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ABSTRACT
Brook Trout (Salvelinus fontinalis) populations have experienced marked declines throughout their native range and are pres-
ently threatened due to isolation in small habitat fragments, land use changes, and climate change. The existence of numerous, 
spatially distinct populations poses substantial challenges for monitoring population status (e.g., abundance, recruitment, or 
occupancy). Genetic monitoring with estimates of effective number of breeders (Nb) provides a potentially powerful metric to 
complement existing population monitoring, assessment, and prioritization. We estimated Nb for 71 Brook Trout habitat units in 
mid-Atlantic region of the United States and obtained a mean Nb of 73.2 (range 6.90–493). Our modeling approach tested whether 
Nb estimates were sensitive to differences in habitat size, presence of non-native salmonids, base flow index, temperature, acidic 
precipitation, and indices of anthropogenic disturbance. We found significant support for three of our hypotheses including the 
positive influences of available habitat and base flow index and negative effect of temperature. Our results are consistent with 
presently observed and predicted future impacts of climate change on populations of this cold-water fish. Importantly, these 
findings support the use of Nb in population assessments as an index of relative population status.

1   |   Introduction

Habitat loss and fragmentation are primary contributors to ele-
vated extinction rates in freshwater environments (Brauer and 
Beheregaray 2020). Freshwater streams are vulnerable to com-
plete barriers to dispersal (i.e., dams, culverts, unsuitable habitat 
sections) due to their dendritic and directional nature. This char-
acteristic of these systems often creates numerous populations 
that are nearly or completely demographically and genetically 
independent. Thus, conservation practitioners are often faced 
with the challenging task of monitoring and managing numer-
ous, declining, and spatially distinct populations (Linke, Turak, 
and Nel 2011; Merriam, Petty, and Clingerman 2019). Genetic 
monitoring is an increasingly used approach for prioritization 

and monitoring freshwater systems and can provide valuable in-
sights into rates of inbreeding and loss of genetic variation, con-
nectivity among habitat fragments, and demography (Luikart 
et al. 2010). Recently, there have been numerous calls to better 
incorporate genetic data into management and species status 
listing criteria at the regional and global level with an empha-
sis placed on estimates of effective population size (COP and 
CBD 2022; Garner, Hoban, and Luikart 2020; Laikre 2020).

Generational effective population size (Ne) is the fundamental 
evolutionary parameter and describes the genetic properties 
of a population such as rates of inbreeding and loss of genetic 
variation, the efficacy of natural selection, and can provide de-
mographic insights into a population. As a result, Ne is widely 
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regarded as the gold standard of genetic metrics in conserva-
tion. However, Ne is difficult to estimate in natural populations, 
which, among other challenges, often have long, overlapping 
generations (Waples, Antao, and Luikart  2014). Estimation of 
generational Ne for species with overlapping generations requires 
detailed demographic information (Jorde and Ryman  1995; 
Waples et al. 2013) or multiple genetic samples spaced apart by 
multiple generations (Waples, Do, and Chopelet  2011; Waples 
and Yokota  2007). Single-sample estimators, such as the LD 
method (Do et al. 2014), of effective population size have clear 
logistical advantages for conservation practitioners but also as-
sume discrete generations. When single-sample estimators are 
applied to mixed-age samples in populations with overlapping 
generations estimates of Ne are downwardly biased and often re-
flect a value between effective number of breeders (Nb) and gen-
erational Ne (Waples, Antao, and Luikart 2014). This ambiguity 
can be avoided by estimating Nb using single-cohort samples, 
which estimates the effective size of the parents that gave rise 
to a single cohort or age class. Importantly, Nb estimates can be 
readily converted to Ne using a few life-history traits (Waples 
et al. 2013) permitting such estimates to be placed in the con-
text of international conservation frameworks (e.g., COP and 
CBD 2022).

The effective number of breeders has substantial potential 
for use in genetic monitoring programs. Nb can be estimated 
with single-cohort genetic samples using existing, well-tested 
software such as the linkage disequilibrium estimator (Do 
et al. 2014). Using reasonable sampling effort, this estimator is 
most precise for populations with small to moderate effective 
sizes (e.g., Nb < 500), and is therefore well-suited for monitor-
ing small populations of conservation concern (Do et al. 2014). 
The evolutionary significance of Nb is well-established 
through its relationship with generational Ne (Waples 2002a; 
Waples et al. 2013). However, this metric also provides infor-
mation relevant to both demographic and ecological processes 
in a way that helps discern population status. Empirical stud-
ies have illuminated Nb's relationship with factors that affect 
the formation of a cohort such as the number of reproductive 
adults (Yates, Bernos, and Fraser  2017), and early-rearing 
habitat quantity and quality in organisms with localized re-
production (Whiteley et  al.  2015). There has been sustained 
interest in using effective size estimates to make demographic 
inference (Luikart et  al.  2021; Waples  2002b). Yet, there are 
mixed results for stable relationships between Nc and Nb in 
natural populations, which is often expressed as temporal 
variation in the Nb/Nc ratio (Bernos and Fraser 2016; Duong 
et  al.  2013). For use in monitoring, it is important to more 
clearly establish interpretive frameworks that account for evo-
lutionary, demographic, and ecological drivers of variation in 
Nb within and among populations, and under what conditions 
Nb is suitable for genetic monitoring and assessment.

Brook Trout (Salvelinus fontinalis) populations are well-suited 
for examination of environmental drivers of Nb. Well-studied 
Brook Trout populations have demonstrated relationships 
between Nb and stream flow during reproduction (Whiteley 
et  al.  2015) and a relationship between Nb and adult census 
size (Ruzzante et  al.  2016; Yates, Bernos, and Fraser  2017). 
Additionally, Brook Trout populations in the mid-Atlantic re-
gion of the United States are an example of a widely distributed 

freshwater fish species that is declining due to habitat loss, 
fragmentation, and vulnerability to climate change (Hudy 
et al. 2008; Merriam, Petty, and Clingerman 2019). This spe-
cies occupies thousands of habitat patches in the mid-Atlantic 
region that are often small (<2000 ha drainage area) and are 
expected to have little or no population connectivity to adja-
cent populations (EBTJV  2016). Importantly for estimating 
Nb, these relatively small and isolated populations minimize 
bias that is associated with violated assumptions such as con-
tinuous population structure or migration (Neel et  al.  2013; 
Waples and England  2011). Brook Trout populations, along 
with other salmonids, are also strongly affected by access 
to quality spawning and early-rearing habitat (Beard and 
Carline 1991; Blum, Kanno, and Letcher 2018; Petty, Lamothe, 
and Mazik  2005), which highlights how both abundance of 
mature adults and ecological factors (e.g., reproductive habi-
tat) might influence Nb estimates. Further, the high sensitiv-
ity of Brook Trout populations to early-life vital rates (Kanno 
et  al.  2016) may provide a more direct link between Nb and 
population viability as compared to other taxa.

In this paper, we first use established theoretical work on Nb 
to illustrate the potential ecological insights provided by this 
genetic metric. This context provides a useful framework to 
form hypotheses regarding how habitat characteristics may 
influence the amount and variation in reproductive success 
among Brook Trout populations and ultimately influence Nb 
estimates. Next, we evaluated the use of Nb as a genetic moni-
toring metric by using empirical estimates and determining if 
it is influenced by factors known to affect Brook Trout status, 
abundance, and occupancy. We reason that because Nb reflects 
annual processes related to reproduction and early juvenile sur-
vival, and since recruitment dynamics are a key aspect of Brook 
Trout demographic patterns (Kanno et  al.  2016), that Nb will 
provide an index of relative population status. It follows that we 
predict Nb, along with its two primary subcomponents (number 
of breeders and variance in reproductive contribution) will be 
influenced by major drivers of population status at the basin 
scale. We build models of Nb that aim to identify relationships 
with physical, ecological, and chemical aspects of the habitat 
that are known to affect Brook Trout population status, abun-
dance, or occupancy. Our results will serve broadly to advance 
the use of Nb in conservation monitoring and will inform its 
continued use for headwater salmonid conservation.

2   |   Methods

2.1   |   Relevant Theory for Genetic Monitoring 
With Nb

Placing the theoretical description of Nb in an ecological con-
text aids the interpretation of Nb estimates and sets expecta-
tions of its usefulness within a broader genetic monitoring 
program. Waples and Waples  (2011) demonstrated that Nb is 
determined by the number of contributing breeders and the 
mean and variance of their reproductive contribution (Waples 
and Waples 2011):

(1)
Nb =

2S − 1
∑

ki
2

2S
− 1
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where the vector of ki values is the number of progeny of each 
parent and the number of progeny (S) is equal to 

∑

ki

2
, given 

each progeny has two parents. The potential for demographic 
inference based on Nb estimates is apparent from the equation 
above, that is, if mean and variance in progeny contribution 
(i.e., reproductive success) and the contributing proportion 
of the adult population are constant, Nb will increase pro-
portionally with Nc (i.e., there will be a stable Nb/Nc ratio). 
However, temporally variable Nb/Nc ratios (e.g., Yates, Bernos, 
and Fraser  2017) illustrate that Nb is not directly dependent 
on the census size of mature adults in a population, but rather 
the number of individuals that reproductively contribute 
and the mean and variance of their contribution to a cohort 
(Waples and Waples 2011). Therefore, biological or ecological 
constraints on the number of contributing breeders can be re-
flected in empirical estimates of Nb.

Many populations of conservation concern are affected by 
breeding site quality or quantity (Geist and Dauble  1998; 
Aitken and Martin  2012; Mottl et  al.  2020). For example, 
many stream-dwelling fish species have point distributions of 
reproduction (Whiteley et al. 2014a) with a finite number of 
suitable breeding locations (Beard and Carline 1991). In such 
cases, the availability of suitable reproductive habitat effec-
tively limits the potential number of contributing breeders of 
one or both sexes, which can create a nonlinear temporal rela-
tionship between Nb and Nc. For example, Nb can be estimated 
for each sex and the Nb of the population can be calculated as 
follows (Wright 1938):

Let's assume that Nb of females (Nbf) is constrained by available 
breeding sites and that Nbf is equal to the number of available 
breeding sites (i.e., females are ideal individuals and there is one 
female per breeding site). Ecological constraints such as this will 
place a limit on the maximum population value of Nb (Modified 
from Waples and Antao 2014):

In this hypothetical case of extreme breeding site limitation, 
Nb of the population will not exceed 4Nbf, which would corre-
spond to four times the number of breeding sites, even as the 
effective number of male breeders (Nbm) becomes arbitrarily 
large. This example, albeit simplistic, further illustrates that 
Nb can become decoupled from the census size of mature 
adults for certain taxa and ecological contexts. Therefore, 
when Nb is employed as a genetic monitoring metric, it is often 
simultaneously providing genetic, demographic, and ecolog-
ical insights into a population, which may strongly correlate 
with adult abundance, reproductive habitat quantity or qual-
ity, or early-life mortality depending on the ecological condi-
tions experienced by the progenitors of a cohort or the progeny 
themselves (Bacles et al. 2018; Whiteley et al. 2015). We, there-
fore, predict that, when used as a genetic monitoring metric, 
Nb will provide information about cohort-specific ecological 
and demographic processes related to reproductive contribu-
tion and factors that limit it.

2.2   |   Brook Trout Sampling

A consortium of state and federal agencies collected 8121 
tissue samples from 71 Brook Trout habitat patches in the 
mid-Atlantic region of the United States from 2009 to 2018 
(Figure  1). A habitat patch is defined as an area of contigu-
ous catchments (seventh level, 14-digit hydrologic unit codes; 
USGS  2012) within which fluvial habitats are continuously 
occupied by Brook Trout (EBTJV 2016). Of the sampled hab-
itat patches, 59 occur in the Chesapeake Bay basin, and 12 
occur in eastern Ohio River basin. Biologists and managers 
within each jurisdiction played a major role in selecting habi-
tat patches of interest for genetic monitoring. We chose habitat 
patches as the unit of sampling because, in this region, they 
often represent a discrete, biological population for which 
genetic parameters can be accurately estimated (Whiteley 
et al. 2014b), and also corresponds to the scale of management 
action. Importantly, single-cohort samples of Brook Trout can 
be obtained because age-0 Brook Trout can be easily distin-
guished based upon length-frequency histograms during their 
first summer (Hudy et al. 2000). Upon capture, total length 
was measured and a small (<1 cm2) caudal fin clip obtained 
for genetic analysis and the fish was immediately returned 
to the approximate point of capture. Brook Trout were cap-
tured using one-pass electrofishing using the sampling pro-
tocol from Whiteley et  al.  (2012), which has been shown to 
produce unbiased estimates and avoid family overrepresen-
tation. Briefly, juvenile (age-0) Brook Trout were sampled at 
three equidistant locations within the habitat patch with a 
target of 25 individuals from each location. In certain cases, 
sample sizes less than recommended (n < 75) were included 
for analysis (minimum n = 17), because it is not unusual for 
habitat patches in this region to have age-0 abundance less 
than 50 (e.g., Robinson et al. 2017). Accurate estimates of Nb 
can be obtained with samples less than 75, particularly when 
true Nb is less than the sample size (Ackerman et  al.  2017; 
Waples 2006), which is likely in these populations.

2.3   |   Genotyping

DNA was extracted from all age-0 Brook Trout tissue sam-
ples and genotyped using two genotyping methods. Samples 
collected prior to 2015 (5397 DNA samples from 45 habitat 
patches) were genotyped at 8-microsatellite loci (SfoC113, 
SfoD75, SfoC88, SfoD100, SfoC115, SfoC129, SfoC24; King 
et  al.  2012) and SsaD237 (King, Eackles, and Letcher  2005). 
These microsatellite markers have been extensively tested and 
have not exhibited systematic deviations from HW propor-
tions or LD in mixed-aged samples from hundreds of Brook 
Trout populations (e.g., Annett et  al.  2012; Kanno, Vokoun, 
and Letcher 2011; Kazyak et al. 2022; Robinson et al. 2017). 
Samples collected from 2016 on (2754 DNA samples from 43 
habitat patches) were genotyped using genotyping-in-the-
thousands by sequencing (GT-seq; Campbell, Harmon, and 
Narum  2015). The GT-seq marker panel was developed by 
Idaho Department of Fish and Game and included 240 am-
plicons, each possessing a single nucleotide polymorphism 
(SNP) targeted for genotyping (M. Campbell, personal commu-
nication). Sequencing libraries were prepared using the proto-
col described in Campbell, Harmon, and Narum  (2015) and 

(2)
1

Nb

=
1

4Nbm

+
1

4Nbf

(3)lim
Nbm → ∞

1

4Nbm

+
1

4Nbf

=
1

4Nbf
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sequenced on an Illumina NextSeq 500 instrument. We tested 
the 240 GT-seq loci for deviations from HW proportions and 
for LD in program GENEPOP version 4.7.5 (Rouseset 2008), 
after which 167 polymorphic SNP-loci were retained that gen-
otyped in at least 50% of the samples (Appendix  S1). We re-
quired that samples successfully genotype at 75% of loci to be 
retained in further analyses.

2.4   |   Genetic Analysis

For each habitat patch sampled, we estimated genetic variation 
and Nb. To describe genetic variation, we calculated observed 
and expected heterozygosity and FIS using the statistical com-
puting software R v4.0.3 (R Core Team 2020) and the R pack-
age ‘hierfstat’ (Goudet  2014). Effective number of breeders 
was estimated for each habitat patch using the LD method in 
NeEstimator v2.1 (Do et al.  2014). We estimated Nb assuming 
a monogamous mating system, based upon the observation of 

that 80% of reproductive individuals contribute to a single fam-
ily in two Brook Trout populations (Coombs 2010). Importantly 
for this investigation, the mating system assumption will influ-
ence the absolute value of Nb, but not the relative value among 
habitat patches (Waples 2006). Nb estimates were derived using 
a minimum allele frequency cutoff (Pcrit) of 0.02, which has 
been shown to provide an adequate balance between precision 
and bias across sample sizes (Waples and Do 2008). We report 
uncertainty in our Nb estimates with 95% confidence intervals 
produced using the jackknife method across individuals within 
each sample.

Waples, Antao, and Luikart  (2014) demonstrated bias in ge-
netic estimates of Nb in population with overlapping gener-
ations and age structure such as Brook Trout. Additionally, 
they provide a bias correction that can be applied to empir-
ical estimates. This bias correction requires the true Nb/Ne 
ratio, which can be calculated with a life table in the program 
AgeNe (Waples, Do, and Chopelet  2011). We chose not to 

FIGURE 1    |    Map of study area in the mid-Atlantic region of the United States. The brown and gray shaded areas indicate the Chesapeake Bay and 
Ohio River region, respectively. Each point on the map corresponds to a sampled EBTJV Brook Trout habitat patch (n = 71) colored with respect to 
the magnitude of N̂b. The numerous dark gray drainage areas (n = 2773) represent unsampled habitat patches. Box plots present the distribution of 
the variables used in modeling for the sampled habitat patches (Sampled) compared to all habitat patches in the focal region (Regional).
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apply this bias correction for two reasons. First, although a 
life table is available from an intensively studied Brook Trout 
population in Massachusetts, USA (Letcher et  al.  2014), the 
correction will have no impact on relative Nb estimates among 
patches without estimated vital rates for each habitat patch. 
Secondly, the estimated bias correction for the same inten-
sively studied Massachusetts population referenced above was 
minimal at 3.4% (Whiteley et al. 2015), and is likely insignif-
icant compared to the potential bias generated by sampling 
(e.g., Whiteley et al. 2012).

Nb estimates based upon the two different marker types are not 
expected to be significantly biased relative to one another and 
can be directly compared (Waples and Do 2010). However, we 
do expect higher precision in estimates generated by the GT-
seq marker panel due to the higher number of loci (Luikart 
et al. 2021). An empirical comparison of the marker types used 
in this dataset supports this expectation (Figure S1).

Sibship reconstruction can provide context to Nb estimates 
through inferring the number of families and the variance of fam-
ily sizes within a sample. We used Colony2 v2.0.6.5 for sibship 
reconstruction (Jones and Wang 2010). Colony was run using the 
full-likelihood and pairwise likelihood combined method speci-
fying medium precision and medium run length. Each run was 
conducted without updating or specifying allele frequencies and 
assuming no inbreeding. We assumed a polygamous mating sys-
tem for sibship reconstruction because, as previously stated, we 
expect some degree of polygyny in Brook Trout populations. We 
specified a genotyping error rate of 0.005 for both genetic marker 
panels. For each habitat patch sample, we summarized the total 
number of full-sibling families and variance in full-sibling fam-
ily size. Variance in full-sibling family size was estimated using 
a fitted negative binomial distribution using the R package fit-
distrplus (Delignette-Muller and Dutang  2015), because repro-
ductive success in salmonids is commonly over-dispersed (Koch 
and Narum  2021). Although half-sibling relationships would 
better reflect the reproductive success of individual parents (e.g., 
Equation 1), they are difficult to accurately infer using sibship 
reconstruction without parentage when using modest genetic 
marker panels (Flanagan and Jones 2019). As a result, we used 
the number of full-sibling families and variance in full-sibling 
family size as a proxy for the number of successful breeders and 
their variance of reproductive success.

The program Colony also provides a sibship-based estimate of 
Nb (Wang 2009), and we report these for comparison to the LD-
based estimates. We preferentially used Nb estimates from the LD 
method for subsequent modeling because it was reasonable to as-
sume that some of the population sample sizes were less than true 
Nb. The LD method has an adjustment that minimizes bias when 
sample size is less than true Nb (Waples 2006, 2024), whereas the 
sibship-based estimate is often biased low (Ackerman et al. 2017). 
The Colony-derived Nb estimates were made using a separate ex-
ecution of Colony assuming a monogamous mating system with 
all other settings unchanged. An assumption of a monogamous 
mating system was found to produce the most accurate sibship-
based Nb estimates in another salmonid species that exhibited 
approximately 80% monogamy (Ackerman et  al.  2017), and is 
consistent with the assumptions used for the LD-method.

2.5   |   Variable Selection

We hypothesized that Nb will be useful in inferring the pop-
ulation status within Brook Trout habitat patches based upon 
previous research in this species. We test this hypothesis, albeit 
indirectly, by determining if Nb is related to the factors that are 
known to affect occupancy, abundance, and status of Brook 
Trout populations. We include variables that are intended to rep-
resent habitat size, stream flow, temperature, competition with 
non-native salmonids, an index acidic precipitation, and anthro-
pogenic disturbance (Table  S1). For habitat size, we calculate 
habitat patch size as the product of NHDplus V2 stream length 
(km) and habitat patch area (ha) (EBTJV 2016) divided by 1000 
following Whiteley et al. (2012).

We included base flow index and mean max temperature due to 
their direct relationships with rising stream temperature and 
the vulnerability of this Brook Trout to climate change (Bassar 
et al. 2016; Trumbo et al. 2014). Base flow index (BFI) was ob-
tained from the U.S. Geological Survey (Wieczorek 2018) and 
we used the mean value within a habitat patch. Within a hab-
itat patch, BFI is intended to reflect relative groundwater con-
tribution to stream flow, which has an empirically observed, 
positive effect on Brook Trout reproduction and stability 
of stream flow and temperature (Curry and Noakes  1995; 
Nuhfer, Zorn, and Wills 2017). Brook Trout populations have 
been negatively affected by rising stream temperatures and 
are expected to decline further with climate change (Bassar 
et  al.  2016). Within the mid-Atlantic region, we predict the 
range of stream temperatures experienced would produce a 
negative, approximately linear relationship between Nb and 
stream temperature. We used mean maximum annual air tem-
perature from 1991 to 2020 from the PRISM climate group as 
an index of stream temperature.

Habitat degradation due to human activities has negatively 
impacted Brook Trout throughout their range including spe-
cies introductions, acid deposition from industrial activity, 
and human development (Hudy et  al.  2008; Merriam, Petty, 
and Clingerman 2019). The presence or absence of non-native 
salmonids was obtained from the Eastern Brook Trout Joint 
Venture habitat patch layer (EBTJV 2016) and field observations 
during sampling. This metric was used to account for negative 
effects of competition with non-native salmonids within the 
habitat patch (Hitt, Snook, and Massie 2017). Acidic precipita-
tion and low stream pH has had a significant negative effect on 
Brook Trout populations (Hudy, Downey, and Bowman  2000; 
Nislow and Lowe 2003). Hence, we used the within-patch aver-
age sum of total nitrogen and sulfur deposition, hereafter acid 
deposition, using data from 2000 to 2002 and 2010–2020 as an 
index of acidifying precipitation (NADP 2022). We included the 
number of road-stream crossings per hectare and percent can-
opy cover from the 2011 National Land Cover Database as a 
proxy for human disturbance and land use, which is negatively 
associated with Brook Trout occupancy (Merriam, Petty, and 
Clingerman 2019). All spatial datasets were summarized using 
the geographic information software QGIS (QGIS Development 
Team  2020). All variables excluding the presence or absence 
of non-native salmonids were z-score standardized prior to 
modeling.
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2.6   |   Statistical Analysis

N̂b was modeled with a Bayesian mixed effect, generalized 
linear model with a Gaussian error distribution and log link 
function using weighted observations in the statistical program 
JAGS version 4.3.0 (Plummer 2003). We constructed and fit the 
model in the statistical computing program R and called JAGS 
using the package ‘R2jags’ (Su and Masanao 2015). Slope coef-
ficients of all seven predictor variables and a random intercept 
were estimated using uninformative, normally distributed pri-
ors centered on zero. The model was fit with a random intercept 
term based on the US state that contained the habitat patch. We 
selected these political boundaries for the random intercept be-
cause sampling and site selection was most often conducted by 
different entities in different states. Additionally, state bound-
aries roughly correspond to geographical clusters of environ-
mentally similar Brook Trout populations (Zhang et al. 2008). 
Predictor variables with missing values were included and val-
ues were drawn from a fitted normal distribution corresponding 
to each variable (Appendix S2).

For inclusion in the model, we required that each sample gener-
ate a positive, finite point estimate of Nb. Additionally, 26 of the 
71 habitat patches had multiple cohorts sampled (i.e., years) and 
we used a single estimate for modeling purposes generated by 
the harmonic mean of cohort-specific Nb estimates. To accom-
modate differing levels of uncertainty, our Nb estimates were 
given relative weights in the model based on the width of the 
mean standardized, 95% jack-knifed confidence interval width 
corresponding to each Nb estimate. If the upper bound confi-
dence interval included infinity, the observation was given a 
weight based on two times the largest finite confidence interval 
within the dataset. In cases where we used the harmonic mean 
of multiple Nb estimates for a habitat patch, we used the arith-
metic mean of the confidence interval widths for weighting. 
These relative weights were intended to account for differences 
in precision generated by field sampling and the two different 
marker panels used.

The number of full-sibling families (NFAM) and the variance 
in full-sibling family size (�2

FS) were modeled using the same 
seven predictor variables and similar model formulation as N̂b. 
These two models of sibship-based summary statistics differed 
only in that we did not weight observations. Although the num-
ber of sampled individuals could provide a proxy for uncer-
tainty, the primary source of uncertainty among the number 
of observed families is sampling effort or probability of detec-
tion. Weighting by sample size could produce spurious results 
because of its relationship to the quantities of interest, that is, 
few samples could occur due to few individuals being present 
or due to less sampling effort or efficiency. Unfortunately, total 
sampling effort was not recorded consistently among collections 
and is not available for use. In cases where we had multiple co-
hort collections for a habitat patch, we generated a single value 
of each sibship-based summary statistic using a sample size 
weighted mean.

Where applicable, we express statistical significance of ef-
fects using the probability of direction (pd ≥ 0.95) (Makowski 
et al. 2019), which is similar to determining whether the 90% 
credible intervals include a zero-effect size. We fit the model 

with five chains of 10,000 adaptive phase iterations and 
50,000 estimation iterations with a thin rate of 2. Model con-
vergence was evaluated by visually inspecting chains with the 
R package ‘mcmcplots’ (Curtis  2015) and the potential scale 
reduction factor (diagnostic values <1.1 indicate good chain 
mixing; Gelman and Rubin 1992). Goodness of fit of the mod-
els was accessed by posterior predictive checks using Bayesian 
p-value (Gelman 2013) and visual evaluation of residuals and 
predicted values.

2.7   |   Relationship of N̂b With Existing Brook Trout 
Population Assessments

Concordance between independent Brook Trout population as-
sessments and Nb estimates would provide additional support 
that Nb performs well as a genetic monitoring metric and is po-
tentially linked to population persistence and occupancy in mid-
Atlantic Brook Trout populations. For this exploratory analysis, 
we used a composite habitat integrity score and future secu-
rity score generated by the organization Trout Unlimited (TU) 
(Fesenmyer et al. 2017). Habitat Integrity is a percentile scaled 
composite score that represents aforementioned factors known 
to influence Brook Trout populations including anthropogenic 
land use (e.g., Riparian forest cover, percent agriculture, stream-
road crossings) and acid deposition. The future security score 
used by TU is a percentile scaled estimate of stream tempera-
ture. Both future security and habitat integrity scores were esti-
mated using TU habitat units and the average value was taken 
when multiple units were within an EBTJV habitat patch. We 
also use predicted probability of occupancy from U.S. Geological 
Survey's Spatial Hydro-Ecological Data Systems (SHEDS) as a 
predictor of N̂b (Walker, Letcher, and Hocking 2021). Predicted 
occupancy was estimated at the catchment scale and the aver-
age value was taken from catchments within an EBTJV habi-
tat patch.

We constructed three models using habitat integrity, future se-
curity, and probability of occupancy each as a single predictor 
variable of N̂b. All three variables have values that range from 
zero to one and were not transformed prior to modeling. We 
used a Bayesian mixed effect, generalized linear model with a 
Gaussian error distribution and log link function using weighted 
observations in the statistical program JAGS. Consistent with 
the models above we used US state as a random intercept and 
used the width of jack-knifed confidence intervals of N̂b to 
weight observations. We fit the model with five chains of 1000 
adaptive phase iterations and 15,000 estimation iterations with 
a thin rate of 1. We evaluated model convergence using poten-
tial scale reduction factor and goodness of fit using Bayesian 
p-value.

3   |   Results

3.1   |   Genetic Summary

All 8121 Brook Trout tissue samples from 71 habitat patches 
were extracted and genotyped with a minimum of 75% ge-
notyping success. Median sample size was 67.5 (mean 76.6, 
range 17.0–510). As expected, estimates of mean population 
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heterozygosity were consistently lower when estimated with the 
biallelic SNP markers compared to the microsatellite marker 
panel (Table  S2). Forty-five of the habitat patches had at least 
one microsatellite-based estimate of expected heterozygosity 
with an average of 0.676 (range 0.376–0.796). Forty-three of the 
habitat patches had at least one estimate of biallelic, SNP-based 
mean expected heterozygosity with an average of 0.196 (range 
0.064–0.311). Estimates of heterozygosity for both marker types 
were available for 17 habitat patches from different cohorts and 
these estimates exhibited a Pearson's r of 0.317 (t = 1.29, df = 15, 
p = 0.215). Mean population FIS was 0.009 (range −0.128 to 
0.134) for microsatellites-based estimates and 0.0260 (range 
−0.041 to 0.081) for SNP-based estimates.

We obtained at least one positive and finite point estimate of 
Nb for all 71 habitat patches using the LD-method. Of the 106 
population-cohort samples, we removed one estimate that pro-
duced a negative point estimate and retained four estimates that 
had infinite upper confidence intervals (Table S2). Median N̂b 
was 46.8 (mean 74.9, range 6.9–493.1) including habitat patches 
for which the harmonic mean of repeated samples was used 
(Figure  1). In general, repeated estimates of N̂b were similar 
among cohorts. Excluding one habitat patch, the maximum dif-
ference among N̂b estimates for a single habitat patch with mul-
tiple sampled cohorts was 45.4 on average (median 31.75, range 
1.0–210.8). However, a habitat patch in Maryland, had an esti-
mate of N̂b = 1811.4 (95% CI 308–∞) based on a sample size of 
43, compared to the cohort 2 years prior which had an N̂b = 285.2 
(95% CI 134–2715) with a sample size of 75 (Table  S2). After 
taking the harmonic mean of N̂b for modeling purposes, we re-
tained an N̂b = 493.1 for this habitat patch, which lies within the 
confidence intervals of both estimates and within a biologically 
plausible range.

Positive and finite point estimates of Nb using the sibship-
based method were also obtained for all 71 habitat patches, 
and all 106 population-cohort estimates had finite point es-
timates and confidence intervals (Table S2). Median N̂b was 
41.0 (mean 56.0; range 4.0–169.0) including habitat patches 
for which the harmonic mean of repeated samples was used. 
Considering all population-cohort samples that produced 
a finite point estimates and confidence intervals using both 

estimation methods (n = 101), sibship-based estimates were 
significantly correlated with LD-based estimates (Pearson's 
r = 0.836, t = 15.16, df = 99, p < 0.001). However, the LD-based 
estimates were greater than sibship-based estimates by 20.6, 
on average (median 9.40). Additionally, the sibship-based 
estimates were significantly correlated with sample size 
(Pearson's r = 0.307, t = 3.21, df = 99, p = 0.002), whereas the 
LD-based estimates were not (Pearson's r = 0.122, t = 1.22, 
df = 99, p = 0.225). These results support our prediction that 
sibship-based estimates may be biased low due to sample size, 
and as a result, the LD-based estimates were used for all sub-
sequent statistical modeling.

3.2   |   Statistical Analysis

Collinearity among independent variables was minimal and the 
results of the generalized linear model indicate that model per-
formance was adequate to address our hypotheses. The mean, 
absolute value of all pairwise correlations (Pearson's |r|) among 
the independent variables was 0.180 (range 0.026–0.490). The 
maximum correlation among variables (r = 0.490) occurred 
between deposition and BFI (Table  S3). The distribution of 
variables in our sample was, in general, representative of the 
broader mid-Atlantic region, although we sampled warmer 
streams with higher percent canopy cover on average (Figure 1). 
In terms of model performance, there was no clear pattern be-
tween model residuals and predicted values. Model residuals 
were approximately normally distributed for models of N̂b and 
NFAM but right skewed for �2

FS (Figure  S2). Adequate model 
performance for models of N̂b was further supported by our 
Bayesian p-value of 0.629, suggesting modest upward bias of 
predicted values. However, we observed consistent upward bias 
of predicted values for NFAM and �2

FS, with Bayesian p-values 
of 0.995 and 1.00, respectively. We observed sufficient model 
convergence with a maximum potential scale reduction factor 
of 1.03 considering all estimated parameters.

Our generalized linear mixed model supported the hypotheses 
that quantity of habitat, temperature extremes, and the rela-
tive contribution of groundwater to surface flow influenced N̂b 
within a habitat patch (Table  1). We found that habitat patch 

TABLE 1    |    Mean parameter estimates and probability of direction (pd) for models of N̂b, number full-sibling families (NFAM), and variance in 
family size (σFS).

Coefficient

N̂b NFAM �2
FS

Mean pd Mean pd Mean pd

Habitat size 0.280 0.999 0.116 0.820 −0.197 0.943

Non-native trout 0.059 0.666 −0.087 0.605 −0.017 0.522

Base Flow Index 0.240 0.999 0.092 0.707 0.152 0.809

Temperature −0.252 >0.999 −0.311 0.958 0.109 0.722

Deposition −0.074 0.808 0.112 0.729 −0.270 0.923

Road crossing 0.124 0.997 0.033 0.598 0.012 0.541

Canopy cover −0.090 0.935 0.028 0.577 0.118 0.782

Mean intercept 3.513 — 3.466 — 0.931 —
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size had a significant, positive relationship with N̂b, and the di-
rection of effects on NFAM (positive) and �2

FS (negative) are both 
concordant with the estimated effect on N̂b. Base flow index also 

had a significant positive relationship with N̂b and positive di-
rection of effect on NFAM and �2

FS. Mean maximum annual tem-
perature had a significant, negative relationship with N̂b and 

FIGURE 2    |    Posterior distribution of slope coefficients for models of N̂b, number full-sibling families (NFAM), and variance in family size (σ2FS). 
The mean estimate (point), 90% (darker line) and 95% (lighter line) credible intervals are reported. One or two asterisks denote when the 90% and 95% 
credible intervals do not overlap zero, respectively.
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FIGURE 3    |    Modelled linear relationships between N̂b and the four most supported variables. The gray area represents 95% credible intervals of 
the slope coefficient. The relationships are presented using the mean intercept, and with back-transformed Nb estimates.
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the direction of effects on NFAM (negative) and �2
FS (positive) are 

both concordant with the estimated effect on N̂b (Figure 2). We 
found little support for effects of acid precipitation deposition 
and non-native salmonid presence on N̂b.

Contrary to our predictions, variables meant to reflect human 
habitat disturbance had positive effect size estimates on N̂b. Road 
crossings per hectare had a significantly positive relationship 
with N̂b and percent canopy cover had a negative relationship 
with Nb (Figure 3). However, their effects on NFAM and �2

FS were 
ambiguous (Figure  2). Notably, Bayesian indicator variable se-
lection (Kuo and Mallick 1998) provided further support for the 
inclusion of habitat size, base flow index, mean max temperature, 
and road crossing per hectare in the model of N̂b (Appendix S3).

3.3   |   Relationships With Existing Brook Trout 
Population Assessments

Nb estimates were significantly positively related to two out 
of the three independent metrics of relative population status. 
The mean posterior slope coefficient of the TU future security 
score was 0.648 (CrI 0.260–1.044). The mean posterior slope 
coefficient of the SHEDS probability of occupancy was 0.880 
(CrI 0.478–1.38). Finally, the mean posterior slope coefficient of 
the TU habitat integrity score was −0.458 (CrI −1.18 to 0.284). 
Bayesian p-values indicated adequate goodness of fit for these 
models with 0.530, 0.616, and 0.476 for future security score, 
probability of occupancy, and habitat integrity score, respec-
tively. We observed adequate model convergence as indicated 
by visual inspection of chains and by the maximum potential 
scale reduction factor (< 1.01).

4   |   Discussion

Our results demonstrate a relationship between known drivers 
of population status and single-sample estimates of effective 
number of breeders in a set of fragmented Brook Trout popula-
tions. Smaller estimates of Nb were associated with less available 
habitat, higher temperatures, and less influence of groundwa-
ter on surface flow. These relationships emphasize the impor-
tance of conservation activities that increase the amount of 
interconnected Brook Trout habitat (Wood, Welsh, and Todd 
Petty  2018), mitigate increasing stream temperatures due to 
climate change, and maintain or improve hyporheic exchange 
(Weber et al. 2017). Our results demonstrate that Nb is sensitive 
to factors of high relevance to conservation practitioners, is in 
concordance with independent population assessments, and 
supports that there is value added to genetic monitoring pro-
grams by incorporating Nb estimates.

Traditional genetic monitoring using estimates of genetic 
variation (e.g., heterozygosity, allelic richness) and genetic 
structure (e.g., FST among populations) provide insights into 
the past because these factors will be influenced by Ne, gene 
flow, and population bottlenecks on the temporal scale of 
10's to 100's of generations. In contrast, as we illustrate in 
Section  2.1, Nb is determined by the number of successfully 
reproducing parents, the environmental conditions under 

which those parents reproduced, and the conditions affecting 
early rearing success prior to sampling the focal cohort. The 
importance of reproductive habitat, juvenile abundance, and 
survival has been well-demonstrated in Brook Trout popula-
tions and is particularly important in small habitat fragments 
(Bassar et  al.  2016; Kanno et  al.  2016; Letcher et  al.  2007). 
Gaining insights into these processes have often been diffi-
cult, time-intensive, and imprecise. For example, redd (nest) 
counts provide an index of reproduction but are often fraught 
with biological and sampling uncertainty (Dunham, Rieman, 
and Davis 2001). Another benefit of Nb estimation is that it can 
readily be converted to generational Ne with the use of a few 
life-history traits (Waples et al. 2013), thus allowing estimates 
to be placed in the context of existing conservation genetic 
theory and frameworks (e.g., 50/500 rule; Franklin  (1980)). 
Importantly, our work demonstrates that Nb estimated across 
populations can identify factors likely influencing reproduc-
tive processes across a broad spatial scale and represents a 
valuable supplement to existing population prioritization 
schemes.

Mid-Atlantic Brook Trout are vulnerable to climate change and 
the results of our model demonstrate a link between climatic 
variables and a genetic metric in this cold-water species. During 
the last 50 years, water temperature in the mid-Atlantic region 
increased faster than air temperature at a rate of 0.028°C per 
year (Rice and Jastram 2015) and is negatively associated with 
Brook Trout occupancy (DeWeber and Wagner 2014; Merriam, 
Petty, and Clingerman 2019). We found a strongly negative effect 
of mean maximum annual air temperature on N̂b in Brook Trout 
populations in this region. Additionally, we found that base flow 
index was positively associated with N̂b. High base flow index 
is associated with stability of stream flow and low sensitivity 
of water temperature to changes in air temperature (Trumbo 
et al. 2014). High base flow index may also indicate that a habi-
tat patch has higher quality spawning habitat due an abundance 
of hyporheic exchange (Curry and Noakes 1995), which would 
contribute to increased reproductive success on average. The 
importance of temperature on Brook Trout is further empha-
sized by our exploratory analysis of two independent population 
assessments. The positive relationship between SHEDS occu-
pancy model is likely driven by temperature, as it is the most 
significant effect in the occupancy model (Walker, Letcher, and 
Hocking  2021). TU's future security score represents a trans-
formed estimate of stream temperature, and therefore, the pos-
itive association observed here is unsurprising; however, these 
results lend further support to the use of stream temperature as 
an index of future security.

Contrary to our hypotheses, our model did not support the in-
clusion of variables meant to represent competition with non-
native salmonids, acidification, and anthropogenic land use. 
Brook Trout and non-native salmonids have been observed 
directly competing for spawning habitat (Grant, Vondracek, 
and Sorensen  2002) and non-native salmonids have displaced 
or extirpated populations of Brook Trout (Kanno, Kulp, and 
Moore 2016; Larson and Moore 1985). Both phenomena provide 
an explicit mechanism through which non-native competitors 
would reduce the absolute number of breeders in a Brook Trout 
population. We conclude that presence or absence of non-native 
salmonids does not affect N̂b in our collections. However, we 
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hypothesize that a metric that better accounts for the relative 
abundance of non-native salmonids would reveal the well-
documented, negative effects of competition.

Acidification has had a consistent, negative impact on Brook 
Trout populations throughout their range (Hudy, Downey, 
and Bowman  2000; Nislow and Lowe  2003). However, our 
index of deposition was likely inadequate to capture a biolog-
ically relevant summary of the geochemical conditions in a 
Brook Trout habitat patch. The population response to acid-
ifying precipitation is complex and depends not only on the 
quantity of acidifying precipitation but also on buffering ca-
pacity of the catchments and aggravating factors (e.g., alumi-
nosilicate deposits; Schofield and Trojnar 1980). Many studies 
have also documented negative associations with anthropo-
genic land use (e.g., agriculture, residential development, 
and deforestation) and Brook Trout occupancy at a variety of 
spatial scales (DeWeber and Wagner 2014; Kanno et al. 2015; 
Merriam, Petty, and Clingerman 2019). We found no support 
for a positive effect of percent canopy cover, which was used 
as an index of anthropogenic disturbance of forests. The dif-
ference between prior studies on Brook Trout distribution and 
our results may simply be an artifact of Nb estimates being 
conditional on occupancy and given that a patch is occupied, 
relatively less canopy cover does not have a marked, negative 
impact on Brook Trout in the mid-Atlantic region.

Our results also revealed an unexpected pattern involving a 
strong positive relationship between N̂b and road crossing per 
hectare. This result is unexpected because of the negative ef-
fects of forestry-based roads on Brook Trout spawning hab-
itat through the deposition of silt and other fine sediments 
have been well understood for over half a century (Saunders 
and Smith  1965), and directly affect the reproductive pro-
cesses that are reflected in N̂b (Hartman and Hakala  2006). 
However, the estimated negative relationship between N̂b and 
percent canopy cover and TU's habitat integrity score suggests 
that this counter-intuitive relationship with indices of human 
disturbance is relatively robust. We find two potential inter-
pretations of these data compelling. First, the opportunistic, 
nonrandom sampling of habitat patches may have given rise to 
a spurious correlation involving road access. Second, as a pop-
ular game fish, it may be that robust Brook Trout populations 
are attractive for recreational development and are more likely 
to have more stream-road crossings and human development 
within that habitat patch. A similar hypothesis was put forth 
in Clarke et al. (2024) suggesting that preferential human de-
velopment around large, productive water bodies may explain 
a positive correlation found between Ne and human develop-
ment in diadromous fishes.

In our models, only two variables, habitat size and tempera-
ture, had concordant direction of effects on both the number of 
full-sibling families and variance of full-sibling family size as 
their effect on N̂b would suggest. Although both sibship-based 
metrics are indices with direct effects on N̂b, they may lack res-
olution due to differing sampling effort among habitat patches 
in our application. Additionally, it is likely that certain eco-
logical drivers of Nb primarily affect one demographic compo-
nent of the estimate (e.g., the number of contributing breeders). 
For example, Nb did not increase in a Brook Trout population 

following removal of non-native competitor, despite an increase 
in the absolute number of contributing breeders, due to an in-
crease in variance of reproductive success (Miller, Dieterman, 
and Hoxmeier 2019). Nonetheless, sibship-based summary sta-
tistics can aid in the interpretation of Nb estimates and poten-
tially illuminate drivers of temporal or spatial variation in Nb 
(Whiteley et al. 2015).

The complex evolutionary, ecological, and demographic fac-
tors that influence Nb estimates can complicate their inter-
pretation and application to conservation and management. 
In Section  2.1, we provide a theoretical example of how Nb 
can become decoupled from the absolute number of potential 
breeders and how environmental factors (i.e., limited spawn-
ing habitat) could strongly influence estimates. An empirical 
example in Atlantic salmon (Salmo salar) illustrates this point, 
lower N̂b was associated with intermediate spawning aggrega-
tions where highly competitive males can dominate reproduc-
tion at a few breeding sites. Conversely, when breeding sites 
are diffuse or abundant, there is less variance in reproduc-
tive success and thus higher N̂b. Complicating matters, high-
density spawning aggregations appear to induce scramble 
sexual competition resulting in lower variance in reproductive 
success and elevate N̂b (Bacles et  al.  2018). These examples 
highlight that within and among populations variation in Nb 
will not always be conducive to straightforward demographic 
or ecological inference, such as inferring N̂ c from N̂b, due to 
complex density-dependent and environmental factors (Yates, 
Bernos, and Fraser 2017). However, our approach of compar-
ing Nb among populations is consistent with the observation 
that Nb is relatively stable within populations of Brook Trout 
and varies dramatically among populations, likely corre-
sponding to reproductive habitat quantity and quality (Bernos 
and Fraser 2016; Whiteley et al. 2015).

4.1   |   Caveats

Our approach using nonrandom sampling and a modest sam-
ple size (n = 71) represents one limitation of this work. The 
strength of our findings is derived from their congruence with 
previous research on this species, including the significance of 
climate-related variables and habitat quantity, and the ability 
to illuminate such relationships with single-cohort genetic sam-
ples. Notably, sampling age-0 individuals prior to recruitment 
may generate estimates that deviate from the evolutionarily 
significant value of Nb and may be more dependent on repro-
ductive and early-rearing habitat. The magnitude of a cohort's 
temporal change in Nb is expected to be dependent on how pre-
recruitment mortality reshapes the reproductive success of the 
progenitors of the cohort (Waples, Do, and Chopelet 2011). This 
work would benefit from future clarification of the magnitude 
of intra-cohort temporal change in Nb and more generally Nb’s 
relationship to near-term persistence probability in this and 
other species.

Sampling with the intent to estimate Nb is difficult in stream-
dwelling Brook Trout populations due to continuous population 
structure and the inherent vulnerability of stream systems to 
fragmentation. Many mid-Atlantic Brook Trout populations exist 
in small habitats that can be described as discrete populations 
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that generate unbiased estimates of the population parameter Nb 
(Whiteley et al. 2012); however, larger populations or metapop-
ulations exist in this region (e.g., Huntsman et al. 2016). Even 
without adding the complexity of metapopulation dynamics or 
barriers to movement, larger habitat patches have continuous 
genetic structure that is best described with the concept of ge-
netic neighborhoods (Wright 1946), rather than as single, pan-
mictic populations. Pooling individuals from multiple genetic 
neighborhoods creates a two-locus Wahlund effect or mixture 
LD and biases N̂b low (Neel et al.  2013; Whiteley et al.  2017). 
Similarly, incidental sampling above and below an instream bar-
rier can induce the same phenomenon and bias N̂b low.

There is little doubt that some the habitat patches sampled in 
this study are large enough that they do not represent a discrete 
population, such as the Savage River tributaries in Maryland, 
USA (Kazyak et al. 2016). However, in our data set, we did not 
observe a positive relationship between FIS and habitat patch 
size that would be expected when pooling multiple genetic 
neighborhoods and we found a consistent positive relationship 
between patch size and N̂b. We would expect that at a certain 
habitat patch size, N̂b would no longer increase proportionally 
with habitat size because the existence of more potential breed-
ers does not apply at the scale of the Nb estimate. Our results 
suggest that being part of a larger habitat patch may have ben-
efits that exceed the simple numerical addition of more breed-
ers given more available habitat. Further work is needed to 
address sampling for and estimation of effective sizes in subdi-
vided and continuously distributed populations and how such 
estimates should be interpreted within the context of existing 
conservation guidelines (Clarke et al. 2024; Ryman, Laikre, and 
Hössjer 2019).

5   |   Conclusions

Single-sample estimates of effective number of breeders provide 
evidence for a link between a genetic metric and population sta-
tus, temperature, base flow index, and available habitat at a basin 
wide scale in Brook Trout. Our results provide further support 
for the use of Nb for genetic monitoring, not only because it is 
sensitive to factors that affect Brook Trout population dynamics 
and occupancy but it is theoretically significant and summarizes 
factors that likely influence long-term population viability, such 
as loss of genetic variation. In taxa with an identifiable age class, 
single-sample estimates of Nb have the advantage of avoiding po-
tential bias present in mixed-age samples (Waples, Antao, and 
Luikart 2014), and can also be readily converted to generational 
effective size and placed into the context of existing international 
conservation frameworks (e.g., COP and CBD 2022). Additionally, 
single-cohort genetic samples have other valuable applications 
such as identifying likely spawning locations using sibship recon-
struction (Hudy et al. 2010) or assessing potential instream barri-
ers (Whiteley et al. 2014a). Using the same single-cohort samples, 
sibship-derived summary statistics can be calculated, such as the 
number of families captured per unit sampling effort and vari-
ance in family size, which can provide closely related and eco-
logically meaningful information to an audience unfamiliar with 
population genetics. Importantly, expanding models such as the 
one we provide can aid in population prioritization and identify 
drivers of low Nb that are conducive to management action. The 

effective number of breeders and single-cohort samples more gen-
erally provide powerful insights into a population and can likely 
complement many ongoing demographic and genetic monitoring 
programs in a diverse array of taxa.
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