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INTRODUCTION

Demographic resilience is a topic of great interest to 
ecologists and conservation biologists. In an era of rap-
idly changing environmental conditions, disturbances 
and perturbations are occurring more frequently and 
with greater severity (Intergovernmental Panel on 
Climate Change  2021). In lotic systems, this generally 
comes in the form of altered flow regimes (Novotny and 
Stefan  2007), more extreme temperatures (Daraio and 
Bales 2014), altered land use (Maloney and Weller 2011), 

and degraded water quality (Peters and Meybeck 2000). 
The ability of a population to withstand disturbances 
by resisting changes in abundance induced by distur-
bance and recovering from them defines its resilience 
(Holling  1973; Hodgson et  al.  2015). Resilience can 
largely be broken into three components: resistance, 
compensation, and recovery time. Demographic resis-
tance describes a population's ability to avoid a decrease 
in density following a disturbance, while compensation 
describes the ability of a population to respond to a dis-
turbance by increasing in density (Capdevila et al. 2020). 
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Abstract
Objective: Populations of eastern Brook Trout Salvelinus fontinalis face threats from 
several sources, such as habitat fragmentation, climate change, and competition with 
introduced salmonids. As a native species, understanding how these populations will 
respond to disturbances is paramount to their management and effective conserva-
tion. A population's ability to respond to disturbance, its resilience, is influenced by 
several factors. One such group of factors is population genetics.
Methods: We calculated population resilience metrics based on transient dynam-
ics using population projection matrix models. Long-term demographic data from 23 
headwater stream Brook Trout populations were used to parameterize models. Genetic 
data were collected, and genetic indices were calculated. Partial redundancy analysis 
was then used to evaluate relationships between resilience metrics and genetic indices.
Result: Inbreeding coefficient, rarefied allelic richness, pairwise genetic differentia-
tion (FST), and effective population size were all found to be important variables in 
predicting resilience.
Conclusion: Our results suggest that genetic isolation may increase the demo-
graphic resilience in Brook Trout through faster generation times and higher juvenile 
survival, but this likely comes at the cost of increased extinction risk and truncated 
size structures. Genetic indices can provide insight into gene flow between popula-
tions, thus the relationship between population connectivity and resilience. Given 
the importance of connectivity to population resilience, restoring and maintaining 
movement corridors could affect resilience in headwater Brook Trout populations.
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The life history strategies within a population have been 
linked to its demographic resilience, with species that 
exhibit high turnover and population growth rates gen-
erally having higher resilience than species that live lon-
ger and turn over more slowly (Winemiller 2005). The 
different aspects of resilience—resistance, compensa-
tion, and recovery time—are also related to life history 
strategies, with different life histories taking advan-
tage of different aspects defining population resilience 
(Capdevila et al. 2021).

Despite interest in resilience by ecologists, it has proven 
potentially difficult to define. Many studies and conserva-
tion strategies evoke the idea of resilience without consid-
eration of any quantifiable measure therein. Attempts have 
been made to develop quantifiable measures of resilience. 
Ives  (1995) developed a method for estimating resilience 
of stochastic environments based on relationships between 
the population growth rates of species within a community. 
Indicators based on critical slowing down, the tendency of 
a system to recover more slowly from a disturbance as it ap-
proaches a tipping point, have been linked to the probability 
of community collapse and the timing of species extinction 
(Dakos and Bascompte 2014). Scheffer et al. (2015) also rec-
ommended the use of critical slowing down based metrics 
as an indication of ecological resilience but also endorsed 
using long time series data or satellite imagery to character-
ize alternative ecological states. Other researchers suggested 
that no one metric can capture the resilience of a popula-
tion, but the aspects of a population that drive its resilience 
can be measured and defined (Hodgson et al. 2015). Based 
on this idea, Capdevila et al. (2020) laid out a framework for 
estimating demographic resilience based on a suite of met-
rics associated with a population's transient dynamics.

Transient dynamics describe a population's departure 
from its stable state following a disturbance and processes 
driving its return to the stable state (Stott et al. 2011). The 
metrics calculated to describe the transient dynamics of a 
population fall into four groups: three based on the aspects of 
resilience, compensation, resistance, and recovery time and 
one that acts as a combination of resilience and compensa-
tion, transient envelope (Capdevila et al. 2020). Three metrics 
are used for each compensation and resistance and are asso-
ciated with how a population reacts to a disturbance in the 
first time step, the maximum displacement of a population 
during the transient period, and the long-term displacement 
of a population after the transient period. For compensa-
tion, these metrics are reactivity, maximum amplification, 
and amplification inertia, respectively. For resistance, they 
are first-step attenuation, maximum attenuation, and at-
tenuation inertia, respectively. Transient envelope metrics 
represent a population's overall response to disturbance and 
are a combination of compensation and resistance metrics. 
Two metrics are used to describe a population's transient 

envelope: reactivity envelope and inertia envelope. These 
can be thought of as a population's immediate and long-term 
response to a disturbance, respectively. Finally, two met-
rics are calculated for recovery time: convergence time and 
damping ratio. These metrics are similar and differ mostly 
regarding unit. Convergence time is time stamped and can 
provide managers with estimates of how long it will take a 
population to recover, while damping ratio is unitless and 
thus useful for comparing resilience among populations or 
species with different generation times. While the aforemen-
tioned techniques are used to define ecological resilience at 
the community or ecosystem level, the framework proposed 
by Capdevila et al. (2020) can provide insight to demographic 
resilience at the population level.

Genetic indices have also been used to evaluate the 
resilience of a population. Using genetic parameters, in-
sights into connectivity and isolation dynamics among 
subpopulations (Lowe and Allendorf  2010), popula-
tion persistence (Lande and Shannon  1996), and evolu-
tionary potential (Frankham et  al.  1999) can be gained. 
Interconnectivity between spatially structured metapop-
ulations has been linked to population resilience due to 
several processes. Hypotheses such as the rescue effect 
and propagule rain describe how immigration from sur-
rounding populations can reduce the risk of localized 
extinctions (Gotelli  1991). A lack of genetic diversity in 
a population can impact its fitness through inbreeding 
depression and reduction of adaptive ability (Markert 
et  al.  2010). Minimum viable population size has been 
assessed using effective population size based on genetic 
indices, with a general rule of thumb being an effective 
population size of 50 to avoid inbreeding depression and 
500 to ensure maintenance of evolutionary potential 
(Jamieson and Allendorf 2012). Given the links observed 
between genetic indices and population resilience, a con-
nection between these indices and demographic resil-
ience metrics based on transient dynamics may also exist.

Populations of stream-dwelling eastern Brook 
Trout Salvelinus fontinalis often experience distur-
bances, largely from sources such as increasing water 

Impact statement

Understanding the ability of a population to re-
spond to disturbance, its resilience, is incredibly 
important in ecology and fisheries management. 
Many factors go into resilience, and this study ex-
plores how genetics can affect resilience in east-
ern Brook Trout populations and why genetics 
alone might not tell the whole story of a popula-
tion's resilience.
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temperature, land-use changes, competition with in-
troduced salmonids, sedimentation, and other stressors 
(Hudy et al. 2005). It has been estimated that Brook Trout 
populations have been extirpated from 28% of previously 
occupied subwatersheds, with 35% of subwatersheds 
having less than 50% of Brook Trout habitat intact (Hudy 
et al. 2008). Previous genetic analyses of lotic Brook Trout 
populations have found variability in levels of gene flow 
between spatially structured populations. In a Virginia 
watershed, pronounced fragmentation was observed be-
tween populations, with smaller patches having lower 
genetic diversity and higher risk of extinction (Whiteley 
et al. 2013). Kelson et al. (2015) observed connectivity be-
tween below-barrier populations, but populations above 
natural barriers showed little evidence of gene flow with 
below-barrier populations. Other environmental factors, 
such as temperature, stream gradient, and the presence of 
tributaries, have also been associated with the magnitude 
of gene flow (Kanno et  al.  2011b). A simulation study 
found that gene flow could occur at the watershed scale 
but would be limited by watershed development (Nathan 
et al. 2019). For isolated populations, evidence of genetic 
rescue has been observed when individuals from a high-
diversity population were introduced into a low-diversity, 
above-barrier population (Robinson et al. 2017). Barrier 
removal has also been found to be effective in recon-
necting populations with migrants present in previously 
isolated populations in the first year following barrier 
removal (Wood et al. 2018). Given the previously stated 
relationships between connectivity and resilience, there 
likely exists a spectrum of resilience among Brook Trout 
populations that can be detected using genetic data. 
Therefore, our objectives were to investigate the potential 
relationships between indices of population genetics and 
demographic resilience. Using long-term ecological mon-
itoring data, we aimed to estimate population resilience 
metrics. These metrics were then related to genetic mea-
sures associated with those populations.

METHODS

Study area

Brook Trout genetic samples and demographic data were 
collected from 23 headwater streams in eastern West 
Virginia (Figure 1). These streams stratified across six 10-
digit hydrologic unit code (HUC10) watersheds, each con-
taining between one and eight streams (Table 1). Fifteen 
of the study streams were located on the Monongahela 
National Forest, while the remaining eight were located 
on adjacent private commercial forest lands largely used as 
private hunting leases and for timber harvest. This region 

of West Virginia is dominated by maple–beech–birch and 
oak–hickory forests, but some spruce–fir forests are also 
present (Morin et al. 2016). The study streams ranged in 
elevation from 613 to 1129 m, in drainage area from 1.7 to 
18.7 km2, and in stream order from 1 to 3.

Environmental covariates associated with these sites 
were calculated in ArcGIS using remotely sensed data. 
Covariates included mean slope (%), mean elevation, flow 
accumulation difference, and drainage area. Slope was cal-
culated as the percent rise. Mean elevation was calculated 
as the mean evaluation across all stream points. Flow ac-
cumulation difference was calculated using the flow accu-
mulation tool in ArcMap. Drainage area was measured as 
the area drained by each study stream. Distance to conflu-
ence was also calculated in ArcGIS and was defined as the 
distance from the middle sampling section to the conflu-
ence with the nearest third-order or higher stream.

Data collection

Brook Trout electrofishing surveys were conducted an-
nually during the Brook Trout spawning period (October 
to December) from 2003 to 2020 under annual scientific 
collection permits issued by the West Virginia Division 
of Natural Resources to the authors. Surveys were con-
ducted with triple-pass depletion using backpack elec-
trofishing methods on three 100-m sections (upstream, 
middle, and downstream) of each stream. Other species 
commonly occurring in the study systems included riffle 
daces Rhinichthys spp. and Mottled Sculpin Cottus bairdii. 
Sympatric populations of nonnative trouts, Rainbow Trout 
Oncorhynchus mykiss and Brown Trout Salmo trutta, were 
present in 8 of the 23 streams. The care and handling of 
all fish captured for this ongoing sampling is in accord-
ance with protocol 15-0506 approved by the West Virginia 
University Institutional Animal Care and Use Committee. 
Brook Trout sampled during the electrofishing surveys 
were measured to the nearest millimeter, weighed to the 
nearest gram, and visually checked for sex identification. 
All fish sampled were held streamside in aerated stream 
water during subsequent electrofishing passes and re-
turned to the stream after the final pass. During fish sur-
veys in 2018, adipose fin clips were collected from up to 
10 adult (>100 mm) Brook Trout in each stream section, 
for a target sample size of 30 fin clips per stream. Adipose 
fin clips were stored in 95% ethanol until DNA extraction.

Genetic protocols

The Wizard SV-96 DNA purification system (Promega, 
Madison, Wisconsin) was used for genomic DNA extraction, 
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following manufacturer protocols. Extracted genomic 
DNA was quantified using spectrophotometry (NanaDrop, 
Wilmington, Delaware) and diluted to a 10 ng/μL standard 
concentration. There were 13 microsatellite loci defined 
by King et al. (2012) that were amplified using a PTC-200 
thermocycler (MJ Research, St. Bruno, Quebec) or a C1000 
thermocycler (Bio-Rad, Hercules, California). Also, 10-μL 
reactions were used, each consisting of 1 X Qiagen Multiplex 
PCR Master kit, 0.2 μM of fluorescently labeled forward 
primer, 0.2 μM of reverse primer, and 20 ng of DNA.

Two different amplification protocols were used, each 
for a set of loci. Loci set 1 consisted of SfoB52, SfoC79, 
SfoD100. SfoC24, SfoC28, SfoC115, and SfoC113, while loci 
set 2 consisted of SfoC86, SfoD91, SfoC38, SfoD100, SfoC88, 

and SfoC129. Loci set 1 was amplified with an initial heating 
to 94°C. Thirty-five subsequent cycles of 94°C (30 s), 56°C 
(30 s), and 72°C (45 s) were then performed with a final ex-
tension of 72°C for 10 min (King et al. 2012). The amplifica-
tion protocol used for loci set 2 began with an initial heating 
to 94°C. Fifteen subsequent cycles of 94°C (45 s), 60°C (45 s), 
with a decrease of 0.5°C per cycle, and 72°C (30 s) were then 
performed. Fifteen additional cycles were then performed 
of 94°C (45 s), 52°C (45 s), and 72°C (30 s) (King et al. 2012). 
Samples were then sent to the West Virginia University 
Genomics Core Facility (CTSI Grant U54 GM104942) for 
fragment analysis using a LIZ600 size standard. Allele peaks 
were identified and manually confirmed using GeneMarker 
Genotyping Software by SoftGenetics.

F I G U R E  1   Map of the study streams, with HUC10 watersheds outlined. The name of the stream associated with the stream numbers 
can be found in Table 1.
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Genetic data analysis

Possible null alleles were evaluated using the R package 
PopGenReport using the function null.all (Adamack and 
Gruber 2014). Deviations from Hardy–Weinberg equilib-
rium were tested using the hw.test function in the R pack-
age pegas (Paradis 2010) using a Monte Carlo procedure 
with 100,000 replicates. Significance was determined after 
a Bonferroni correction.

Population assignment was performed by assessing 
pairwise genetic differentiation (FST) between each stream 
sampled. Pairwise comparisons were only performed for 
streams within the same HUC10 watershed. Pairwise 
FST values were calculated using the program FSTAT 
version 2.9.3 (Goudet  2003). The most likely number of 
populations in a watershed was then assessed using the 
STRUCTURE software (Pritchard et al. 2000). The num-
ber of populations tested (K) for each watershed ranged 

from one to two more than the number of streams in 
that watershed to account for the potential of more pop-
ulations than sampling sites. The burn-in period and 
the number of Monte Carlo iterations were both set to 
100,000. Ten replicate runs were performed for each value 
of K. The STRUCTURE results were then imported into 
STRUCTURE HARVESTER (Earl and vonHoldt 2012) to 
determine the mostly likely K value visually using the loge 
likelihood of the number of populations and ΔK (Evanno 
et al. 2005). When the most likely number of populations 
was greater than 1, these procedures were repeated on 
subsets of the data as determined by the original test until 
K was equal to 1 (Vähä et al. 2007).

Genetic diversity metrics within genetically defined 
populations were then calculated. Expected (He) and 
observed (Ho) heterozygosity were calculated in the R 
package adegenet (Jombart  2008). Effective population 
size (Ne) was estimated using the program NeEstimator 

T A B L E  1   Summary of study streams by genetically defined populations and HUC10 watershed. Stream numbers represent numbers in 
Figure 1.

Genetic population designation Stream number Study stream HUC10 HUC10 name

Cranberry 1 Little Branch 0505000502 Cranberry River

2 Sand (Red) 0505000502 Cranberry River

Clubhouse 3 Clubhouse 0505000301 Deer Creek–Greenbrier River

Lower Greenbrier 4 Block 0505000301 Deer Creek–Greenbrier River

5 Elleber 0505000301 Deer Creek–Greenbrier River

Upper Greenbrier 6 Poca 0505000301 Deer Creek–Greenbrier River

7 Lick 0505000301 Deer Creek–Greenbrier River

Elklick 8 Elklick 0502000404 Dry Fork

NF Red 9 North Fork Red 0502000404 Dry Fork

Long (MF) 10 Long (Middle Fork) 0502000102 Middle Fork River

Panthers 11 North Fork Panther 0502000102 Middle Fork River

12 Panther 0502000102 Middle Fork River

Schoolcraft 13 Schoolcraft 0502000102 Middle Fork River

Upper Middle Fork 14 Birch 0502000102 Middle Fork River

15 Light 0502000102 Middle Fork River

16 Rocky 0502000102 Middle Fork River

17 Sugar 0502000102 Middle Fork River

Brushy 18 Brushy 0207000101 North Fork South Branch Potomac 
River

Little Low Place 19 Little Low Place 0207000101 North Fork South Branch Potomac 
River

Long/Roaring 20 Long (Potomac) 0207000101 North Fork South Branch Potomac 
River

21 Roaring 0207000101 North Fork South Branch Potomac 
River

Whites 22 Whites 0207000101 North Fork South Branch Potomac 
River

Crooked 23 Crooked 0505000701 Upper Elk River
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version 2.1 (Do et al. 2014), with only alleles with frequen-
cies greater than 0.02 considered in the analysis. Rarefied 
allelic richness (Ar) was calculated using the function allel.
rich in the R package PopGenReport assuming a sample 
size of eight based on the lowest sample size per stream 
(Adamack and Gruber 2014). Mean relatedness (Queller 
and Goodnight 1989) was calculated using the Microsoft 
Excel add-in GenAlEx (Peakall and Smouse 2012) using 
999 permutations and bootstraps. Inbreeding coefficient 
(FIS) and population-specific FST were calculated using the 
basic.stats and betas functions in the R package hierfstat, 
respectively (Goudet and Jombart 2021).

Population projection matrix models

Brook Trout age-class was assigned using finite mixture 
models using the R package mixdist (Macdonald and 
Du 2018). Fish were assumed to only live to age 3 since 
previous research on the study streams found that Brook 
Trout ranged from age 0 to age 4, with fish rarely surviving 
to age 4 (Stolarski and Hartman 2008). A finite mixture 
model was constructed for each stream–year combina-
tion. A population projection matrix model was then con-
structed for each population as determined by the genetic 
structure analysis using the R package popdemo (Stott 
et al. 2021). Survival was estimated by following cohorts 
through time and was calculated as the density (Brook 
Trout per 100 m) of a cohort in a population for a given 
year divided by the density of the same cohort in the pre-
vious year. Using this method, 16 survival estimates were 
calculated for each of the three age-class transitions (age 
0–age 1, age 1–age 2, and age 2–age 3). In rare cases (12 out 
of 720) where calculated survival was greater than 1, the 
estimate was removed. A mean survival estimate for each 
age transition in each population was then calculated 
using these estimates. Fecundity estimates were obtained 
using the length–fecundity relationship in Wydoski and 
Cooper  (1966) corrected for metric measurements. The 
equation used was log(F) = 3.23 × log

(
LT

)
− 5.07, in 

which F is fecundity and LT is the total length of the female 
Brook Trout in millimeters. Mean fecundity for age-2 and 
age-3 Brook Trout was calculated for each population. Egg 
survival to age 0 was calculated for each cohort in each 
population using the total number of eggs produced per 
100 m based on the summed fecundity estimates of age-2 
and age-3 female Brook Trout sampled in a population 
divided by the density of age-0 Brook Trout sampled in 
the following year. Mean egg survival was then calculated 
for each population across years. These fecundity and 
egg survival estimations are simplified for the sake of the 
model, while other factors such as spawning habitat avail-
ability also play a role in reproductive output (Blanchfield 

and Ridgway 2005). A template of the parameters of the 
population projection matrix models can be found in the 
Appendix.

Population resilience metrics were then calculated 
based on the population projection matrix models follow-
ing the framework laid out in Capdevila et al. (2020). The 
equations used to calculate these metrics can be found in 
Table 2. Calculated metrics included reactivity, maximal 
population amplification, inertia amplification, first-step 
population attenuation, maximal population attenuation, 
long-term population attenuation, reactivity envelope, 
inertia envelope, damping ratio, and convergence time. 
Maximal population amplification always occurred in the 
first year after the disturbance in our models, so this met-
ric was always equal to reactivity and as such was not used 
in further analyses.

Statistical analysis

Partial redundancy analysis was used to evaluate relation-
ships between resilience metrics and genetic and environ-
mental variables using data from all 23 streams. Analyses 
were performed in the R package vegan (Oksanen 
et al. 2020). Drainage was used as a conditioning factor to 
partition out the variation attributed to drainage. Forward 
selection (α = 0.1) was used to select important variables 
from a set of candidate variables, including genetic covari-
ates conditioned on environmental covariates to partition 
out the variation associated with the environmental co-
variates. Genetic covariates included He, Ho, Ar, Ne, relat-
edness, FST, and FIS. Environmental covariates included 
elevation, drainage area, slope, distance to confluence, 
and flow accumulation difference. Variance inflation fac-
tor was used to evaluate collinearity of selected variables. 
Both covariance and correlation matrices of the response 
variables were used for redundancy analyses, and the per-
formance of the models was compared using adjusted R2 
values. The covariance matrix was created by Hellinger 
transforming the response variable matrix, while the 
correlation matrix was untransformed. Significance was 
evaluated using a global permutation test using 1000 per-
mutations and an alpha value of 0.05.

RESULTS

Across the 23 streams, a total of 506 individuals were 
successfully genotyped. Sample sizes per stream ranged 
from 8 to 32. In the 18-stream subset used for isolation 
by distance analysis, a total of 391 individuals were 
genotyped, with sample sizes ranging from 8 to 31 per 
stream. A total of 15 populations were designated based 
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on genetics, each containing between one and four 
streams (Table  1). No null alleles or significant devia-
tions from Hardy–Weinberg equilibrium were detected. 
Mean (SD) calculated values for genetic diversity met-
rics were Ho = 0.58 (0.08), He = 0.62 (0.08), Ar = 5.28 
(0.87), Ne = 95.71 (125.98), relatedness = −0.04 (0.02), 
FIS = 0.08 (0.07), and population-specific FST = 0.21 
(0.10) (Table 3). Mean pairwise FST values were similar 
by drainage. Watersheds with more than one pairwise 
comparison, the Greenbrier River, Middle Fork, and 
North Fork South Branch Potomac River watersheds, 
had mean (SD) FST values of 0.087 (0.042), 0.091 (0.044), 
and 0.092 (0.039), respectively. The Cranberry River and 
Dry Fork watersheds only contained two study streams 
and thus only had one pairwise comparison. The streams 
in the Cranberry watershed had an FST of 0.16, and the 

Dry Fork streams had an FST of 0.14. A summary of re-
motely sensed environmental covariates can be found 
in Table A.1.

Genetic differentiation was observed across all 
streams, generally associated with watershed desig-
nation. When all streams were run together, 11 was 
the most likely number of populations, where mean 
ln[P(K|D) = −2072.2]. Based on this global analysis, 
the Cranberry, Dry Fork, North Fork South Branch 
Potomac, and Upper Elk contained one population 
while the Greenbrier contained three and the Middle 
Fork contained four (Figure 2). When subsets of the data 
based on these populations were analyzed, genetic dif-
ferentiation was observed in four of the six watersheds 
sampled. Single populations were found in each the 
Upper Elk (Figure 3A) and Cranberry River (Figure 3B) 

T A B L E  2   Calculation of resilience metrics as recommended by Capdevila et al. (2020). Each metric was calculated using population 
projection matrix models for each of the 25 headwater streams sampled. Subscripts associated with ρ represent the time frame of a 
study. The number 1 indicates the first step, max and min are maximum and minimum amplication and attenuation, and ∞ is inertia. 
Equations terms are as follows: A = the population matrix model; Â = the standardized matrix population model, calculated as A/λmax; 
minCS = the minimum column sum of the matrix; v = the dominant left eigenvector, the reproductive value vector of A; w = the dominant 
right eigenvector, the stable demographic structure of A; λ1 = the dominant eigenvalue; λ2 = the largest subdominant eigenvalue; λmax = the 
dominant eigenvalue of A; and ρ = the transient bounds or damping ratio when distinguished with an overbar (amplification) or underbar 
(attenuation).

Resilience attribute Metric Calculation Interpretation

Compensation Reactivity ρ1 =
|||
|||Â

|||
|||1

The largest population density a population 
can achieve at the first time step following a 
disturbance

Max amplification
ρmax =max

t>0

(|||
|||
�A
t|||
|||1
)

The largest population density a population 
can achieve at any time step following a 
disturbance

Amplification inertia ρ∞ =
vmax||w||1

vTw
The largest long-term population density a 

population can achieve

Resistance First-step attenuation
ρ
1
=minCS

(
Â
)

The lowest possible population density a 
population can achieve in the first time step 
following a disturbance

Max attenuation
ρ
min

=min
t>0

(
minCS

(
�A
t
))

The lowest population density a population 
can achieve at any time step following a 
disturbance

Attenuation inertia ρ
∞
=

vmin||w||1
vTw

The lowest long-term population density a 
population can achieve

Transient envelope Reactivity envelope |||
|||Â

|||
|||1∕minCS

(
Â
)

Lower values indicate a population that resists 
changes in density following disturbance

Inertia envelope vmax||w||1
vTw

∕
vmin||w||1

vTw
Higher values indicate greater displacement 

from its initial stable state in the long term

Recovery time Damping ratio ρ = λ1∕
||||λ2|||| Dimensionless measure of time to convergence 

to a stable state. Smaller values represent 
slower convergence

Convergence time tx = log(ρ)∕ log(x) Time-stamped measure of the time required 
for a population to converge to a stable 
state. Smaller values represent quicker 
convergence
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watersheds. The Upper Elk watershed only contained 
one study stream and the Cranberry only contained two, 
which were close in proximity (distance between mid-
dle sampling section = 1531 m). All other watersheds 
contained more than one population. Two populations 
were observed in the Dry Fork watershed, each popula-
tion corresponding to a study stream (Figure  3C). The 
Greenbrier watershed had three separate populations, 
Upper Greenbrier containing Poca and Lick runs, Lower 

Greenbrier containing Block and Elleber runs, and a 
population containing only Clubhouse Run (Figure 3D). 
Four populations were observed in the Middle Fork wa-
tershed. The populations defined in the Middle Fork wa-
tershed included Upper Middle Fork (Birch Run, Light 
Run, Rocky Run, and Sugar Drain), Panthers (Panther 
and North Fork Panther runs), a Long (Middle Fork) 
Run population, and a Schoolcraft Run population 
(Figure  3E). Four populations were also detected in 

T A B L E  3   Summary of genetic indices calculated for headwater Brook Trout populations in central Appalachia.

Population Ho He Ar Ne Relatedness FIS FST

Cranberry 0.63 0.67 6.46 54.90 −0.03 0.07 0.16

Clubhouse 0.54 0.54 5.77 39.00 −0.04 0.01 0.32

Lower Greenbrier 0.44 0.50 4.89 46.30 −0.05 0.14 0.37

Upper Greenbrier 0.56 0.68 6.01 46.30 −0.03 0.18 0.14

Elklick 0.70 0.67 5.04 35.70 −0.04 −0.03 0.14

NF Red 0.63 0.67 5.91 38.50 −0.05 0.10 0.14

Long (MF) 0.69 0.70 5.79 30.00 −0.07 0.05 0.09

Panthers 0.51 0.55 4.91 37.40 −0.03 0.06 0.30

Schoolcraft 0.47 0.49 3.34 43.00 −0.04 0.07 0.37

Upper Middle Fork 0.56 0.62 5.63 161.20 −0.02 0.11 0.22

Brushy 0.63 0.64 4.97 483.00 −0.03 0.03 0.19

Little Low Place 0.70 0.74 6.53 168.90 −0.04 0.07 0.06

Long/Roaring 0.51 0.64 4.80 12.60 −0.08 0.23 0.17

Whites 0.59 0.64 5.20 196.30 −0.03 0.09 0.19

Crooked 0.48 0.48 3.99 25.50 −0.05 0.03 0.38

F I G U R E  2   A STRUCTURE plot based on all sample streams. The most likely number of populations based on the global analysis based 
on loge likelihood and change in ΔK (Evanno et al. 2005) was 11. The populations were largely differentiated based on watershed, but the 
Greenbrier and Middle Fork watersheds each contained more than one population. Subsets of the global data set were analyzed further for 
more fine-scale differentiation.
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      |  543BROOK TROUT GENETIC RESILIENCE PREDICTORS

F I G U R E  3   Multiple STRUCTURE plots used to designate headwater Brook Trout populations within each watershed evaluated in 
the long-term Brook Trout monitoring project. Each plot represents the most likely number of populations in the watershed based on loge 
likelihood and change in ΔK (Evanno et al. 2005). The watersheds represented in this study include (A) Upper Elk River, (B) Cranberry 
River, (C) Dry Fork, (D) Greenbrier River, (E) Middle Fork, and (F) North Fork South Branch (NFSB) Potomac River.
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544  |      SCHWINGHAMER et al.

the North Fork South Branch Potomac watershed and 
included Brushy Run, Little Low Place (Vance Run), 
Long/Roaring (Long [Seneca] and Roaring runs), and 
Whites Run (Figure 3F).

Resilience metrics were calculated for each of the 15 ge-
netically identified populations (Table 4). For all models, 
maximum amplification occurred in the first time step, so 
reactivity and maximum amplification were always equal. 
Mean (SD) for each of the resilience metrics was reactivity 
or maximum amplification = 14.08 (5.52), amplification 
inertia = 6.67 (2.31), first-step attenuation = 0.31 (0.05), 
maximum attenuation = 0.13 (0.04), attenuation iner-
tia = 0.48 (0.03), reactivity envelope = 48.14 (24.23), inertia 
envelope = 129.63 (82.15), damping ratio = 1.11 (0.04), and 
convergence time = 59.17 (27.97).

Forward selection procedure indicated that population-
specific FST, FIS, Ar, and Ne were important variables in 
predicting resilience metrics. No collinearity was observed 
between these variables since all variance inflation factors 
were <10. The redundancy analysis (RDA) using the cor-
relation matrix (untransformed response variables; ad-
justed R2 = 0.832) performed better than the model using 
the covariance matrix (Hellinger-transformed response 
variables; adjusted R2 = 0.469). Variance partitioning pro-
cedures on the correlation RDA indicated that drainage 
described 69.7% of the variation in the resilience metrics 
by population, while genetic variables described 13.5%, 
and 0% of the variance was described by both drainage 
and genetic variables combined. The overall adjusted R2 
for the partial RDA was 0.832 (Figure 4). The global per-
mutations test indicated that the strength of the linear re-
lationships between resilience and genetic variables was 
significant (p = 0.042). Axis-specific eigenvalues, propor-
tion of variance explained, and cumulative proportion of 
variance explained can be found in Table 5, and the results 
from the forward selection procedure are found in Table 6.

The results of the partial RDA indicated that FIS was 
correlated with higher levels of maximum attenuation and 
negatively associated with reactivity envelope. Population-
specific FST was correlated with higher levels of first-step 
attenuation, a metric of resistance, and negatively cor-
related with reactivity envelope metrics, especially reac-
tivity envelope. Rarefied allelic richness was found to have 
a negative relationship with maximum attenuation and a 
positive relationship with reactivity envelope. Effective 
population size was correlated positively with long-term 
attenuation and negatively with convergence time.

DISCUSSION

Genetic factors appear to be related to population resilience 
metrics in our study systems. Inbreeding coefficient (FIS), 

population-specific FST, rarefied allelic richness, and effec-
tive population size were all correlated with resilience in our 
populations. Inbreeding coefficient and population-specific 
FST were found to be positively associated with resistance 
metrics, specifically maximum and first-step attenuation, 
respectively. Maximum attenuation describes the lowest 
population density that can be reached following a distur-
bance and can be seen as a measure of overall resistance to 
disturbance, and first-step attenuation describes the lowest 
density a population can achieve in the first time step fol-
lowing a disturbance (Capdevila et al. 2020). Conversely, 
negative relationships between FIS and FST with reactivity 
envelope were observed. Reactivity envelope describes how 
a population responds in the short term to a disturbance 
by changes in abundance, with lower values representing 
higher resistance to change (Capdevila et  al.  2020). The 
negative relationship we observed between FIS and FST and 
the reactivity envelope metric would support that higher FIS 
and FST result in greater resistance to change. High levels of 
inbreeding and isolation could be a consequence of popu-
lation fragmentation (Beer et al. 2019). Brook Trout pop-
ulations have been observed to respond to isolation with 
high juvenile survival and faster generation times (Letcher 
et  al.  2007) potentially accounting for the positive rela-
tionship we observed between FIS and FST and resistance 
metrics. While a positive relationship between isolation 
or inbreeding and resistance may seem counterintuitive, 
previous studies have found that populations with longer 
generation times are less resistant to disturbance (Neilson 
et al. 2020; Capdevila et al. 2021). Additionally, high sur-
vival rates have also been linked to high demographic re-
sistance (Buckley and Puy 2022).

Rarefied allelic richness was positively associated with 
reactivity envelope and negatively associated with maxi-
mum attenuation. In dendritic networks such as stream 
systems, Ar has been linked to connectivity between pop-
ulations, with high Ar being associated with more con-
nected populations (Paz-Vinas and Blanchet  2015). This 
result further illustrates relationships we previously dis-
cussed between isolation and high resilience, specifically 
resistance. These relationships may be driven by the in-
verse of the relationships between FIS and demographic 
resistance. High levels of connectivity among Brook Trout 
populations may result in lower juvenile survival and 
longer generation times (Letcher et al. 2007), which may 
result in lower resistance (Neilson et al. 2020; Capdevila 
et al. 2021; Buckley and Puy 2022). Rescue effects associ-
ated with connectivity could mitigate some of the negative 
effects associated with low demographic resistance though 
through lower extinction probability (Gotelli 1991).

Effective population size was found to have a positive 
relationship with long-term attenuation and a negative 
relationship with first-step attenuation. Large effective 
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population sizes can indicate that populations are more 
stable over time in terms of abundance and have a more 
balanced breeding sex ratio (Caballero  1994). These re-
sults would suggest that populations with high Ne are 

resistant to long-term fluctuations while being susceptible 
to short-term fluctuations. Stream-dwelling Brook Trout 
populations have been observed to have highly fluctuating 
abundances (Kanno et  al.  2016; Andrew et  al.  2022) and 
have a nearly 1:1 breeding sex ratio (Kanno et al. 2011a). 
In our study streams, Brook Trout populations have been 
observed to experience >60% reductions in abundance 
due to environmental factors such as drought disturbance 
(Hakala and Hartman 2004). Some populations within our 
study systems have been observed to respond to distur-
bances differently than what is observed in the majority 
of the streams due primarily to demographic and habitat 
factors (Andrew 2018). Since Brook Trout populations, in-
cluding our study populations, fluctuate naturally, the Ne 
of our populations may be largely driven by long-term sta-
bility and gene flow rather than short-term stability. This 
relationship is reflected in the positive correlation observed 
between Ne and long-term attenuation. Effective popula-
tion size has been linked to population viability both in the 
short term (mitigating inbreeding depression) and in the 
long term (maintaining evolutionary potential) (Frankham 
et al. 2014). Long-term attenuation describes a population's 
ability to resist long-term decreases in population density 
following a disturbance (Capdevila et al. 2020). Intuitively 
then, this resilience attribute would be predicted to be posi-
tively correlated with Ne, illustrating how population stabil-
ity may impact demographic resilience.

Our data show trends that would be consistent with 
what would be predicted by Letcher et al.  (2007). There 
was a negative trend between population-specific FST 
and mean length and a positive relationship between 
population-specific FST and age-0 survival probability, but 
neither of these relationships was statistically significant. 
As stated above, Letcher et al. (2007) found that isolated 
populations have smaller average body sizes and higher 
juvenile survival, both of which can result in higher pop-
ulation resilience as derived from demographic rates. 
Additional effort into looking at these relationships is 
likely warranted though since our sample sizes were low, 
only 15 populations, and the relationships were not strong.

While this study focused on genetic factors, it is also 
clear that other factors also play a role in determining popu-
lation resilience. Drainage level covariates explained a large 
amount of the variation observed in population resilience. 
Factors such as presence of nonnative salmonids (Budy 
et al. 2020), harvest characteristics (Clarke et al. 2022), and 
habitat condition (Murphy et al. 2020) have also been linked 
to population resilience. These factors are also likely con-
tributing to resilience in the study populations as well, and 
this variation would be contained within the partitioned 
variation of the redundancy analysis.

Understanding the factors that result in high resil-
ience in Brook Trout populations appears to require the 

F I G U R E  4   Distance triplot displaying weighted species 
sums of a partial redundancy analysis (RDA) of resilience metrics 
and genetic variables associated with headwater Brook Trout 
populations in central Appalachia. Circles represent genetically 
assigned Brook Trout populations, with colors representing 
different HUC10 watersheds (NFSB = North Fork South Branch). 
Gray text represents resilience metrics, and black arrows and black 
text represent vectors associated with genetic diversity indices.

T A B L E  5   Summary of statistical results of the redundancy 
analysis (RDA) performed relating resilience metrics to genetic 
and environmental indices associated with headwater Brook 
Trout populations. Eigenvalues represent the importance of the 
individual axes. Proportion variation explained is the percentage 
of the total variance explained by each individual axis, and 
cumulative proportion represents the cumulative proportion of the 
variance explained by that axis and more important axes.

Importance of components RDA1 RDA2 RDA3

Eigenvalue 1.364 0.306 0.142

Proportion variance explained 0.752 0.169 0.078

Cumulative proportion 0.752 0.921 0.999

T A B L E  6   Statistical results of the RDA performed relating 
resilience metrics to genetic and environmental indices associated 
with headwater Brook Trout populations, showing the results from 
the forward selection procedure.

Variable df F p

FST 1 3.11 0.04

FIS 1 2.14 0.08

Ar 1 1.09 0.09

Ne 1 1.01 0.09

Ho 1 0.77 0.45

He 1 0.66 0.61
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consideration of many variables. Genetic measures were 
good predictors of resilience in this study. While several 
factors were found to contribute to resilience, a general 
pattern of connectivity associated with resilience was ob-
served. Metrics indicative of connectivity between popu-
lations (FIS, Ar, and FST) were generally good predictors 
of population resilience metrics. Effective population 
size, Ne, was also an important variable and is another 
possible indicator of connectivity or isolation gradients. 
Connectivity between populations has been linked to 
higher resilience and persistence capabilities in stream-
dwelling fishes (Campbell et al. 2019). Our data seem to 
contradict these hypotheses. While our results suggest that 
resilience is higher in more isolated systems based on their 
demographics, isolated populations are more prone to lo-
calized extinctions (Van Schmidt and Beissinger  2020). 
Given these concerns, it is possible that the resilience 
we have observed in isolated streams is a negative conse-
quence of isolation as populations demographically adjust 
to survive less desirable conditions. As such, other factors 
beyond simply population demographic resilience should 
be accounted for when managing Brook Trout popula-
tions. In another West Virginia watershed, barrier removal 
projects have proven successful in rapidly connecting pre-
viously disconnected populations, opening up the possi-
bility of rescue effects from potential extinction events 
(Wood et  al.  2018). When barriers to movement do not 
exist, Brook Trout populations within headwater streams 
in central Appalachia likely display high levels of connec-
tivity. Studies of other stream-dwelling salmonids suggest 
that high connectivity results in higher population resil-
ience (Neville et al. 2009; Campbell et al. 2019), while our 
results suggest that population dynamics resulting from 
isolation result in higher demographic resilience, likely at 
the expense of other desirable population traits. Given the 
evidence we present in the light of other literature, fully 
understanding a population's connectivity and isolation 
dynamics and population demographics can help to pro-
vide a more complete picture of the resilience of that pop-
ulation. As such, genetic data or demographic data alone 
may not tell the entire story of a population's resilience, 
and it may be necessary to consider both when evaluating 
population resilience.
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APPENDIX: Population Project  Matrix 
Models 
Population projection matrix model framework was used 
to evaluate population resilience of headwater Brook 
Trout populations:

where F represents age-class-based fecundity estimates 
calculated using the length–fecundity relationship from 
Wydoski and Cooper (1966): log(F) = 3.23 × log

(
LT

)
− 5.07, 	

where LT represents stream-specific mean total length at 
age of Brook Trout sampled across the entire time span 
(2003–2019) of the long-term Brook Trout monitoring 
study. The term S represents survival of Brook Trout as 
they transition between age-classes. For example, Sage-0 
represents the proportion of young of the year (age-0) 
Brook Trout that will survive and transition to age 1. 
Survival was estimated by following cohorts within a 
stream across time. Survival (Sage) was calculated by di-
viding the density per 100 m of a cohort in a year by the 
density per 100 m of the same cohort in the previous year, 
e.g., 

(
Catch1[t]
Catch0[t−1]

)
. Egg survival (Segg) was calculated by divid-

ing estimated total population fecundity by the number of 
young of year caught in the following year, 

(
FTot[t−1]

Catch0[t]

)
. Total 

population fecundity was calculated by taking the sum of 
the estimated fecundity of all of the age-2 and age-3 fish 
sampled in a stream in a year. Population projection ma-
trix models were executed using package popdemo in R 
(Stott et al. 2021) (Table A.1).

⎡
⎢
⎢
⎢
⎢⎣

0 0 F2×Segg F3×Segg

Sage−0 0 0 0

0 S1 0 0

0 0 S2 0

⎤
⎥
⎥
⎥
⎥⎦

,

T A B L E  A . 1   Remotely sensed covariates from headwater Brook Trout populations in the study streams in central Appalachia.

Population
Drainage area 

(km2) Slope (%)
Mean elevation 

(m)
Distance to 
confluence

Flow accumulation 
difference

Cranberry 3.27 5.45 1070.00 40.00 25.37

Clubhouse 8.09 7.80 955.00 194.00 28.30

Lower Greenbrier 6.46 13.90 1076.00 127.50 11.69

Upper Greenbrier 2.56 11.45 1013.50 38.00 5.32

Elklick 13.65 18.10 613.00 636.00 1.32

North Fork Red 13.89 13.10 942.00 3016.00 4.82

Long (Middle Fork) 7.65 7.50 695.00 3476.00 8.41

Panthers 4.56 10.80 757.50 30.00 4.57

Schoolcraft 7.94 17.00 736.00 668.00 51.26

Upper Middle Fork 5.34 7.15 827.75 604.50 10.01

Brushy 18.65 6.40 697.00 3803.00 10.19

Little Low Place 5.51 13.20 970.00 35.00 2.46

Long/Roaring 9.93 10.20 762.00 130.00 10.00

Whites 12.80 10.90 728.00 222.00 27.27

Crooked 8.36 5.40 1020.00 2378.00 8.36
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