study of Atlantic salmon (Salmo salar): kin-

ship, population structure, and mixed-fishery analyses. Mole-

cular Ecology Notes, 5, 130–132.
King TL, Lubinski BA, Burnham-Curtis MK, Stott W, Morgan

RP II (2012) Tools for the management and conservation of

genetic diversity in brook trout (Salvelinus fontinalis): tri- and

tetranucleotide microsatellite markers for the assessment of

genetic diversity, phylogeography, and historical demo-

graphics. Conservation Genetics Resources, 4, 539–543.
Kovach RP, Muhlfeld CC, Wade AA et al. (2015) Genetic diver-

sity is related to climatic variation and vulnerability in threa-

tened bull trout. Global Change Biology, 21, 2510–2524.
Letcher BH, Nislow KH, Coombs JA, O’Donnell MJ, Dubreuil

TL (2007) Population response to habitat fragmentation in a

stream-dwelling brook trout population. PLoS One, 2, e1139.

Letcher BH, Coombs JA, Nislow KH (2011) Maintenance of

phenotypic variation: repeatability, heritability and size-

dependent processes in a wild brook trout population. Evolu-

tionary Applications, 4, 602–615.
Letcher BH, Schueller P, Bassar RD et al. (2014) Robust esti-

mates of environmental effects on population vital rates: an

integrated capture–recapture model of seasonal brook trout

growth, survival and movement in a stream network. Journal

of Animal Ecology, 84, 337–352.
Luikart G, Ryman N, Tallmon DA, Schwartz MK, Allendorf

FW (2010) Estimation of census and effective population

sizes: the increasing usefulness of DNA-based approaches.

Conservation Genetics, 11, 355–373.
Meirmans PG (2015) Seven common mistakes in population

genetics and how to avoid them. Molecular Ecology Resources,

24, 3223–3231.
Mulder CPH, Bazeley-White E, Dimitrakopoulos PG et al.

(2004) Species evenness and productivity in experimental

plant communities. Oikos, 107, 50–63.
Narum SR (2006) Beyond Bonferroni: less conservative analyses

for conservation genetics. Conservation Genetics, 7, 783–787.
Neel MC, McKelvey K, Ryman N et al. (2013) Estimation of

effective population size in continuously distributed popula-

tions: there goes the neighborhood. Heredity, 111, 189–199.
Osborne MJ, Davenport SR, Hoagstrom CW, Turner TF (2010)

Genetic effective size, Ne, tracks density in a small freshwa-

ter cyprinid, Pecos bluntnose shiner (Notropis simus pecosen-

sis). Molecular Ecology, 19, 2832–2844.
Palstra FP, Fraser DJ (2012) Effective/census population size

ratio estimation: a compendium and appraisal. Ecology and

Evolution, 2, 2357–2365.
Palstra FP, Ruzzante DE (2008) Genetic estimates of contempo-

rary effective population size: what can they tell us about

the importance of genetic stochasticity for wild population

persistence? Molecular Ecology, 17, 3428–3447.
Palstra FP, O’Connell MF, Ruzzante DE (2009) Age structure,

changing demography and effective population size in

Atlantic salmon (Salmo salar). Genetics, 182, 1233–1249.
Rousset F (2008) GENEPOP ‘007: a complete re-implementation of

the GENEPOP software for Windows and Linux. Molecular Ecol-

ogy Resources, 8, 103–106.
Schwartz MK, Luikart G, Waples RS (2007) Genetic monitoring

as a promising tool for conservation and management.

Trends in Ecology & Evolution, 22, 25–33.
Seber GAF (1982) The Estimation of Animal Abundance and

Related Parameters. Macmillan Publishing Company, Inc.,

New York.

Serbezov D, Jorde PE, Bernatchez L, Olsen EM, Vollestad LA

(2012) Life history and demographic determinants of effec-

tive/census size ratios as exemplified by brown trout (Salmo

trutta). Evolutionary Applications, 5, 607–618.

© 2015 John Wiley & Sons Ltd

3600 A. R. WHITELEY ET AL.

http://www2.unil.ch/popgen/softwares/fstat.htm


Smith RL, Smith TM (2001) Ecology and Field Biology, 2nd edn.

Benjamin Cummings, New York.

Sokal RR, Rohlf FJ (1995) Biometry: The Principles and Practice of Sta-

tistics in Biological Research, 3rd edn. W. H. Freeman, New York.

Springate JRC, Bromage NR, Elliott JAK, Hudson DL (1984) The

timing of ovulation and stripping and their effects on the rates

of fertilization and survival to eying, hatch and swim-up in

the rainbow trout (Salmo gairdneri R.). Aquaculture, 43, 313–322.
Tallmon D, Koyuk A, Luikart G, Beaumont M (2008) ONESAMP:

a program to estimate effective population size using

approximate Bayesian computation. Molecular Ecology

Resources, 8, 299–301.
Tallmon DA, Gregovich D, Waples RS et al. (2010) When are

genetic methods useful for estimating contemporary abun-

dance and detecting population trends? Molecular Ecology

Resources, 10, 684–692.
Theriault V, Bernatchez L, Dodson JJ (2007) Mating system and

individual reproductive success of sympatric anadromous

and resident brook charr, Salvelinus fontinalis, under natural

conditions. Behavioral Ecology and Sociobiology, 62, 51–65.
Wang JL (2004) Sibship reconstruction from genetic data with

typing errors. Genetics, 166, 1963–1979.
Wang J (2009) A new method for estimating effective popula-

tion sizes from a single sample of multilocus genotypes.

Molecular Ecology, 18, 2148–2164.
Waples RS (2005) Genetic estimates of contemporary effective

population size: to what time periods do the estimates

apply? Molecular Ecology, 14, 3335–3352.
Waples RS, Antao T (2014) Intermittent breeding and con-

straints on litter size: consequences for effective population

size per generation (Ne) and per reproductive cycle (Nb).

Evolution, 68, 1722–1734.
Waples RS, Do C (2008) LDNE: a program for estimating effec-

tive population size from data on linkage disequilibrium.

Molecular Ecology Resources, 8, 753–756.
Waples RS, Do C (2010) Linkage disequilibrium estimates of

contemporary Ne using highly variable genetic markers: a

largely untapped resource for applied conservation and evo-

lution. Evolutionary Applications, 3, 244–262.
Waples RS, England PR (2011) Estimating contemporary effec-

tive population size on the basis of linkage disequilibrium in

the face of migration. Genetics, 189, 633–644.
Waples RS, Waples RK (2011) Inbreeding effective population

size and parentage analysis without parents. Molecular Ecol-

ogy Resources, 11, 162–171.
Waples RS, Yokota M (2007) Temporal estimates of effective

population size in species with overlapping generations.

Genetics, 175, 219–233.
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.
Waples RS, Antao T, Luikart G (2014) Effects of overlapping

generations on linkage disequilibrium estimates of effective

population size. Genetics, 197, 769–U603.

Wenger SJ, Isaak DJ, Luce CH et al. (2011) Flow regime, tempera-

ture, and biotic interactions drive differential declines of trout

species under climate change. Proceedings of the National Acad-

emy of Sciences of the United States of America, 108, 14175–14180.
Whiteley AR, Coombs JA, Hudy M et al. (2012) Sampling strat-

egies for estimating brook trout effective population size.

Conservation Genetics, 13, 625–637.

Whiteley AR, Coombs JA, Hudy M et al. (2013) Fragmentation

and patch size shape genetic structure of brook trout popula-

tions. Canadian Journal of Fisheries and Aquatic Sciences, 70,

678–688.
Whiteley AR, Hudy M, Robinson Z, Coombs JA, Nislow KH

(2014) Patch-based metrics: a cost effective method for short-

and long-term monitoring of EBTJV wild Brook Trout popu-

lations? In: Proceedings of the Wild Trout Symposium, Vol. XI,

pp. 170–179. West Yellowstone, Montana.

Wood JLA, Belmar-Lucero S, Hutchings JA, Fraser DJ (2014)

Relationship of habitat variability to population size in a

stream fish. Ecological Applications, 24, 1085–1100.
Wright S (1931) Evolution in mendelian populations. Genetics,

16, 97–159.
Xu CL, Letcher BH, Nislow KH (2010) Size-dependent

survival of brook trout in summer: effects of water tem-

perature and stream flow. Journal of Fish Biology, 76, 2342–
2369.

A.R.W. designed research, analysed data and wrote the

manuscript, J.A.C. helped design research, collected

samples and analysed data; M.C. analysed data

and helped with manuscript preparation; M.J.O. col-

lected samples and helped with data analysis; M.H.

conceived the Fridley Gap portion of the project;

K.H.N. helped conceive the West Brook portion of the

project and helped with manuscript preparation; and

B.H.L. helped conceive the West Brook portion of the

project and helped with manuscript preparation.

Data accessibility

Data files with individual information (sample date and

location, cohort, body size, full-sib family ID and micro-

satellite genotypes) for both study sites are available

from DRYAD (doi:10.5061/dryad.v6k91). Environmental

and abundance data appear in Supplemental Tables.

Supporting information

Additional supporting information may be found in the online ver-

sion of this article.

Appendix S1 Null allele in FG at locus Ssa-D237

Fig. S1 Hypotheses related to variation in Nb over time in two

long-term brook trout study sites.
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Fig. S4 Full-sibling family distributions for the 2001–2009
cohorts from WB.

Fig. S5 Contribution of number of families, family evenness,

and variance obtained from fitted negative binomial distribu-

tions to variation in N̂b for FG.

Fig. S6 Full-sibling family distributions for five cohorts from

FG. Family size is the number of estimated full-sibs per family.
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