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Abstract 

Comparative Evaluation of Effective Population Size Genetic Estimation 
Methods in Wild Brook Trout (Salvelinus fontinalis) Populations  

 

Mohammed Alshamlih 

Effective population size (Ne) is a key concept in population genetics, evolutionary 

biology and conservation biology that describes an important facet of genetic diversity and the 

capacity of populations to respond to future evolutionary pressures. The importance of Ne in 

management and conservation of wild populations encouraged the development of numerous 

genetic estimators which rely on a variety of methods. Despite the number and diversity of 

available Ne methods, however, tests of estimator performance have largely relied on 

simulations, with relatively few tests based on empirical data. I used well-studied wild 

populations of brook trout (Salvelinus fontinalis) in Algonquin Park, Ontario as a model system 

to assess the comparative performance of multiple Ne estimation methods and programs, 

comparing the resultant Ne estimates against demographic population size estimates.   

As a first step, the genetic diversity and ancestry of wild brook trout populations was 

determined using 14 microsatellite loci. Genetic structure of brook trout populations showed 

variable contributions from historical supplemental stocking and also identified localized gene 

pools within and between watersheds, reflecting variable levels of connectivity and gene flow. 

Once the genetic ancestry and connectivity of populations had been resolved, single sample 

(point) and two samples (temporal) genetic estimators were used to estimate Ne of populations 

with pure native ancestry. Values obtained from genetic estimators utilizing both methods were 

variable within as well as among populations. Single sample (point) estimators were variable 
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within individual populations, but substantially less than was observed among the temporal 

methods. The ratios of Ne to the estimated demographic population size (N) in small populations 

were substantially higher than in larger populations. Variation among estimates obtained from 

the different methods reflects varying assumptions that underlay the estimation algorithms. This 

research further investigated the effect of sampling effort and number of microsatellite loci used 

on Ne values obtained using the linkage disequilibrium (LD) estimation method.  Ne estimates 

varied substantially among values generated from subsets of loci and genotyped individuals, 

highlighting the necessity for proper sampling design for efforts aiming to measure Ne.  Despite 

the variation observed among and within estimation methods, the Ne concept is a valuable for the 

conservation and management of both exploited and endangered species.   

 



iv 
 

Acknowledgment 

 First and foremost I would like to thank Allah for the perseverance and blessings that he 

has bestowed upon me throughout my studies.   

  I would like to also thank my supervisor Dr. Chris Wilson for adopting me, supporting, 

and providing me with the opportunity to undertake research in the field of molecular ecology. 

Additionally, I would also like to thank Dr. Joanna Freeland and Dr. Chris Kyle, from my Ph.D. 

committee for their role in turning this endeavor into a Ph.D. thesis; Joanna's support and 

directions were particularly invaluable. I would like to thank Dr. Erica Nol for the initial 

acceptance into the Ph.D. program that provided me with the opportunity to pursue my dream of 

higher education. 

 I would like to thank May, for her patience and support and long hours of listening. 

Ismail, Ibraheem and Maryam; your smiles in the morning were the only reason to cope with the 

Ph.D. roller coaster and finally write a thesis, yes an entire thesis. To my Mom and Dad, for their 

daily blessings and support from thousands of miles away.  

 The Algonquin Fisheries Assessment Unit and the Harkness Research Facility of the 

Ontario Ministry of Natural Resources provided samples and biological expertise for this 

research. Glenn Forward and Brad Steinberg provided samples and their help in planning field 

work. Thank to Cindy Chu, Jenni McDermid, Kristyne Wozney, Anne Kidd, Brock Sloan, Fritz 

Fischer, and Ryan Hill for their support in the lab and field work. Matt Harnden provided 

invaluable programming support for the data analyses presented in Chapter 4.



v 
 

Table of Contents 

Comparative Evaluation of Effective Population Size Genetic Estimation Methods in Wild 
Brook Trout (Salvelinus fontinalis) Populations.............................................................................. i 

Abstract ........................................................................................................................................... ii 

Acknowledgment ........................................................................................................................... iv 

Table of Contents ............................................................................................................................ v 

Tables ........................................................................................................................................... viii 

Figures............................................................................................................................................ xi 

Chapter 1: General Introduction ..................................................................................................... 1 

Chapter 2: Variable Introgression from Supplemental Stocking: Effects on Genetic Structure and 
Diversity of Wild Brook Trout Populations .................................................................................. 20 

Abstract ..................................................................................................................................... 21 

Introduction ............................................................................................................................... 22 

Methods ..................................................................................................................................... 25 

Sampling ................................................................................................................................ 25 

Data Collection ...................................................................................................................... 26 

Genetic Analysis .................................................................................................................... 27 

Population Genetic Structure ................................................................................................. 28 

Admixture Analysis ............................................................................................................... 29 

Results ....................................................................................................................................... 30 

Genetic diversity .................................................................................................................... 30 

Stocking contributions (Ancestry) ......................................................................................... 32 

Discussion ................................................................................................................................. 37 

Genetic diversity .................................................................................................................... 37 

Stocking contributions ........................................................................................................... 39 

Native genetic structure ......................................................................................................... 42 



vi 
 

Limitations and Conservation Implications ........................................................................... 43 

References ................................................................................................................................. 45 

Chapter 3: Comparative Evaluation of Point and Temporal Genetic Effective Population Sizes 
Estimators in Brook Trout Populations......................................................................................... 71 

Abstract ..................................................................................................................................... 72 

Introduction ............................................................................................................................... 74 

Methods ..................................................................................................................................... 82 

Study Populations .................................................................................................................. 82 

Samples and Census Data ...................................................................................................... 82 

Genetic Data .......................................................................................................................... 83 

Genetic Diversity Analysis .................................................................................................... 84 

Genetic Method Assumptions ............................................................................................... 84 

Point Estimators ..................................................................................................................... 86 

Temporal Estimators.............................................................................................................. 88 

Ne/N ....................................................................................................................................... 91 

Ne estimator Correlations ....................................................................................................... 91 

Results ....................................................................................................................................... 91 

Point Estimates ...................................................................................................................... 92 

 Ne Temporal Estimates ......................................................................................................... 94 

 Ne/N ...................................................................................................................................... 95 

Discussion ................................................................................................................................. 96 

Point Estimates of Ne ............................................................................................................. 97 

Ne/N ..................................................................................................................................... 103 

Conservation Implications ................................................................................................... 104 

References ................................................................................................................................... 107 



vii 
 

Chapter 4: Effects of Numbers of Loci and Individuals on Values of Ne Estimates Calculated 
from Linkage Disequilibrium ..................................................................................................... 131 

Abstract ....................................................................................................................................... 132 

Introduction: ................................................................................................................................ 133 

Methods....................................................................................................................................... 136 

Samples ................................................................................................................................... 136 

Genetic Data: ........................................................................................................................... 136 

Analysis ................................................................................................................................... 137 

Results ......................................................................................................................................... 138 

Genetic Diversity..................................................................................................................... 138 

Number of Loci ....................................................................................................................... 139 

Number of Individuals ............................................................................................................ 140 

Discussion ................................................................................................................................... 142 

Chaper 5: General Conclusion .................................................................................................... 161 

References ............................................................................................................................... 168 

 



viii 
 

Tables: 
Table 2.1 Characteristics of sampled brook trout lakes including number of fish sampled (N), 
lake name abbreviations (Abb), sampling year, historical status [N=native (unstocked); 
S=stocked; H=hatchery broodstock], surface area (ha), total numbers of fish stocked, stocking 
period (years), location (Lat and Long), and maximum and mean depth in meters.  Lakes are 
sorted by size and stocking history within each watershed. Stocking superscript S and M indicate 
single and multiple stocking sources, respectively.  Lakes with “n/a” for numbers of stocked fish 
have no records of having ever been stocked (OMNR, unpubl. data). ......................................... 53 

Table 2.2 Genetic diversity measures of brook trout populations and hatchery strains, showing 
native (N) and stocked (S) populations, as well as single or multiple stocking sources (SS and SM, 
respectively). Genetic diversity was assessed using mean observed allelic richness across loci 
(A), standardized allelic richness for a sample size of 14 (Ar), expected and observed 
heterozygosity (He and Ho), and inbreeding coefficient (FIS). Asterisks indicate significant 
deviation from Hardy-Weinberg expectations at p<0.05 for heterozygosity deficit (*) or excess 
(**) after sequential Bonferroni correction. .................................................................................. 55 

Table 2.3 Analysis of molecular variance (AMOVA) results of the variation in genetic structure 
in a) all sampled native populations, b) native Oxtongue populations, c) native Petawawa 
populations, d) Petawawa SS populations, e) Madawaska SS populations, and f) Madawaska SM 
populations. ................................................................................................................................... 56 

Table 2.4 Average Q values of individuals admixture proportions of sampled lakes from 
potential population of origin estimated by ONCOR (Kalinowski et al. 2007) using Rannala and 
Mountain (1997), based on stocking sources (HL-H and N-H) and representative native 
populations (Dickson, Hogan, and Westward Lake). ................................................................... 57 

 

Table S2.1 History of hatchery and experimental stocking into sampled brook trout populations, 
showing stocking years, stocking sources, and number of fish stocked. Documented stocking 
sources were HL-H, N-H. ............................................................................................................. 63 

Table S2.2 Pairwise FST estimates among sampled wild brook trout populations and historical 
stocking (hatchery) sources. .......................................................................................................... 68 

 

Table 3.1 Summary of Ne estimators used in this study including limitations, assumptions and 
software and methodological references that were used for estimating the effective size of wild 
brook trout populations. .............................................................................................................. 120 



ix 
 

Table 3.2  Brook trout populations sampled in Algonquin Park, Ontario that were used to 
estimate Ne, showing lake name, sampling years for historical and contemporary sampling and 
number of genotyped individuals, as well as genetic diversity measures of standardized allelic 
richness (Ar), observed heterozygosity (Ho), and inbreeding coefficient (FIS). .......................... 121 

Table 3.3 Ne point estimates for seven brook trout populations in Algonquin Park, Ontario, using 
the linkage disequilibrium method LD (Waples 2006), heterozygosity excess method (Pudovkin 
et al. 1996) ONeSAMP (Tallmon et al. 2008), and Sibship (Wang 2009), with 95% confidence 
intervals for each estimate (rounded to the nearest integer) shown in bracketed italics. ............ 122 

Table 3.4 Pearson product moment correlation between Ne point estimators for empirical 
estimates from the study populations. Values marked with (*) were significant (p<0.05). ....... 123 

Table 3.5 Estimates of the temporal effective population size for brook trout populations in 
Algonquin Park, obtained using six temporal methods (see Methods for abbreviations). 95% 
confidence intervals are provided in brackets italics. ................................................................. 124 

Table 3.6  Pearson product moment correlation coefficients between the temporal effective 
population size estimates produced by the temporal methods in the study populations. Values 
marked with (*) were significant (p<0.05) ................................................................................. 125 

 

Table S3.1 Adult population size estimates of brook trout populations used in this study, 
estimates obtained using mark-recapture data (Quinn et al. 1994 and OMNR unpublished data)
..................................................................................................................................................... 129 

Table S3.2 Genetic sample size for year sampled in each population with maximum and 
minimum a priori expectations of Ne for ONeSAMP (Tallmon et al. 2008). Maximum a prior 
expectations were calculated according to the formula Nm-r /0.3 (Quinn et al. 1994). ............... 130 

 

Table 4.1 Number of studies using the LDNE program (Waples and Do 2008) to estimate Ne, as 
well as the number of microsatellite loci used in these studies (mean, range, and standard 
deviation). ................................................................................................................................... 153 

Table 4.2 Populations sampled used for estimating Ne using LDNE showing: adult estimated 
population sizes based on mark-recapture technique (Nm-r) (Quinn et al. 1994, OMNR 
unpublished data), sample sizes (number of genotyped individuals, n), standardized allelic 
richness: Ar, observed heterozygosity: Ho, inbreeding coefficient: FIS and Ne obtained utilized all 
genotypic data and sampled individuals using Sibship (Wang 2009) and ONeSAMP (Tallmon et 
al. 2008). ..................................................................................................................................... 154 



x 
 

Table 4.3 Percentages of Ne estimation failure (results with negative and infinite values) obtained 
with LDNE utilizing different numbers of loci and rare allele frequencies. P:Allele frequency 
values of 0.05, 0.02 and 0.01 represent critical levels of rare alleles to be include in estimating 
Ne, and Nm-r shows estimated adult population sizes based on mark recapture data (Quinn 1994, 
OMNR unpublished data). .......................................................................................................... 155 

Table 4.4  Percentages of negative or infinite Ne values obtained using the LD method in brook 
trout populations based on varying sample size (number of genotyped individuals) based on 100 
random subsets of 50%, 70%, and 90% of the collected genetic samples from each population, n 
is the genetic sample size, and Nm-r is estimated population size using mark-recapture method 
(Quinn et al. 1994, OMNR unpublished data). ........................................................................... 156 

 

 



xi 
 

Figures 
Figure 2.1 Map of Algonquin Park, Ontario, showing sampled brook trout lakes within the 
Petawawa (P), Madawaska (M), and Oxtongue River (O) watersheds. Abbreviations for sampled 
lakes are listed in Table 2.1. Inset map shows location of Algonquin Park in southeastern 
Ontario, Canada. ........................................................................................................................... 59 

Figure 2.2 Mean (± S.D.) values of pairwise genetic differentiation (FST) between sampled brook 
trout populations and historical stocking sources [Hills Lake strain (HL-H), Nipigon strain (N-
H)], grouped by watershed and putative ancestry (N, SS, SM). ..................................................... 60 

Figure 2.3  Neighbour-joining dendrogram of genetic distances (DCE) among brook trout 
populations based on 14 microsatellite loci. Bootstrap values are based on 5,000 permutations; 
only values > 50% are shown. Populations with stocking histories are indicated with superscripts 
(S); provincial hatchery strains (Hills Lake and Nipigon) are shown in bold italics. Population 
groupings with single lines indicate native groups within separate watersheds; double-line 
groupings show wild populations that cluster with hatchery strains. Circled populations grouped 
in a different watershed as an impact of stocking (e.g. Scott Lake (SCOT); Oxtongue watershed, 
grouped with introgressed Madawaska watershed populations and the Hills Lake hatchery 
strain). ........................................................................................................................................... 61 

Figure 2.4 Membership coefficients (Q) for individuals from sampled populations and hatchery 
strains estimated using STRUCTURE 2.3 for solutions of (a) K = 5 and (b) K = 9 genetic groups. 
Populations are presented in the same order listed in Table 2.1. Each vertical line represents the 
proportional membership coefficient for one individual.  The outcome of K =5 differentiated 
between three native groups [one in the Oxtongue River watershed (red) and two in the 
Petawawa River watershed (blue and green], as well as two external hatchery strains. (c) the 
solution for K=9 identified further structuring among both native and introgressed populations, 
with five native groups and four sets of admixed or entirely hatchery-derived populations. 
Populations underlined with a single line are native, dark single line are singly stocked (SS) and 
double lined are multiply stocked (SM). ........................................................................................ 62 

 

Figure S2.1 Estimated log probability, lne(Pr[X|K]), provided by STRUCTURE for models using 
K-values of 1–30.   ........................................................................................................................ 70 

 

Figure 3.1 Geographical location of Algonquin Park, Ontario, Canada, showing sampled brook 
trout populations. ........................................................................................................................ 126 



xii 
 

Figure 3.2 Ne/N of brook trout populations in the Park obtained using four point estimates 
methods. Nm-r was calculated using the available population size estimates using mark recapture 
data for the same time period of the genetic data. ...................................................................... 127 

Figure 3.3 Ne/N ratios for studied brook trout population for the study period based on temporal 
estimators of Ne, N was calculated using the available population size estimates using mark 
recapture data (Nm-r) for the same time period of the genetic data. ............................................ 128 

 

Figure 4.1 Range of Ne values estimated obtained using LDNE (Waples and Do 2008) method 
that were from different combinations of microsatellite loci at varying number of loci, using a 
minimum allele frequency threshold of 0.05. Values of Nm-r and n for each population show 
population size based available data using on mark-recapture (Quinn et al. 1994, OMNR 
unpublished data) and number of genetic samples for each lakes as listed in Table 4.2. ........... 157 

Figure 4.2 Arithmetic and harmonic means of Ne estimates obtained by LDNE (Waples and Do 
2008) at varying microsatellite loci numbers compared to Ne values obtained using ONeSAMP 
(Tallmon et al. 2008) and Sibship (Wang 2009) methods using the complete data set (utilizing all 
sampled individuals genotyped at 14 microsatellite loci). .......................................................... 158 

Figure 4.3 Range of Ne values obtained using LDNE (Waples and Do 2008) using 100 randomly-
sampled subsets of individuals at 50%, 70% and 90% of the original sample. Values of N Nm-r 
and n for each population show population size based available data using on mark-recapture 
(Quinn et al. 1994, OMNR unpublished data) and number of genetic samples for each lakes as 
listed in Table 4.2. ....................................................................................................................... 159 

Figure 4.4 Arithmetic and harmonic means Ne estimates obtained by LDNE (Waples and Do 
2008) at 100 subsets of each varying sample sizes to the Ne values obtained using ONeSAMP 
(Tallmon et al. 2008) and Sibship (Wang 2009) methods using the complete data set (all sampled 
individuals genotyped at 14 microsatellite loci). ........................................................................ 160 



1 
 

Chapter 1: General Introduction 

 

Genetic diversity is recognized as an important element in risk assessment and recovery 

measures of endangered species (Frankham et al. 2002), and is recognized by the International 

Union for Conservation of Nature  (IUCN) as one of the three fundamental biodiversity 

components needing protection (Groom et al. 2006). The International Convention on 

Biodiversity recognizes the importance of genetic diversity for adaptive and evolutionary 

potential of species and populations, as well as their viability (Laikre et al. 2009). Despite this, 

genetic biodiversity has largely been overlooked (Luikart et al. 2010), and the conservation 

status for most IUCN-listed species has largely been determined based on demographic 

parameters such as estimates of population size (Laikre et al. 2009). Many populations at risk 

exist in small numbers: Ellstrand and Elam (1993) studied 743 sensitive plant taxa and found that 

50% exist in populations of fewer than 100 individuals. Consequently, maintaining such small 

population size for several generations may lead to loss of genetic diversity and potentially 

threaten their long-term viability (Frankham et al. 2002). Reliance on census population size (Nc 

or N) for conservation decisions has also been criticized because population size often fails to 

reflect levels of genetic diversity (Frankham et al. 2002).  

Effective population size (Ne) is a key concept in population genetics, evolutionary 

biology, and conservation biology (Frankham 2005, Charlesworth 2009). Wright (1931, 1938) 

defined the effective population size as the size of an idealized population whose genetic 

characteristics are influenced by random processes (genetic drift) at the same rate as the 

population of interest. In the absence of selection, populations are vulnerable to loss of genetic 

variation that is not related to the population size (Nc) but theoretically inversely related to the 
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effective population size. Effective population size helps link the ideal to the real in order to 

understand a population`s genetic diversity and viability as well as potential inbreeding and the 

adaptive resources (Palstra and Ruzzante 2008). The main detrimental stochastic genetic 

processes that have the potential to affect wild populations, especially populations of 

conservation concern, are genetic drift and inbreeding and are linked to effective population size 

(Ewens 1982, Willi et al. 2006). Loss of allele diversity because of genetic drift is intensified in 

populations of small effective size (Lande 1988, Frankham 2005, 2010). Moreover, populations 

of small effective size have a high probability of increased inbreeding, thereby leading to 

increasing level of homozygosity, and potentially inbreeding depression which reduces fitness 

(Hedrick and Kalinowski 2000, Wang et al. 2002, Spielman et al. 2004, Frankham 2010, Traill et 

al. 2010).  

The idea of effective population size has multiple perspectives and interpretations in 

terms of temporal and spatial scale (Wang 2005). Different concepts of Ne can reflect different 

time frames: contemporary Ne assesses current and recent generations, historical Ne reflects tens 

to thousands of generations, and evolutionary Ne indicates genetic resources over thousands of 

generations or more (Schwartz et al. 1998, Wang 2005, Waples 2005, Palstra and Ruzzante 

2008). Of these, contemporary Ne is generally the most important for conservation biology 

(Palstra and Ruzzante 2008). Historical and evolutionary Ne are hard to measure reliably, 

whereas contemporary Ne estimates are much simpler to estimate (Wang 2005, Waples 2005). 

Although several effective population size concepts have been introduced in the literature 

relating to contemporary Ne, literature discussions have primarily focused on the variance and 

the inbreeding Ne estimators (Luikart et al. 2010). The inbreeding effective population size is 

related to the increase in the inbreeding level reflecting the effective population size of the 
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parental population (Ewens 1982), whereas the variance effective population size is related to 

changes of alleles frequencies estimating the effective size of the offspring generation (Ewens 

1982). Despite the difference in conceptual underpinning between the variance and the 

inbreeding Ne, both have identical values in populations of constant effective population size 

(Nunney 1993).  

Contemporary effective population size can be estimated either directly from 

demographic data, or indirectly from various genetic parameters (Schwartz et al. 1998, Waples 

2002a, Wang 2005). An ideal Fisher-Wright population has equal numbers of reproducing males 

and females with either equal contributions or family size with mean and variance of two, and 

constant population size in a closed population, resulting in Ne equal to adult Nc (Crow and 

Kimura 1970). In the wild, populations will often deviate from these ideal characteristics, 

generally causing the Ne/N ratio to be lower than one (Frankham 1995, Ardren and Kapuscinski 

2003, Shrimpton and Heath 2003). Demographic Ne can be estimated for the deviation from 

male:female ratio of one, number of males and females, fluctuation in population size, and 

skewed family sizes (Crow and Kimura 1970). Particular challenges for generating demographic 

Ne estimates are obtaining a full census of reproductive adults and quantifying lifetime 

contribution of individuals to the next generation (Frankham 1995). In wild populations, 

therefore, it is difficult to accurately estimate the demographic effective population size, as it is 

nearly impossible to precisely measure all the demographic variations (Waples 2002b, 2005).  

Advances in population genetics and molecular methods over the recent decades and the 

difficulty of estimating demographic Ne have motivated the development of several indirect 

genetic estimators (Wang 2005, Luikart et al. 2010). Genetic estimates of Ne have encouraged its 

incorporation in wildlife planning and management (Luikart et al. 2010, Hare et al. 2011). 
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Genetic effective population size can be estimated using point estimators from a single sample 

collection (Hill 1981, Tallmon et al. 2008, Waples and Do 2008, Wang 2009), or from two or 

more temporally separate samples (Krimbas and Tsakas 1971, Waples 1989, Wang 2001, 

Berthier et al. 2002, Wang and Whitlock 2003, Jorde and Ryman 2007). Point estimators 

generally estimate Ne of the parent generation, reflecting an inbreeding effective size (Waples 

2005, Luikart et al. 2010), whereas temporal estimators provide the harmonic mean of Ne 

between generations 0 and t-1 (when genetic samples represent generation 0 and t) (Waples 

2005). Temporal methods are based on the assumption that the variance in allele frequencies 

between generations 0 and t-1 results from genetic drift alone (Waples 1989). In the same way, 

point estimators are based on measuring a genetic parameter assumed to be driven solely by 

genetic drift to obtain an estimate of genetic drift that is used to estimate Ne (Hill 1981). The 

temporal estimators predominated in the literature until recently (Tallmon et al. 2008), when 

several point estimators were developed (Palstra and Fraser 2012). Point estimates of Ne are 

much simpler to obtain than with temporal methods, as they require samples from only one 

rather than multiple time intervals. Computational advances and the availability of multiple 

software programs implementing the different point estimators in recent years have largely 

redirected the focus of Ne estimation from temporal methods to single point estimates (Palstra 

and Fraser 2012). Even though the two classes of methods are broadly similar in principle, the 

genetic estimators for each method differ in their assumptions and mathematical procedures 

utilized to measure drift and translate this into a Ne estimate. The differing assumptions and 

procedures among genetic estimators have in multiple occasions resulted in variable values of Ne 

reported for a single population (Fraser et al. 2007, Beebee 2009, Saarinen et al. 2010, Barker 
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2011). Thus, understanding the differences among the genetic methods is important for informed 

interpretation of Ne in populations of conservation concern (Ryman 1994, Ryman et al. 1995). 

While genetic Ne estimators are widely used, all are susceptible to bias. The assumptions 

of many genetic estimation methods are difficult to meet in wild populations which can bias 

estimates of Ne (Luikart et al. 2010). The most common source of bias of the genetic estimators 

is violating the assumption of discrete generations. Models assuming discrete generations have 

commonly been used to estimate Ne in species with overlapping generations (Waples and Yokota 

2007, Luikart et al. 2010). Violating this assumption produces downwardly biased Ne values 

(Waples and Yokota 2007). Although Waples (1990) developed a method that considers 

overlapping generation in semelparous species such as Pacific salmon, this method is not 

intended for iteroparous species. Further, a method was developed for estimating Ne in age-

structured iteroparous species that is not widely applied because it requires detailed demographic 

information of sampled individuals (Jorde and Ryman 1995).  To avoid this bias in existing 

methods, samples collected for temporal estimator methods should be at least five generations 

apart (Waples and Yokota 2007, Palstra and Ruzzante 2008, Tallmon et al. 2010).  The point 

estimators are also biased if utilized in species with overlapping generations, however, the level 

and direction of bias are not known (Tallmon et al. 2010, 2012). A second commonly violated 

assumption occurs when most of the genetic estimators assume closed populations with no gene 

flow (Wang 2005, Luikart et al. 2010). The effect of migration on estimates of Ne is complex, 

and depends on genetic distance among populations, and the frequency of migration to the focal 

population (Waples and England 2011). Further impact is more complicated by augmentation or 

supplementation of managed populations (fish stocking, captive breeding and translocation effort 

for endangered species). The likelihood of gene flow biasing estimates of Ne is thought to be 
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relatively low in contemporary Ne in comparison to historical and evolutionary Ne that are highly 

biased by migration (Ovenden et al. 2007, Luikart et al. 2010).  

Defining a composite estimate of the ratio of Ne to N on a species level spurred many 

papers (Nunney and Elam 1994, Frankham 1995, Nunney 1996). Inferring a reliable Ne/N ratio 

would (i) help predict Ne from N and vice versa, (ii) potentially identify causes of Ne decline, and 

(iii) help predict the response of populations to management actions (Luikart et al. 2010). 

However, estimates of Ne in many species have indicated that Ne can be substantially less than N, 

and that the ratio of Ne to N can vary among species, conspecific populations, and temporally 

within the same population (Frankham 1995, Saarinen et al. 2010, Barker 2011, Phillipsen et al. 

2011). A meta-analysis of Ne/N ratios assessed this relationship in 102 species, reported a 

variable ratio among species, ranging from as high as 0.99 in humans to a low of 10-6 in Pacific 

oyster (Crassostrea gigas), with an average ratio of 0.11 across all species from different taxa 

(Frankham 1995). Differences in the Ne/N ratio among species are attributed to differences in 

demography, variations in family reproductive success, fluctuations of population size, and 

unequal sex ratio (Palstra et al. 2009, Belmar-Lucero et al. 2012, Palstra and Fraser 2012). With 

the advent of genetic estimators, it has been reported using the same genetic samples can result 

in often substantial variation depending on the method used (Beebee 2009, Saarinen et al. 2010, 

Barker 2011). These variations spurred several studies investigating Ne and Ne/N in wild 

populations (Fraser et al. 2007, Beebee 2009, Saarinen et al. 2010, Barker 2011, Phillipsen et al. 

2011).   

To date, few studies have focused on effective population size in freshwater fish 

compared to anadromous or marine species, and fewer still have compared multiple Ne genetic 

estimators using empirical data from the same set of populations (Palstra and Ruzzante 2008, 
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Palstra and Fraser 2012). Published ratios of Ne/N for freshwater fish species range from 0.03 to 

0.21 (Miller and Kapuscinski 1997, Alo and Turner 2005, Lippe et al. 2006, Franckowiak et al. 

2009, Charlier et al. 2011). The Ne/N ratio has also been reported to vary temporally in the same 

populations of northern pike (Esox lucius), ranging from 0.03 to 0.11 over two time intervals 

(Miller and Kapuscinski 1997). A comparable result of Ne/N was obtained for a lake-resident 

brown trout (Salmo trutta) population over about 25 years, which produced an average ratio of 

0.11 for all studied cohorts and ranged from 0.06 – 0.26 (Charlier et al. 2011). In a heavily 

exploited population of walleye (Sander vitreus) the ratio varied more than ten-fold (0.02 to 

0.23) over a period of fifty years (Franckowiak et al. 2009). Comparison of contemporary 

effective population size estimators was done in the endangered copper redhorse (Moxostoma 

hubbsi) (Lippe et al. 2006), where the lowest estimate of Ne (116) obtained using a temporal 

method while the highest (480) was generated using a point estimator. Variable Ne/N values were 

also observed between two point estimate methods in riverine brook trout populations (Belmar-

Lucero et al. 2012). Temporal changes in demographic parameters of the population can cause 

the Ne/N ratio to vary temporally within populations; thus, reporting Ne and Ne/N and how they 

can vary in stable populations would be useful baseline information for the sustainable 

management of wild populations. 

A general scarcity of historical samples, as well as the long generation time in many 

species of conservation concern, makes genetic point estimators highly valuable for conservation 

efforts. Several point estimate methods exist with the linkage disequilibrium method (LD) most 

widely used (Luikart et al. 2010). Linkage disequilibrium is the non-random association between 

alleles at different loci in gametes, which can be produced by migration, direct and indirect 

selection, and genetic drift in a finite population (Hill 1981). The linkage disequilibrium (LD) 
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method has been used and tested intensively for estimating Ne in small populations; most 

populations of conservation concern (Waples and Do 2010). Extensive simulations have shown 

that the LD method has superior accuracy than the temporal method in estimating Ne in small 

populations and in detecting population bottlenecks and subdivision (England et al. 2010, 

Waples and Do 2010, Antao et al. 2011). Ardren and Kapuscinski (2003) applied LD estimates 

for several datasets and yielded plausible results in comparison to the temporal method. The LD 

method assumes no migration or selection and discrete generations, attributing the observed LD 

solely to genetic drift, which in turn is used to estimate Ne (Hill 1981, Waples 2006). As these 

assumptions are rarely met in wild populations, however, assessing the performance of LD and 

other genetic Ne estimators in well-studied populations is highly desirable.  

Brook trout (Salvelinus fontinalis) comprise a good model system for evaluating the 

performance of different Ne genetic methods because of their short generation time (3-5 years) 

and low migration rate between lacustrine populations (Adams and Hutchings 2003, Kanno et al. 

2011). As an exploited species for recreational fishing, extensive life history and demographic 

data are often available. In Ontario, brook trout is one of the most widely stocked species and 

was among the first to be propagated in captivity (Kerr 2000). Stocking of brook trout in Ontario 

started as early as 1857 and continues to the present with one to two million brook trout stocked 

yearly since 1970 in Ontario's public waters (Kerr 2000, 2006). Presently, three hatchery strains 

of brook trout are used for stocking purposes in Ontario: the Hills Lake "domestic" strain, the 

Lake Nipigon "wild" strain, and a third recent strain was developed from Dickson Lake in 

Algonquin Park (OMNR 2006).  

The Park authority intensive monitoring and documenting of ecological data pertaining to 

wild brook trout populations as well as the collection of scale samples provided an opportunity to 
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utilize the archived scale samples for an evaluation of the genetic methods of the effective size. 

Algonquin has an area of 7,653 km2 (Figure 2.1), and contains approximately 250 brook trout 

populations that are exploited for recreational angling (Kerr 2000). Brook trout in Algonquin 

Park generally mature at an age of two to three years and live up to six years (Quinn et al. 1994, 

Blanchfield and Ridgway 1997). Moreover, the availability of archival samples of Algonquin 

brook trout (dating back to 1980 for some lakes) and the recent collection of samples provides 

the possibility for at least six generations for the temporal estimates; helping to avoid the bias 

caused by violating the discrete generation assumption (Waples and Yokota 2007). The known 

history and intensive monitoring of these populations makes the Algonquin brook trout 

populations a good model system for evaluating effective population size estimation methods as 

well as Ne /N ratios. 

The goal of my thesis was to compare Ne genetic estimators using the wild brook trout 

populations in Algonquin Park as a model system. Specifically, the objectives of this thesis were 

to: 1) evaluate the performance of effective population size genetic estimators, 2) report range of 

Ne /N ratio in wild populations, and 3) examine the effects of varying subsets of microsatellite 

markers or sampled individuals on Ne estimates obtained using the LD method. For accurately 

estimating Ne of the wild brook trout populations it was important to first clarify the ancestry of 

the study populations, in order to avoid bias from historical admixture from stocking. Chapter 2 

therefore investigates the ancestry of Algonquin Park brook trout populations (native, admixed 

and stocked), and examines the effect of supplementary stocking on the genetic composition of 

brook trout populations in Algonquin Park. Chapter 3 comparatively evaluates the performance 

of temporal and point genetic methods of estimating Ne, and Ne/N in wild brook trout populations 

with existing estimates of adult fish numbers. This was complemented by assessing sensitivity of 
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LD estimates to sampling design in Chapter 4, which addresses the effects of sample size and 

numbers and combinations of microsatellite loci utilized on resultant Ne estimates using the LD 

method (Waples 2006, Waples and Do 2008). Evaluating the performance of the indirect method 

is a crucial step for integrating Ne in conservation and wildlife management planning. This 

combined research should improve the understanding of Ne estimation methods and enhance the 

value of using Ne for conservation and management.  
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Abstract 

Supplemental stocking has commonly been used as a management tool to bolster wild 

populations, with little thought until recently of the long-term genetic consequences. Spatial 

genetic structure, diversity and ancestry of wild brook trout populations in Algonquin Park, 

Ontario were studied to investigate the long-term genetic effects of stocking on these 

populations. For most of the 20th century, brook trout populations in Algonquin Park were 

stocked with two non-native strains: a domesticated strain (Hills Lake) and a ‘wild’ strain (Lake 

Nipigon). Brook trout from 27 native and historically stocked populations from three of the five 

major watersheds in Algonquin Park were sampled and genotyped at 14 polymorphic 

microsatellite loci, along with representative broodstocks from the two stocking sources. 

Bayesian assignment tests identified five primary genetic clusters, with evidence of three native 

groups and two of admixed/hatchery origin that corresponded to each of the two hatchery strains.  

Spatial structuring was detected among native populations, with local gene pools present within 

watersheds. Native populations were highly differentiated from both the ‘wild’ hatchery strain 

(mean FST of 0.38) and the domesticated strain (mean FST of 0.24). Population and individual-

based analyses showed concordant results of varying degrees of introgression in wild 

populations. Genetic introgression from the ‘wild’ strain was minimal, whereas homogenization 

of genetic structure of brook trout populations stocked from the domesticated strain was readily 

apparent. As a result, the genetic structure among contemporary wild brook trout populations 

reflects a mix of historical and anthropogenic influences.
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Introduction 

Supplemental stocking of exploited or depleted fish populations has been a common 

fisheries management practice for over a century. Stocking involves releasing hatchery-reared 

fish into the wild, typically at early life stages, to supplement fish production that has been 

compromised by commercial and/or recreational fishing pressure (Aprahamian et al. 2003, Araki 

and Schmid 2010). Differences between hatchery and natural environments can have profound 

effects on hatchery-reared fish: for several stocked species, hatchery-reared fish show lower 

survival and reduced reproductive success when compared to their wild counterparts (Araki et al. 

2007, 2009). Releasing hatchery-reared fish to supplement wild populations may also affect the 

genetic diversity of those populations, either by introgression or replacement of wild populations 

with maladapted hatchery fish (Evans and Willox 1991, Allendorf et al. 2001).  

Salmonid species are among the most commonly stocked species in North America, with 

some populations maintained solely through hatchery propagation (Araki et al. 2008). In a 

review of the effects of the hatchery environment on hatchery-reared fish, Araki and Schmid 

(2010) reported that in 21 of 32 studies, hatchery-reared fish had lower allelic diversity in 

comparison to wild populations. Hatchery populations also exhibited lower heterozygosity and 

effective population sizes, but these were not reduced to the same extent as allelic diversity 

(Araki and Schmid 2010). Releasing hatchery-reared fish into the wild can have serious 

consequences on recipient populations, as interbreeding of released fish with their wild 

counterparts will mix gene pools of different genetic backgrounds and compromise the genetic 

diversity and integrity of the natural populations (Allendorf et al. 2001, Evans et al. 2004, Araki 

et al. 2008, Araki and Schmid 2010). This can lead to lower allelic richness in introgressed 

populations (Araki and Schmid 2010), although increased diversity has been reported in some 
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salmonid species (Halbisen and Wilson 2009, Marie et al. 2010). In these latter studies, 

homogenized genetic structure of recipient populations as a result of hatchery introgression was 

also observed (Halbisen and Wilson 2009, Marie et al. 2010). Introgression may also result in the 

loss of local adaptations if hatchery-reared fish are adapted to artificial rather than natural 

environments (Araki et al. 2007, Hansen et al. 2009). Moreover, outbreeding depression may 

also be expected in introgressed populations if broodstocks from exogenous sources are used for 

supplemental stocking (Ward 2006, Shikano et al. 2008). Thus, supplemental stocking can 

jeopardize the persistence and evolutionary potential of native populations as well as 

homogenize intraspecific genetic structure across a species’ range (Frankham et al. 2002). 

Brook trout (Salvelinus fontinalis) are native to northeastern North America but have 

been widely introduced elsewhere (Scott and Crossman 1973). In many jurisdictions, stocking of 

hatchery-reared brook trout is used to support recreational fisheries (Kerr 2006).  Although 

generally considered a stream-dwelling fish, lacustrine populations of brook trout are common in 

upland areas of the Canadian Shield in New England, Ontario and Quebec (Scott and Crossman 

1973). In Ontario, fisheries management of lacustrine brook trout populations historically relied 

on supplemental stocking of hatchery fish for decades in order to sustain populations in the face 

of angling pressure (Kerr 2000). Over the past century, more than 205 million brook trout were 

stocked in Ontario, with more than one million hatchery-reared brook trout released yearly into 

inland lakes (Kerr 2000). These fish mostly originated from two strains with different sources 

and ecological attributes: the Nipigon (wild) strain was established from a wild collection in 

Lake Nipigon in the late 1970s (OMNR 2006), whereas the Hills Lake strain has been in the 

Ontario hatchery system for over 30 generations after an unknown number of generations in 

Pennsylvania hatcheries, and is considered domesticated (OMNR 2006). This influx of hatchery 
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fish may have had substantial effects on the genetic composition and structure of wild brook 

trout populations, with unknown fitness consequences.  

Algonquin Park in southeastern Ontario, with an area of 7,653 km2 (Figure 2.1), contains 

approximately 250 brook trout populations that are exploited for recreational angling (Kerr 

2000). The park was first established in 1893 and expanded over 50 years (Lambert 1967), and 

now contains headwaters of six watersheds: the Oxtongue, Madawaska, Amable du Fond, 

Petawawa, York, and Bonnechere rivers (Figure 2.1). Hatchery fish were stocked into park lakes 

beginning in 1920, with supplemental stocking as a common practice to enhance natural 

populations until 1985, when the park policy was changed, to prevent stocking on top of native 

populations to protect the integrity of wild brook trout populations (Kerr 2000). The Petawawa 

River watershed is the largest in the park and has 150 lacustrine self-sustaining brook trout lake 

populations, of which 52 lakes have been stocked using the Hills Lake hatchery strain. From the 

park’s inception, the Petawawa watershed was intended as remote wilderness, with access 

primarily by canoeing and portaging (Lambert 1967).  By contrast, many brook trout populations 

in the Madawaska River watershed are easily accessed, and have extensive stocking histories (37 

of 56 populations) with one or more hatchery strains (OMNR, unpubl. data).   

Previous phylogeographic analysis showed that mitochondrial DNA (mtDNA) variation 

among brook trout populations in Algonquin Park largely reflected postglacial dispersal patterns 

despite decades of stocking (Danzmann and Ihssen 1995).  The authors attributed low 

recruitment of stocked fish in the wild to low spawning success of hatchery females and/or low 

survivorship of mixed-ancestry progeny (Danzmann and Ihssen 1995). A subsequent stocking 

experiment showed differential wild survival among Hills Lake brook trout with different 

mtDNA haplotypes, with only fish with the haplotype corresponding with local native 
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populations exhibiting good over-winter survival (Ashford and Danzmann 2001).  These findings 

may account for the low apparent genetic contributions of stocking events inferred by the 

phylogeographic data (Danzmann and Ihssen 1995).  By contrast, analysis of allozyme variation 

among the same populations showed extensive introgression of hatchery alleles into the wild, 

suggesting that historical stocking events had significant genetic contribution into the wild 

populations (Quinn 2000, OMNR unpublished data).  

In this study, we used microsatellite genotyping to determine the effects of past stocking 

events on the genetic structure and diversity of wild brook trout populations, using the 

contemporary park populations as a model system.  As well as assessing the extent and 

persistence of historical stocking and introgression in wild populations after more than 20 years 

of ceasing stocking ceased. This study examined the effect of stocking on the genetic diversity of 

the wild populations, compared the effect of single- versus multiple-source stocking on genetic 

diversity. Further this study assessed the effects of introgression on the spatial genetic structure 

of the wild populations.   

 

Methods: 

Sampling  

Brook trout were non-lethally sampled from 27 lakes in three Algonquin Park watersheds 

(Oxtongue, Petawawa, and Madawaska drainages) by angling and short-duration gill netting 

(Figure 2.1). Tissue samples (0.25 cm2 finclip) were taken from individual fish before their 

release and were preserved in 95% ethanol until the DNA was extracted. A total of 18 stocked 

lakes and 9 putative native lakes (i.e. lakes with no known stocking history) of varying sizes (6 

to 2424 ha surface area) were sampled between 2003 and 2009. Of these, 4 lakes were sampled 
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from the Oxtongue River watershed, 12 from the Petawawa River watershed, and 11 from the 

Madawaska River watershed (Figure 2.1). To assess potential hatchery contributions, samples 

were also collected from the two provincial hatchery strains and compared against the wild 

samples. Within watersheds, the Oxtongue and Petawawa drainages were historically stocked 

using only the Hills Lake domesticated strain (Table S2.1), whereas populations in the 

Madawaska watershed were stocked using both single source (SS) and multiple stocking sources 

(SM) (Table S2.1; OMNR 2006).  

 

Data Collection 

Genomic DNA was extracted from the fin clips using a simple lysis protocol (Wilson et 

al. (2007). Tissue samples (20 mg) were lysed overnight at 37°C in 0.2 ml lysis buffer (10mM 

Tris∙HCl, pH 7.5; 125mM NaCl; 5mM EDTA, pH 8; 0.5% SDS, and 4M urea) supplemented 

with proteinase K (0.2 mg/mL). DNA was precipitated with the addition of 10 µl 5M NaCl and 

500 µl 80% isopropanol, followed by centrifugation at 4800 RCF for 45 min. The resultant 

precipitant was washed with 1 ml of 70% ethanol, recentrifuged, and air-dried before being 

resuspended in 200 µl TE buffer (10mM Tris∙HCl, 1mM EDTA). 

All samples were genotyped at 14 microsatellite loci: Sfo12, Sfo18, Sfo23 (Angers et al. 

1995), SfoB52, SfoC24, SfoC28, SfoC38, SfoC86, SfoC88, SfoC113, SfoC115, SfoC129, SfoD75, 

and SfoD100 (King et al. 2012).  The microsatellite loci were co-amplified in four 10μl multiplex 

PCR reactions: Multiplex 1: Sfo12 [0.3µM], SfoC86 [0.03µM], and SfoD75 [0.15µM]; Multiplex 

2: SfoC24 [0.2µM], SfoC88 [0.15µM], SfoC115 [0.25µM], and SfoD100 [0.15µM]; Multiplex3: 

Sfo23 [0.3µM], SfoB52 [0.18µM], SfoC28 [0.2µM], and SfoC129 [0.1µM]; and Multiplex 4: 

Sfo18 [0.2µM], SfoC38 [0.1µM], and SfoC113 [0.08µM].  Each multiplex contained 1.0 µl 10x 
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PCR buffer [15mM MgCl2], 2 µg of BSA, 200 µmol of dNTPs, 0.025 U Taq polymerase Qiagen, 

0.075 to 0.30µM of each primer pair, and approximately 10 ng of DNA. All amplifications were 

run in Eppendorf MasterCyclers at 94°C for 5 min, followed by 36 cycles of 94°C for 1 min, 1 

min annealing at 58°C (multiplex 1 and 4) or 60°C (multiplex 2 and 3), 72°C for 1.5 min, and a 

final extension at 60°C for 45 minutes. Genotyping was done on an ABI 3730 automated DNA 

sequencer (Applied Biosystems) using ROX350 size standards (Applied Biosystems).  

Microsatellite alleles were scored using GeneMapper v. 4 software (Applied Biosystems) and 

checked by manual proofreading. 

 

Genetic Analysis 

Genetic diversity of populations was assessed using multiple measures.  Absolute and 

standardized allelic diversity and richness (A and Ar, respectively) and FIS were estimated using 

FSTAT 2.9.3 (Goudet 2001), and observed and expected heterozygosity (Ho and He) were 

calculated using GenAlEx 6 (Peakall and Smouse 2006). Potential deviations from Hardy-

Weinberg (HWE) equilibrium were tested using GENEPOP 4.0 (Rousset 2008). To test for the 

effect of stocking and stocking sources on the genetic diversity of recipient populations, 

comparisons were carried out within and between watersheds, comparing between populations 

with and without stocking histories. Statistical differences in standardized allelic richness (Ar), 

observed heterozygosity (Ho), and FIS among ancestry groups were assessed using a Mann-

Whitney U test in Statistica v.8.0 (StatSoft).  
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Population Genetic Structure 

The population genetic structure of the sampled populations was evaluated using an 

analysis of molecular variance (AMOVA) implemented in Arlequin 3.5 (Excoffier and Lischer 

2010) to examine genetic variability among watersheds and populations, and to test for potential 

homogenizing effects of stocking on population genetic structure (Ward 2006). Specifically, 

partitioning of genetic variances was assessed within and among all watersheds, among native 

and stocked populations within the Petawawa and Oxtongue watersheds, and among wild 

populations in the Madawaska watershed that were stocked from single versus multiple sources. 

This hierarchical comparison among native and stocked populations within and among 

watersheds was implemented to identify historical and contemporary influences on partitioning 

of genetic diversity among the study populations, including stocking effects on genetic variation 

within and among watersheds. 

The effects of stocking on level of differentiation among populations were also evaluated 

using genetic divergence [FST; Weir and Cockerham (1984) and genetic distance (DCE); Cavalli-

Sforza and Edwards (1967)]. Pairwise FST values among populations were estimated with θ 

(Weir and Cockerham 1984, referred to as FST) as implemented in FSTAT (Goudet 2001), using 

1,000 bootstraps to test for significant difference at p< 0.05 after Bonferroni correction (Rice 

1989). Pairwise genetic distances between populations were estimated using chord distance 

(DCE) (Cavalli-Sforza and Edwards 1967) as implemented in Populations 1.2.32 (Langella 1999). 

The resultant genetic distance values were used to construct an unrooted neighbour-joining 

dendrogram of genetic divergences among the sampled populations, using 5,000 bootstrap 

replicates across loci to assess branching support. The resulting dendrogram was visualized using 

TreeView 1.5.2 (Page 1996). 
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Individual assignments to genetic sources of origin were assessed using STRUCTURE 

2.3 (Pritchard et al. 2000). STRUCTURE applies a Bayesian approach that does not require a 

priori delineation of individual groups or geographic information to assign individuals to their 

different clusters on the basis of the individuals’ genotypes. The model assumes localized HWE 

to identify clusters of individuals that are in multilocus linkage equilibrium (Pritchard et al. 2000, 

Falush et al. 2003).The number of genetic groups (K) present within the dataset was assessed for 

values of K ranging from 1 (null hypothesis of complete panmixia) to 32 (reciprocal isolation of 

all sampled populations, and allowing for potential substructure within local populations). Ten 

replicate trials were run for each value of K using 100,000 burn-in steps and 100,000 MCMC 

resampling iterations, allowing for potential admixture and assuming no linkage across loci. The 

optimal number of genetic groups (optimal K value) existing within the sampled populations was 

determined using mean probability values for each value of K and the ad hoc statistic Δk 

(Pritchard et al. 2000, Evanno et al. 2005).  

 

Admixture Analysis 

Admixture proportions of each population were estimated using ONCOR (Kalinowski et 

al. 2007), which uses a conditional maximum likelihood method to estimate proportional 

contributions from multiple genetic sources (Millar 1987, Kalinowski et al. 2007, Anderson et al. 

2008). As well as the two provincial hatchery strains, representative populations from each 

native gene pool within the watersheds (Dickson Lake, Westward Lake and Hogan Lake) were 

included as potential “source” (native ancestry) populations for the admixture analysis.  

Proportional admixture estimates from ONCOR were compared with population-level 
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contributions of the different groups identified in STRUCTURE to each sampled population for 

the optimal value of K. 

Results 

A total of 910 fish were sampled from the 27 wild brook trout populations, with sample 

sizes ranging from 14 to 70 fish per population (Table 2.1).  In addition, 202 samples were 

genotyped from the Nipigon and Hills Lake Ontario hatchery broodstocks (Table 2.1).  Among 

the sampled lakes, twelve were historically stocked to support recreational fisheries, five were 

experimentally stocked for strain performance comparisons (Fraser 1989), and the remaining ten 

lakes had no records of historical stocking (Table 2.1).  

 

Genetic Diversity 

Genetic diversity indices of absolute and standardized allelic richness (A and Ar), 

observed heterozygosity (Ho) and FIS are summarized for each population in Table 2.2. Observed 

allelic richness among the 14 microsatellite loci ranged from 5 alleles (Sfo38) to 35 alleles 

(Sfo23) across all populations, with an average of 13.8 alleles at each locus. Diversity within 

populations was substantially lower, with mean allelic richness values between 2.79 and 7.64 

(Table 2.2). Observed levels of heterozygosity within wild populations ranged from 0.35 to 0.71, 

with a mean of 0.52 (Table 2.2). In comparison, the Hills Lake (HL-H) and Nipigon (N-H) 

hatchery strains had standardized allelic richness values (Ar) of 6.32 and 3.31, and Ho values of 

0.71 and 0.39, respectively. Although significant deviations from Hardy-Weinberg equilibrium 

were found in 26 tests after Bonferroni correction for multiple comparisons (Table 2.2), the 

deviations occurred at 10 loci among 14 populations (data not shown) and are more likely 
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indicative of within-population Wahlund effects from overlapping cohorts rather than the 

presence of null alleles within a locus. 

Genetic diversity measures varied among stocked and unstocked (putative native) 

populations within and among watersheds. Within both the Oxtongue and Petawawa watersheds, 

native and stocked brook trout populations had comparable levels of genetic diversity regardless 

of their stocking history; mean levels of Ho, Ar, and FIS were not significantly different between 

populations with and without known stocking histories (Table 2.2).  The one exception to this 

was Scott Lake in the Oxtongue River watershed: although the limited number of populations 

sampled in the Oxtongue watershed precluded quantitative comparisons of genetic diversity 

metrics, all metrics showed higher diversity in Scott Lake than for the other sampled Oxtongue 

watershed lakes.  In the Madawaska watershed, no significant differences in mean values of 

genetic diversity were observed between single source (SS) and multiple sources (SM) stocked 

populations, although multiple-stocked populations consistently exhibited higher values (Table 

2.2). Standardized allelic richness and observed heterozygosity were significantly higher for 

brook trout populations in the Madawaska versus the Oxtongue and Petawawa watersheds, 

consistent with their different stocking histories.   

Genetic structure of the native populations in the park showed high levels of divergence 

between the watersheds, however, levels of differentiation among native brook trout populations 

varied within and between watersheds. Populations in the Petawawa and Oxtongue watersheds 

were significantly divergent (mean FST of 0.41; Table S2.2). Within-watershed divergences were 

variable: differentiation among unstocked Petawawa populations (mean FST of 0.15) varied 

considerably, ranging from 0.03 between contiguous water bodies to 0.27 (Table S2.2).  
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Hierarchical analysis of molecular variance (AMOVA) among the unstocked Oxtongue 

and Petawawa populations showed that differences between watersheds were responsible for 

25% of the total genetic variation (Table 2.3). An additional 13% was attributed to differences 

among populations within watersheds, and the remaining 62% of the genetic variation occurred 

within populations. Genetic variability in putative native populations in the Petawawa watershed 

had 19% partitioned among putatively native populations in comparison to 24 % among 

historically stocked (SS) populations in the same watershed, with the remaining variance 

attributed to within-population variation (Table 2.3). Higher genetic variability was observed in 

the Oxtongue watershed, where 27 % of the genetic variation was attributed to among-population 

variation (Table 2.3). Structuring within the Madawaska drainage was markedly lower compared 

with the other watersheds; differences among single-source (SS) stocked populations accounted 

for only 7% of the genetic variability, versus 13% among the SM populations (Table 2.3). 

Genetic distance results were largely concordant with the AMOVA and FST results, and showed 

clear differentiation at the watershed level among unstocked populations.   

 

Stocking Contributions (Ancestry) 

In addition to the above analyses, stocking effects on levels of differentiation among wild 

populations was examined by comparing pairwise FST values among the sampled populations 

and the historical stocking sources (Figure 2.2, Table S2.2). Comparison of pairwise FST between 

pairs of native populations and hatchery sources showed evidence of both natural divergence 

among native populations and genetic homogenization of introgressed populations from 

historical stocking. Populations with no stocking history in the Oxtongue and Petawawa 

watersheds showed substantial divergence based on pairwise FST estimates, with mean within-
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watershed values of 0.32 and 0.14 (±0.07) respectively (Table S2.2).  Both sets of populations 

were also significantly different from both stocking sources (Figure 2.2). The majority of stocked 

populations in the two watersheds showed similar patterns of differentiation from each other and 

the hatchery sources although Scott Lake in the Oxtongue watershed was not significantly  

different from the Hills Lake broodstock (FST = 0.09; Table S2.2). Brook trout populations in the 

Madawaska watershed were significantly divergent from each other (mean FST = 0.13 ± 0.07; 

Table S2.2): populations stocked only with the Hills Lake strain exhibited lower interpopulation 

divergence (mean FST =0.06 ± 0.05) as well as low FST values compared with their historical 

stocking source (Hills Lake) versus the Nipigon hatchery strain (Figure 2.2).   

Genetic distances calculated as DCE among the study populations supported the genetic 

relationships inferred from the observed FST values. Populations clustered into three major 

groups, comprised of those from the Petawawa watershed, the Oxtongue and Madawaska 

drainage populations together with the Hills Lake (HL-H) hatchery strain, and the Nipigon (N-H) 

hatchery strain together with two SM Madawaska populations (Figure 2.3).  Within the Petawawa 

cluster, no differences were apparent among populations with and without stocking histories.  

Several populations from the Madawaska watershed which were founded from multiple stocking 

sources (Fraser 1989) also grouped with the Petawawa cluster (Figure 2.3).  Two other 

Madawaska populations with similar experimental stocking histories grouped with the Lake 

Nipigon hatchery strain (Figure 2.3).  Wild populations in the Oxtongue and Madawaska 

watersheds were largely distinct within the second cluster, with moderate bootstrap support.  One 

of the stocked populations in the Oxtongue watershed (Scott Lake) grouped with the stocked 

Madawaska populations, whereas the other (Westward Lake) was clearly distinct and grouped 
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with the native Oxtongue populations (Figure 2.3).  All of the single-source Madawaska drainage 

populations grouped with the Hills Lake hatchery strain (Figure 2.3).   

Divergence among the Petawawa populations calculated as DCE was substantial (Figure 

2.3), although less for populations in lakes with direct stream connections.  With the exception of 

Scott Lake (stocked), the Oxtongue populations were clearly separate from those in the 

Madawaska watershed, as well as highly divergent from each other.  By contrast, divergence 

among SM populations in Madawaska drainage was comparable to the observed divergence 

among the Petawawa populations (DCE range of 0.53 to 0.30), whereas SS populations in the 

Madawaska showed relatively less divergence (DCE range of 0.47 to 0.18). Divergence of SS 

populations of the Madawaska watershed from the Hills Lake hatchery strain was low (DCE 

range of 0.30 to 0.43) compared to SM populations in the same watershed (DCE range of 0.47 to 

0.53).  

Stocking contributions and admixture were also assessed using individual-based analysis 

in STRUCTURE (Pritchard et al. 2000).  The Δk method of Evanno et al. (2005) yielded a value 

of K=3 (ln[P(K)|D]=-44,664) as the most probable number of genetic groups (K), although 

solutions for higher values of K resulted in less extreme probability values (Figure S2.1).  The 

K=3 solution identified a native group in the Petawawa watershed and two stocked groups 

corresponding to each hatchery strain. Of these, the HL-H group included the Oxtongue native 

and stocked populations as well as the singly stocked (SS) Madawaska populations and the Hills 

Lake hatchery strain.  This grouping appeared to inappropriately join separate gene pools, and 

contradicts the historical isolation since deglaciation between the Madawaska and the Oxtongue 

watersheds as the Oxtongue watershed drains westward into Huron Lake, versus the Madawaska 

watershed which drains eastward into the Ottawa River. Moreover, the FST and genetic distance 
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results revealed high divergences between the Oxtongue native populations and the other 

watersheds in the park, suggesting that a solution of K=3 masks the observed divergences among 

separate genetic groups.  

The sharp increases in log-likelihood probability values from K=1 (ln[P(K)|D]=-51,919) 

to K=5 (ln[P(K)|D]=-42,589) (Figure S2.1), and the congruence of the genetic groups identified 

at K=5 with the FST and genetic distance analyses (Figures 2.2 and 2.3) support the choice of 

K=5 as a more appropriate solution for the number of genetic groups within the dataset. At K=5, 

three native groups were apparent, as well as one group that clustered with stocked (Hills Lake) 

ancestry, and one of admixed ancestry (Figure 2.4). Two of the native groups were present in the 

Petawawa River watershed, and the other in the Oxtongue watershed. In both watersheds, native 

genetic groups included populations with documented stocking histories that nonetheless showed 

no evidence of hatchery introgression from stocking (Figure 2.4, Table S2.1).  

Increasing the possible number of genetic groups to K=9 (ln[P(K)|D]=-40,960) enabled 

detection of additional structuring among the sampled populations.  Ancestry interpretation for 

populations in the Oxtongue watershed was unchanged, whereas the number of native gene pools 

in the Petawawa watershed increased from two to four (Figure 2.4).  Allowing for an increased 

number of genetic groups also provided additional resolution among Madawaska populations, 

with substructuring among wild populations with substantial hatchery (Hills Lake) ancestry 

(Figure 2.4).  Shared group membership among connected waterbodies may indicate movement 

between lakes or usage of multiple lake habitats by a single genetic population.  In addition, 

hatchery ancestry was so pronounced in some stocked populations that one genetic group 

included four populations from the Madawaska watershed (Harry, Rence, Welcome, Frank) and 

Scott Lake in the Oxtongue watershed as well as the Hills Lake (HL-H) hatchery strain (Figure 
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2.4). Madawaska-drainage populations that were stocked from multiple sources (Mykiss, 

Shallnot, Major, Chipmunk, and Little Mykiss) revealed mixed ancestries with one or more 

stocking sources, indicating differential effects of stocking based on the stocking sources that 

were used. The Nipigon hatchery strain was noticeably distinct from all wild populations: 

introgression of the N-H strain was apparent in brook trout populations in Little Mykiss and 

Chipmunk lakes (Madawaska watershed) at K=5 (Figure 2.4), although admixture analysis 

(Table 2.4) and results for K=9 showed these populations to have admixed ancestry from both 

the N-H strain and Dickson Lake from historical stocking experiments (Fraser 1989).  Increasing 

values of K (10-25) showed improved probability values and may partly reflect local breeding 

groups within the wild populations, but also resulted in variable individual membership (Q) 

coefficients within many populations (data not shown).   

The admixture analysis using ONCOR was largely congruent with the results from the 

FST, genetic distance, and individual assignment results (Table 2.4).  Brook trout populations in 

the Petawawa watershed showed no evidence of introgression from either the Hills Lake or 

Nipigon strains, regardless of stocking history.  Similarly, Westward Lake in the Oxtongue River 

watershed showed no evidence of hatchery introgression, whereas Scott Lake in the same 

watershed showed complete (100%) hatchery ancestry (Table 2.4).  Interestingly, the purportedly 

unstocked lakes in the Oxtongue drainage (Salvelinus and Guskewau) both showed some degree 

of apparent ancestry from the Hills Lake hatchery strain based on the ONCOR results (Table 

2.4), which conflicted with results from the other analyses (Figures 2.3 and 2.4; Table S2.2).  

Populations in the Madawaska watershed with stocking histories showed either substantial 

(>90%) Hills Lake ancestry or genetic contributions from multiple strains (Table 2.4). By 

contrast, Madawaska-drainage populations that were historically stocked from multiple sources 
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exhibited variable Hills Lake ancestry, with an average contribution of 28% ancestry (range 8% 

to 68%; Table 2.4).  Contributions from other stocking sources to these populations averaged 

13% Nipigon strain ancestry (range of 0 to 75%; Table 2.4) and 58% contribution from Dickson 

Lake (range 0 to 81%; Table 2.4). Non-zero admixture estimates of contributions from the 

Dickson Lake strain to Madawaska-drainage populations stocked solely from the Hills Lake 

strain may represent error from admixture estimates or remnant genetic signatures of historically 

native populations that have since been swamped by stocking events.  

 

Discussion   

Our analysis showed that both historical and contemporary factors have influenced the 

genetic structure and diversity of wild brook trout populations across multiple watersheds in 

Algonquin Park, with contrasting effects of stocking within and among watersheds. Stocking 

events appear to have had no effect on the genetic composition of brook trout populations in the 

Petawawa watershed, but have significantly influenced the genetic makeup of wild populations 

in the Oxtongue and Madawaska watersheds. As a result, native and introgressed or introduced 

populations exhibited contrasting patterns of genetic diversity and divergence.   

 

Genetic Diversity  

Native populations exhibited hierarchical patterns of genetic structure within and between 

watersheds, with substantially higher inter-population divergences than those for introgressed 

populations.  Levels of within-population diversity, heterozygosity and allelic richness were 

similar among native populations in the Petawawa and Oxtongue watersheds, and were 
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comparable with levels reported for lacustrine brook trout elsewhere in eastern Canada (Angers 

et al. 1995, Angers and Bernatchez 1998) and New England (Castric et al. 2001).   

Historical stocking appears to have significantly increased allelic richness and 

heterozygosity within introgressed or introduced populations in the Madawaska and Oxtongue 

watersheds. This contrasts with the findings of several studies in which stocking was found to 

have reduced genetic diversity (reviewed in Araki and Schmid 2010), but was consistent with 

findings for introgressed populations of brook trout in Quebec (Marie et al. 2010) and inland lake 

trout in Ontario (Halbisen and Wilson 2009). In Quebec the observed increases were correlated 

with stocking intensity, with hatchery alleles adding to the diversity of native populations (Marie 

et al. 2010); for lake trout, the increase was attributed to stocking from sources with higher 

diversity than the recipient native populations (Halbisen and Wilson 2009). Despite the shared 

trend of increased diversity as a consequence of stocking, however, in this study increased 

genetic diversity as a result of stocking introgression was not associated with either number of 

fish stocked or multiple source stocking. Surprisingly, stocking had no effect on genetic diversity 

measures in the Petawawa watershed, in contrast to Madawaska populations. Thus, stocking 

effects on resident genetic diversity varied from no effect in the Petawawa watershed to 

significant increases in the Madawaska River catchment, with mixed outcomes in the Oxtongue 

River watershed. 

The increased allelic richness and heterozygosity in populations that were historically 

stocked with the Hills Lake strain may be attributed to the high genetic diversity in this hatchery 

strain. The Hills Lake strain possesses substantially higher genetic diversity than native 

populations in Algonquin Park or the Nipigon hatchery strain, potentially due to its mixed 

ancestry (OMNR 2006). Moreover, the Hills Lake strain possesses higher mtDNA haplotype 
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diversity than either the Nipigon strain or wild brook trout populations in Algonquin Park 

(Danzmann et al. 1991, Danzmann and Ihssen 1995), and includes haplotypes from at least two 

of six major phylogeographic groups from across the species’ range (Danzmann et al. 1991, 

Danzmann et al. 1998). The high level of genetic variation retained in this strain after more than 

30 generations in a hatchery environment is somewhat surprising, as hatchery broodstocks are 

commonly considered to have low effective population sizes (Ward 2006, Araki et al. 2007, 

Araki and Schmid 2010).  

 

Stocking Contributions 

The results showed sharply contrasting genetic effects of historical stocking on wild 

populations between watersheds, with lower genetic differentiation and divergence among 

historically stocked Madawaska and Oxtongue populations versus those in the Petawawa 

watershed. Moreover, genetic differentiation among the single-source stocked populations in the 

Madawaska watershed was significantly lower than those stocked from multiple sources in the 

same watershed. This homogenization of genetic characteristics from stocking was underscored 

by the similarity of Scott Lake in the Oxtongue River watershed with Madawaska drainage 

populations, and reflects significant long-term genetic contributions from historical stocking 

more than 20 years after the last stocking event.  

These data conflict with previous interpretations of mtDNA data from these same 

populations (Danzmann and Ihssen 1995), which showed many Algonquin Park populations to 

have phylogeographic ancestries consistent with postglacial colonization without human 

interference (Danzmann et al. 1998). This apparent discrepancy may be reconciled by data from 

Ashford and Danzmann (2001), who showed evidence of differential survival among fish from 
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the same stocking event that varied in their mitochondrial but not nuclear genomes.  In their 

study, brook trout from the Hills Lake strain with diverse mtDNA composition that were stocked 

into fishless lakes showed the presence of only the expected native haplotype after one 

overwintering period (Ashford and Danzmann 2001).  Thus, the previous mitochondrial data by 

Danzmann and Ihssen (1995) might be reinterpreted as indicating native (or parallel) maternal 

ancestry for many wild populations with substantial nuclear ancestry from historical stocking 

events (Rand 2001).    

The domesticated hatchery fish were successful in replacing several populations in the 

Madawaska and Oxtongue watersheds. The individual-based and admixture analyses showed 

that the observed effect of stocking on gene diversity and structure is related either to 

displacement of native populations (Madawaska SS populations and Scott Lake) or variable 

introgression from several strains (SM populations). In Quebec, Marie et al. (2010) were able to 

identify hatchery ancestry in wild populations after 30 years of stocking, despite predictions that 

hatchery fish were likely to be eliminated as natural selection should favor fish with native 

ancestry (Taylor et al. 2007, McDermid et al. 2011). The low divergences between Madawaska 

SS populations and Scott Lake in the Madawaska watershed indicate genetic homogenization 

among wild populations as a consequence of exogenous stocking into both watersheds, and 

concurs with similar findings of genetic homogenization among wild populations in other 

salmonids (Hansen et al. 2006, Halbisen and Wilson 2009, Marie et al. 2010, Skrbinsek et al. 

2012).  

The contrasting genetic contributions from stocking among the watersheds in this study 

contradict previous studies on stocking impacts, but are supported by theoretical predictions. The 

lack of correlation between stocking intensity and levels of introgression suggest that successful 
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spawning cannot be solely explained by stocking history or sources as reported elsewhere (Marie 

et al. 2010). Evans and Willox (1991) predicted context-specific introgression or displacement of 

wild populations by hatchery-reared fish in exploited lake trout populations, depending on 

habitat quality, stocking intensity, and angling pressure. Exploitation levels in wild populations 

have also been correlated with road proximity, reflecting ease of access for anglers (Kaufman et 

al. 2009). The Madawaska and Scott Lake populations are easily accessed, with potential 

associated high fishing pressure, in contrast to populations in the less accessible Petawawa 

watershed (Lambert and Pross 1967). The historical expansion of Algonquin Park might also 

explain the differences observed between the Madawaska and Petawawa populations: much of 

the Petawawa watershed was protected when Algonquin Park was established in the late 19th 

century, whereas most of the Madawaska watershed was not included until 1950 with subsequent 

expansions (Lambert and Pross 1967, Quinn 2000). As populations in the Madawaska watershed 

were largely outside the park until the mid-20th century, it is expected that these populations had 

more intensive exploitation than interior (Petawawa and Oxtongue) populations.  

Admixture and homogenization from hatchery stocking may have a number of 

undesirable genetic consequences on wild populations. Introgression between stocked and wild 

fish can result in outbreeding depression, lower effective population size, and loss of locally-

adapted gene pools (Araki 2010, Hansen 2009).  Outbreeding depression from matings between 

wild and hatchery fish has been experimentally demonstrated in other salmonids, in which 

disruption of non-additive gene interactions has resulted in lower fitness of mixed-ancestry fish 

(Wang et al. 2007, Roberge et al. 2008). Moreover, reduced effective population sizes due to 

stocking as predicted by Ryman and Laikre (1995) has been observed in multiple species (Araki 

and Schmid 2010, Christie et al. 2012). Reductions in their effective population size are expected 
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to lower the adaptive potential of wild populations, compromising their future viability (Luikart 

et al. 2010, Saarinen et al. 2010, Hare et al. 2011). Although evaluating these effects is beyond 

the scope of this study, the potential consequences of introgressive stocking on loss of local 

adaptation and adaptive potential should be recognized. 

 

Native Genetic Structure 

The observed levels of differentiation among native populations in the Oxtongue and 

Petawawa watersheds were higher than values reported for more eastern brook trout populations 

in Quebec and Newfoundland, Canada (Angers and Bernatchez 1998, Hebert et al. 2000, Adams 

and Hutchings 2003, Marie et al. 2010). Native brook trout populations elsewhere in the eastern 

distribution of the species are similarly characterized by microgeographic structure (Angers et al. 

1995, Castric et al. 2001). Mitochondrial phylogeographic data of Algonquin Park populations 

showed that the Oxtongue River watershed was colonized by brook trout originating from a 

Mississippian glacial refugium, whereas the Petawawa and Madawaska watersheds were 

colonized from an eastern (Atlantic) postglacial source (Danzmann and Ihssen 1995, Danzmann 

et al. 1998). Natural post-colonization gene flow among any of these watersheds is highly 

unlikely, as the Oxtongue watershed flows into the Laurentian Great Lakes (Lake Huron) 

whereas the Petawawa and Madawaska watersheds drain into the Ottawa and St. Lawrence 

Rivers. Thus, the high level of differentiation detected between watersheds reflects ancient 

differences in postglacial colonization and post-colonization divergence caused by their 

reciprocal isolation and genetic drift.  

Although native Algonquin populations generally exhibited higher within-watershed 

differentiation, low differentiation was observed among some native populations in the 
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Petawawa, suggesting potential gene flow among contiguous populations. In the Petawawa, two 

genetic groups were detected by both genetic distance and individual-based analyses in the 

western and eastern subcatchments of the watershed, corresponding with the western headwaters 

and the lower watershed to the east.  These localized gene pools, in combination with the 

observed microgeographic structure, reflect variable levels of gene flow among the wild 

populations. The low level of differentiation observed in this study between brook trout in 

Dickson and Lavieille lakes (FST= 0.03) is indicative of gene flow between these habitats. 

Movement of brook trout between local connected waterbodies has also been shown with mark-

recapture experiments (Adams and Hutchings 2003), and previous genetic evidence indicates 

similar fish movements in Algonquin Park, resulting in single genetic populations utilizing 

several locally-connected lakes (Addison and Wilson 2010). Thus, genetic diversity in native 

brook trout populations reflects the combined influences of historical colonization, post-

colonization genetic drift, and contemporary movements among connected habitats. 

 

Limitations and Conservation Implications 

Our study clearly shows that historical stocking events have genetically altered the 

genetic composition of contemporary populations, with unknown adaptive consequences.  With 

recognition in recent years of the importance of conserving genetic biodiversity in native 

populations, the historical establishment of self-sustaining populations with close to complete 

hatchery genetic ancestry within two of Algonquin Park’s watersheds should be recognized as a 

potential threat to wild brook trout genetic structure. Despite this, the elimination of 

supplemental stocking on top of self-sustaining wild populations should be recognized as a 

significant shift in fisheries management and stewardship (Kerr 2000).   
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Stocking hatchery fish into the wild should be taken with caution and carried out only 

after screening for potential risks. Understanding the genetic structure of wild populations based 

on hydrology and connectivity prior to stocking is crucial (Ward 2006). Based on the results of 

this study it is suggested that, if stocking is deemed necessary, the genetic structure of any 

recipient and nearby populations should first be determined, and that stocking sources should be 

genetically and ecologically similar to recipient populations. Our results suggest that the long 

term impact of stocking on native populations can range from replacement of native population 

by hatchery fish, to a high level of admixture. Therefore, homogenized genetic structure on a 

watershed level should be expected, with inherent recognition of potential negative consequences 

(Araki and Schmid 2010). Future research to quantify the relative influences of environmental 

and anthropogenic variables on introgression in wild populations, as well as their fitness and 

adaptive consequences, could provide valuable insights into the sustainable management of 

genetic biodiversity within and among wild populations.  
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Table 2.1 Characteristics of sampled brook trout lakes including number of fish sampled (N), lake name abbreviations (Abb), 
sampling year, historical status [N=native (unstocked); S=stocked; H=hatchery broodstock], surface area (ha), total numbers of fish 
stocked, stocking period (years), location (Lat and Long), and maximum and mean depth in meters.  Lakes are sorted by size and 
stocking history within each watershed. Stocking superscript S and M indicate single and multiple stocking sources, respectively.  
Lakes with “n/a” for numbers of stocked fish have no records of having ever been stocked (OMNR, unpubl. data). 

Watershed / 
Population N Abb.  Year  S/N/H number 

stocked Years 
Surface 
area 
(ha.) 

  Lat.  Long. 
Depth (m) 

 Max.         Mean 

Oxtongue                       

   Salvelinus 29 SALV 2007 N  n/a    6 45°38´ 77°57´ 25   

   Guskewau 35 GUSK 2008 N  n/a    11.9 45°30´ 78°49´     

   Scott 32 SCOT 2006 SS 14,975 1954-1983 27.6 45°29´ 78°43´ 25   

   Westward 47 WEST 2005 SS 9,204 1961-1968 62.7 45°29´ 78°47´ 44.8   

Petawawa                       

   Owenee 31 OWEN 2008 N   n/a    10 45°58´ 78°21´     
   Little 
Crooked  41 LCR 2009 N   n/a    92.1 45°50´ 78°11´ 7.5 3.2 

   Little 
Dickson 27 LDIC 2009 N   n/a    118.1 45°48´ 78°10´ 25 7.3 

   Philip 18 PHIL 2007 N   n/a    181.9 45°55´ 78°24´ 14.6 5.6 

   Dickson 61 DICK 2008 N   n/a    974.7 45°47´ 78°12´ 16.8 5.5 

   Hogan 29 HOG 2009 N   n/a    1303.2 45°52´ 78°30´ 31 6.7 

   Lavieille 29 LAV 2009 N   n/a    2425.7 45°51´ 78°14´ 48.8 14.4 

   Charles 31 CHAR 2007 SS 5,200 1954-1994 12.3 45°55´ 78°24´ 8.2 3.4 

   Animoosh 14 ANIM 2008 SS 9,200 1966-1970 58.3 45°46´ 78°08´ 16.2 6.2 

   Farncomb 20 FARN 2009 SS 1,000 1950 64.7 45°53´ 78°18´ 15.3 4 

   Coldspring 32 COLD 2006 SS 1,350 1961 69.6 45°51´ 78°49´ 6.7 2 

   Redrock 47 RDRK 2009 SS 115,600 1954-1970 287.6 45°46´ 78°28´ 20.4 6.7  
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Table 2.1 (cont.) 

Watershed / 
Population N Abb.  Year  S/N/H number 

stocked Years 
Surface 
area 
(ha.) 

  Lat.  Long. 
Depth (m) 
 Max.           
Mean 

            

Madawaska            

   Hound* 14 HND 2009 SS 4,100 1987-1989 13.8 45°08´ 78°00´ 8.2 3.4 

   Frank 28 FRK 2002 SS 17,619 1958-1981 25.9 45°26´ 78°28´ 13.7 5.2 

   Stringer 40 STR 2007 SS 17,450 1954-
1977  33.5 45°26´ 78°31´ 21 6.5 

   Rence 31 REN 2002 SS 23,925 1959-1978 95.6 45°24´ 78°28´ 7.6 3.2  

   Harry 32 HARY 2002 SS 10,300 1957-1978 114.1 45°26´ 78°27´ 21.3 10 

   Welcome 30 WEL 2003 SS 8,525 1940-1961 278 45°25´ 78°25´ 22.9 9.4 

   Little Mykiss  33 LMYK 2009 SM 23,900 1962-1973 11 45°42´ 78°13´ 6   

   Shallnot 70 SHAN 2009 SM 29,900 1962-1989 11.4 45°40´ 78°04´ 7.6 1.5 

   Major 21 MAJ 2009 SM 62,204 1961-2006 13.8 45°36´ 78°06´ 8.2 3.4 

   Mykiss 39 MYK 2008 SM 72,170 1951-1981 23 45°41´ 78°13´     

   Chipmunk 47 CHIP 2006 SM 28,200 1973-1989 25 45°41´ 78°12´ 16.5   

                       
Hatchery 
sources                       

   Hills Lake  80 HL-H 2009 H               

   Nipigon 122 N-H 2009 H               

*Hound Lake is located in the Madawaska watershed outside the Park.



55 
 

Table 2.2 Genetic diversity measures of brook trout populations and hatchery strains, showing 
native (N) and stocked (S) populations, as well as single or multiple stocking sources (SS and SM, 
respectively). Genetic diversity was assessed using mean observed allelic richness across loci 
(A), standardized allelic richness for a sample size of 14 (Ar), expected and observed 
heterozygosity (He and Ho), and inbreeding coefficient (FIS). Asterisks indicate significant 
deviation from Hardy-Weinberg expectations at p<0.05 for heterozygosity deficit (*) or excess 
(**) after sequential Bonferroni correction. 

 watershed population group     A    Ar    He   Ho FIS 
Oxtongue       

 Salvelinus N 4 3.51 0.49 0.48 0.02 

 Guskewau N 4.21 3.38 0.43 0.40 0.05 

 Scott SS 5.86 4.6 0.61 0.64 -0.03 

 Westward SS 4.36 3.24 0.47 0.39* 0.14 
Petawawa        

 Owenee N 5.0 4.07 0.53 0.53 -0.01 

 Little Crooked N 3.57 3.01 0.43 0.38* 0.11 

 Little Dickson N 4.79 4.11 0.56 0.49* 0.12 

 Philip N 3.93 3.66 0.49 0.37* 0.22 

 Dickson N 5.71 4.04 0.52 0.48* 0.09 

 Hogan N 4.86 4.02 0.49 0.38* 0.17 

 Lavieille N 4.14 3.5 0.46 0.46 0.02 

 Charles SS 2.79 2.53 0.34 0.35 -0.01 

 Animoosh SS 3.71 3.6 0.47 0.47 0 

 Farncomb SS 3.79 3.48 0.49 0.48 0.01 

 Coldspring SS 3.71 2.99 0.41 0.37* 0.11 

 Redrock SS 6.35 4.36 0.56 0.52* 0.06 
Madawaska       

 Hound SS 3.5 3.45 0.61 0.70** -0.18 

 Frank SS 6.79 5.75 0.72 0.68* 0.06 

 Stringer SS 6.0 4.85 0.65 0.67 -0.04 

 Rence SS 7.64 6.34 0.76 0.69* 0.07 

 Harry SS 6.79 5.78 0.72 0.70 -0.01 

 Welcome SS 7.14 6.01 0.75 0.66* 0.1 

 Little Mykiss SM 6.43 5.41 0.73 0.70 0.04 

 Shallnot SM 6.14 4.77 0.64 0.60* 0.07 

 Major SM 5.0 4.44 0.58 0.55 0.05 

 Mykiss SM 6.79 5.06 0.62 0.60 0.01 

 Chipmunk SM 5.43 4.16 0.57 0.54* 0.01 
Hatcheries       

 HL-H H 8.64 6.32 0.74 0.71* 0.04 
  N-H H 4.39 3.31 0.42 0.39* 0 



56 
 

Table 2.3 Analysis of molecular variance (AMOVA) results of the variation in genetic structure 
in a) all sampled native populations, b) native Oxtongue populations, c) native Petawawa 
populations, d) Petawawa SS populations, e) Madawaska SS populations, and f) Madawaska SM 
populations. showing percentage at each level and p value. 

 

 Source of variation variance  % Total p value 

a) 
ative brook trout (Algonquin) 

   

 between watersheds 1.32 24 0.001 
 between populations within 

watersheds 
0.76 13 0.001 

 within populations 3.30 63 0.02 
b) Native Oxtongue (N)    

 among populations 1.53 27 0.001 
 within populations 3.1 73  

c) Native Petawawa (N)    
 among populations 0.64 16 0.0001 
 within populations 3.35 83  

a) 
tocked Petawawa (SS)    

 among populations 0.98 24 0.0001 
 within populations 3.1 76  

b) 
tocked Madawaska (SS) 

   

 among populations 0.38 7 0.0001 
 within populations 4.65 93  

c) 
tocked Madawaska (SM) 

   

 among populations 0.64 13 0.0001 
 within populations 4.12 87  
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Table 2.4 Average Q proportional ancestry values of individuals admixture proportions of sampled lakes from potential population of 
origin estimated by ONCOR (Kalinowski et al. 2007) using Rannala and Mountain (1997), based on stocking sources (HL-H and N-
H) and representative native populations (Dickson, Hogan, and Westward Lake).  Values in brackets indicate 95% confidence 
intervals for ancestry coefficients. 

    HL-H N-H DICK HOG WEST 
Oxtongue      
 Salvelinus 0.82 (0.60- 0.96) 0 (0.00- 0.00) 0.09 (0.00- 0.24) 0 (0.00- 0.00) 0.09 (0.0-0.27) 

 Guskewau 0.02 (0.00- 0.08) 0 (0.00- 0.00) 0 (0.00- 0.00) 0 (0.00- 0.00) 0.98 (0.82- 1.00) 

 Scott 1 (1.00- 1.00) 0 (0.00- 0.00) 0 (0.00- 0.00) 0 (0.00- 0.00) 0 (0.00-0.00) 

 Westward 0 (0.00- 0.00) 0 (0.00- 0.00) 0 (0.00- 0.00) 0 (0.00- 0.00) 1 (1.00- 1.00) 
Petawawa          

 Owenee 0 (0.00- 0.00) 0 (0.00- 0.00) 0.08 (0.00- 0.20) 0.92 (0.79- 1.00) 0 (0.00- 0.00) 

 Little Crooked 0 (0.00- 0.00) 0 (0.00- 0.00) 0.91 (0.70-1.00) 0.09 (0.00- 0.30) 0 (0.00- 0.00) 

 Little Dickson 0 (0.00- 0.00) 0 (0.00- 0.00) 0.69 (0.40-0.88) 0.31 (0.11- 0.59) 0 (0.00- 0.00) 

 Philip 0 (0.00- 0.00) 0 (0.00- 0.00) 0.72 (0.28- 0.90) 0.28 (0.09-0.72) 0 (0.00- 0.00) 

 Dickson 0 (0.00- 0.00) 0 (0.00- 0.00) 1 (0.47- 1.00) 0 (0.00-0.00) 0 (0.00- 0.00) 

 Hogan 0 (0.00- 0.00) 0 (0.00- 0.00) 0 (0.00- 0.00) 1 (0.47- 1.00) 0 (0.00- 0.00) 

 Lavieille 0 (0.00- 0.00) 0 (0.00- 0.00) 1 (0.98-1.00) 0 (0.00- 0.01) 0 (0.00- 0.00) 

 Charles 0 (0.00- 0.00) 0 (0.00- 0.00) 0.13 (0.00- 0.54) 0.87 (0.46- 1.00) 0 (0.00- 0.00) 

 Animoosh 0 (0.00- 0.00) 0 (0.00- 0.00) 0.93 (0.47- 1.00) 0.07 (0.00- 0.53) 0 (0.00- 0.00) 

 Farncomb 0 (0.00- 0.00) 0 (0.00- 0.00) 0.90 (0.71- 1.00) 0.10 (0.00- 0.29) 0 (0.00- 0.00) 

 Coldspring 0 (0.00- 0.00) 0 (0.00- 0.00) 1 (0.82-1.00) 0 (0.00- 0.17) 0 (0.00- 0.00) 

 Redrock 0 (0.00- 0.00) 0 (0.00- 0.00) 0.94 (0.67-1.00) 0.06 (0.00- 0.33) 0 (0.00- 0.00) 
Madawaska      
 Little Mykiss 0.68 (0.45- 0.85) 0.16 (0.00- 0.31) 0 (0.00- 0.00) 0.16 (0.03- 0.35) 0 (0.00- 0.00) 

 Shallnot 0.16 (0.05-0.25) 0 (0.00- 0.00) 0.8 (0.68- 0.92) 0.04 (0.00- 0.15) 0 (0.00- 0.00) 

 Major 0.19 (0.05-0.35) 0 (0.00- 0.00) 0.81 (0.62- 0.95) 0 (0.00- 0.00) 0 (0.00- 0.00) 

 Mykiss 0.08 (0.00-0.18) 0.02 (0.00-0.10) 0.76 (0.55-0.90) 0.14 (0.02-0.35) 0 (0.00- 0.00) 

 Chipmunk 0.16 (0.00- 0.16) 0.75 (0.52- 0.91) 0.05 (0.00- 0.15) 0.04 (0.00-0.26) 0 (0.00- 0.00) 

 Hound 1 (1.00- 1.00) 0 (0.00- 0.00) 0 (0.00- 0.00) 0 (0.00- 0.00) 0 (0.00- 0.00) 
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Table 2.4 (Continued)      
 Frank 1 (0.94-1.00) 0 (0.00- 0.00) 0 (0.00- 0.00) 0 (0.00- 0.00) 0 (0.00- 0.00) 

 Stringer 1 (0.90-1.00) 0 (0.00- 0.00) 0 (0.00- 0.00) 0 (0.00- 0.00) 0 (0.00- 0.00) 

 Rence 0.97 (0.87- 1.00) 0 (0.00- 0.00) 0.03 (0.00- 0.13) 0 (0.00- 0.00) 0 (0.00- 0.00) 

 Harry 1 (1.00- 1.00) 0 (0.00- 0.00) 0 (0.00- 0.00) 0 (0.00- 0.00) 0 (0.00- 0.00) 

 Welcome 1 (0.88-1.00) 0 (0.00- 0.05) 0 (0.00- 0.00) 0 (0.00- 0.00) 0 (0.00- 0.00) 
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Figure 2.1 Map of Algonquin Park, Ontario, showing sampled brook trout lakes within the Petawawa (P), Madawaska (M), and 
Oxtongue River (O) watersheds. Abbreviations for sampled lakes are listed in Table 2.1. Inset map shows location of Algonquin Park 
in southeastern Ontario, Canada.
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Figure 2.1 Mean (± S.D.) values of pairwise genetic differentiation (FST) between sampled brook trout populations and historical 
stocking sources [Hills Lake strain (HL-H), Nipigon strain (N-H)], grouped by watershed and putative ancestry (N, SS, SM).
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Figure 2.2  Neighbour-joining dendrogram of genetic distances (DCE) among brook trout 
populations based on 14 microsatellite loci. Bootstrap values are based on 5,000 permutations; 
only values > 50% are shown. Populations with stocking histories are indicated with superscripts 
(S); provincial hatchery strains (Hills Lake and Nipigon) are shown in bold italics. Population 
groupings with single lines indicate native groups within separate watersheds; double-line 
groupings show wild populations that cluster with hatchery strains. Circled populations grouped 
in a different watershed as an impact of stocking (e.g. Scott Lake (SCOT; Oxtongue watershed), 
grouped with introgressed Madawaska watershed populations and the Hills Lake hatchery 
strain). 

 

Madawaska SS 

O
xt

on
gu

e 

S 
S 

S 

S 

S 
S 

S 

S 

S 

S 

S 

S 

Petawawa 
S 

S S 

S 

M
adaw

aska S
M 



62 
 

 

 

Figure 2.3 Membership coefficients (q) for individuals from sampled populations and hatchery strains estimated using STRUCTURE 
2.3 for solutions of (a) K = 3, (b) K = 5 and (c) K = 9 genetic groups. Populations are presented in the same order listed in Table 2.1. 
Each vertical line represents the proportional membership coefficient for one individual.  The outcome of K =5 differentiated between 
three native groups [one in the Oxtongue River watershed (red) and two in the Petawawa River watershed (blue and green)], as well as 
two external hatchery strains. (c) the solution for K=9 identified further structuring among both native and introgressed populations, 
with five native groups and four sets of admixed or entirely hatchery-derived populations. Populations underlined with a single line 
are native, dark single line are singly stocked (SS) and double lined are multiply stocked (SM).
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Table S2.1 History of hatchery and experimental stocking into sampled brook trout populations, 
showing stocking years, stocking sources, and number of fish stocked. Documented stocking 
sources were HL-H, N-H. 

 

Watershed Lake Year 
stocked Source No. fish 

stocked 
Oxtongue Scott 1954 HL-H 1200 
  Scott 1955 HL-H 500 
  Scott 1956 HL-H 1300 
  Scott 1957 HL-H 1200 
  Scott 1958 HL-H 350 
  Scott 1959 HL-H 1450 
  Scott 1969 HL-H 325 
  Scott 1970 HL-H 500 
  Scott 1972 HL-H 500 
  Scott 1973 HL-H 600 
  Scott 1974 HL-H 500 
  Scott 1977 HL-H 1750 
  Scott 1980 HL-H 2000 
  Scott 1983 HL-H 2000 
     
  Westward 1951 HL-H 4000 
  Westward 1955 HL-H 1000 
  Westward 1958 HL-H 700 
  Westward 1959 HL-H 450 
  Westward 1966 HL-H 1890 
  Westward 1967 HL-H 864 
  Westward 1968 HL-H 300 
     
Petawawa Animoosh 1966 HL-H 2000 
  Animoosh 1969 HL-H 2000 
  Animoosh 1970 HL-H 5200 
     
  Charles 1954 HL-H 1600 
  Charles 1956 HL-H 700 
  Charles 1957 HL-H 550 
  Charles 1958 HL-H 350 
  Charles 1959 HL-H 500 
     
  Farncomb 1950 HL-H 1000 
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  Coldspring 1961 HL-H 1350 
     
  Redrock 1954 HL-H 12500 
  Redrock 1955 HL-H 10000 
  Redrock 1962 HL-H 7500 
  Redrock 1962 HL-H 5000 
  Redrock 1963 HL-H 7500 
  Redrock 1964 HL-H 14500 
  Redrock 1965 HL-H 7500 
  Redrock 1966 HL-H 3000 
  Redrock 1967 HL-H 5000 
  Redrock 1968 HL-H 15000 
  Redrock 1969 HL-H 17400 
  Redrock 1970 HL-H 10700 
     
Madawaska Hound 1987 HL-H 1400 
  Hound 1989 HL-H 2700 
     
  Frank 1958 HL-H 350 
  Frank 1959 HL-H 450 
  Frank 1961 HL-H 900 
  Frank 1969 HL-H 350 
  Frank 1973 HL-H 4000 
  Frank 1974 HL-H 1300 
  Frank 1981 HL-H 1000 
     
  Stringer 1954 HL-H 750 
  Stringer 1956 HL-H 500 
  Stringer 1957 HL-H 600 
  Stringer 1958 HL-H 350 
  Stringer 1959 HL-H 450 
  Stringer 1960 HL-H 600 
  Stringer 1961 HL-H 5000 
  Stringer 1967 HL-H 690 
  Stringer 1968 HL-H 600 
  Stringer 1969 HL-H 500 
  Stringer 1970 HL-H 1500 
  Stringer 1972 HL-H 1500 
  Stringer 1973 HL-H 500 
  Stringer 1977 HL-H 4000 
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  Rence 1959 HL-H 675 
  Rence 1961 HL-H 4000 
  Rence 1973 HL-H 1000 
  Rence 1975 HL-H 3250 
  Rence 1976 HL-H 9000 
  Rence 1978 HL-H 6000 
  Harry 1957 HL-H 1050 
  Harry 1958 HL-H 350 
  Harry 1959 HL-H 900 
  Harry 1961 HL-H 4000 
  Harry 1978 HL-H 4000 
     
  Welcome 1940 HL-H 375 
  Welcome 1956 HL-H 1500 
  Welcome 1957 HL-H 1050 
  Welcome 1958 HL-H 700 
  Welcome 1959 HL-H 900 
  Welcome 1961 HL-H 4000 
     
  Little Mykiss 1962 N-H 600 
  Little Mykiss 1962 HL-H 1200 
  Little Mykiss 1963 DICK 300 
  Little Mykiss 1963 N-H 400 
  Little Mykiss 1973 HL-H 600 
     
  Shallnot 1962 HL-H 1800 
  Shallnot 1963 HL-H 1800 
  Shallnot 1964 HL-H 1800 
  Shallnot 1965 HL-H 2000 
  Shallnot 1966 HL-H 400 
  Shallnot 1989 N-H 1000 

     
  Major 1951 HL-H 3000 
  Major 1952 HL-H 3000 
  Major 1953 HL-H 3000 
  Major 1954 HL-H 1200 
  Major 1955 HL-H 1500 
  Major 1956 HL-H 2500 
  Major 1957 HL-H 700 
  Major 1958 HL-H 1050 
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  Major 1959 HL-H 1350 
  Major 1960 HL-H 400 
  Major 1961 HL-H 2560 
  Major 1962 HL-H 1960 
  Major 1962 HL-H 1600 
  Major 1962 HL-H 1550 
  Major 1963 HL-H 1600 
  Major 1963 HL-H 1600 
  Major 1964 HL-H 1600 
  Major 1964 HL-H 1600 
  Major 1967 HL-H 2000 
  Major 1967 HL-H 2400 
  Major 1967 HL-H 1200 
  Major 1968 HL-H 3200 
  Major 1968 HL-H 2300 
  Major 1969 HL-H 3300 
  Major 1969 HL-H 1600 
  Major 1970 HL-H 1600 
  Major 1970 HL-H 2700 
  Major 1970 HL-H 2200 
  Major 1972 HL-H 300 
  Major 1974 HL-H 200 
  Major 1974 HL-H 2000 
  Major 1974 HL-H 500 
  Major 1975 HL-H 500 
  Major 1977 HL-H 2000 
  Major 1980 HL-H 900 
  Major 1981 HL-H 1200 
     
  Mykiss 1962 HL-H 7500 

  Mykiss 1963 HL-H 4500 
  Mykiss 1964 HL-H 3200 
  Mykiss 1965 HL-H 1700 
  Mykiss 1973 HL-H 3000 
  Mykiss 1975 HL-H 800 
  Mykiss 1977 HL-H 1200 
  Mykiss 1979 HL-H 1581 
  Mykiss 1980 N-H 2000 
  Mykiss 1980 HL-H 450 
  Mykiss 1982 N-H 1776 
  Mykiss 1982 HL-H 200 
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  Mykiss 1985 HL-H 800 
     
  Chipmunk 1973 HL-H 1500 
  Chipmunk 1988 N-H 3000 
  Chipmunk 1989 N-H 3000 
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Table S2.2 Pairwise FST estimates among sampled wild brook trout populations and historical stocking (hatchery) sources. using 
population abbreviation from Table 2.1. * denotes significant pairwise FST values (p<0.05); NS indicate nonsignificant pairwise FST. 

 
SALV GUSK SCOT WEST OWEN LCR LDIC PHIL DICK HOG LAV CHAR ANIM FARN COLD 

SALV 
 

0.33 0.29 0.30 0.42 0.47 0.39 0.44 0.39 0.45 0.42 0.52 0.46 0.41 0.42 
GUSK * 

 
0.30 0.19 0.40 0.44 0.36 0.46 0.36 0.46 0.39 0.52 0.40 0.35 0.45 

SCOT * * 
 

0.30 0.28 0.34 0.28 0.31 0.32 0.32 0.32 0.41 0.32 0.32 0.36 
WEST * * * 

 
0.40 0.45 0.35 0.42 0.35 0.45 0.37 0.47 0.40 0.36 0.39 

OWEN * * * * 
 

0.26 0.10 0.05 0.13 0.04 0.14 0.25 0.17 0.14 0.24 
LCR * * * * * 

 
0.23 0.27 0.21 0.28 0.24 0.42 0.24 0.27 0.35 

LDIC * * * * * * 
 

0.14 0.06 0.12 0.10 0.24 0.13 0.06 0.17 
PHIL * * * * * * * 

 
0.12 0.07 0.14 0.22 0.19 0.20 0.21 

DICK * * * * * * * * 
 

0.17 0.03 0.24 0.12 0.07 0.16 
HOG * * * * * * * * * 

 
0.18 0.25 0.18 0.18 0.26 

LAV * * * * * * * * * * 
 

0.23 0.14 0.08 0.15 
CHAR * * * * * * * * * * * 

 
0.26 0.31 0.25 

ANIM * * * * * * * * * * * * 
 

0.15 0.26 
FARN * * * * * * * * * * * * * 

 
0.20 

COLD * * * * * * * * * * * * * * 
 RDRK * * * * * * * * * * * * * * * 

HND * * * * * * * * * * * * * * * 
FRK * * * * * * * * * * * * * * * 
STR * * * * * * * * * * * * * * * 
REN * * * * * * * * * * * * * * * 

HARY * * * * * * * * * * * * * * * 
WEL * * * * * * * * * * * * * * * 

LMYK * * * * * * * * * * * * * * * 
SHAN * * * * * * * * * * * * * * * 
MAJ * * * * * * * * * * * * * * * 
MYK * * * * * * * * * * * * * * * 
CHIP * * * * * * * * * * * * * * * 
HL-H * * * * * * * * * * * * * * * 
N-H * * * * * * * * * * * * * * * 
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Table S2.2 continued 

 RDRK HND FRK STR REN HARY WEL LMYK SHAN MAJ MYK CHIP HL-H N-H 
SALV 0.39 0.34 0.27 0.26 0.25 0.27 0.25 0.28 0.33 0.34 0.32 0.37 0.23 0.46 
GUSK 0.36 0.34 0.24 0.27 0.23 0.24 0.23 0.30 0.30 0.32 0.30 0.37 0.22 0.45 
SCOT 0.30 0.20 0.12 0.16 0.10 0.12 0.10 0.18 0.21 0.24 0.21 0.25 0.09 0.35 
WEST 0.37 0.30 0.25 0.24 0.24 0.25 0.23 0.29 0.28 0.30 0.31 0.39 0.21 0.48 
OWEN 0.17 0.27 0.19 0.27 0.18 0.19 0.18 0.18 0.11 0.12 0.11 0.23 0.22 0.31 

LCR 0.18 0.35 0.26 0.34 0.24 0.26 0.26 0.27 0.20 0.24 0.21 0.34 0.28 0.43 
LDIC 0.10 0.28 0.18 0.23 0.17 0.18 0.15 0.18 0.10 0.08 0.06 0.26 0.21 0.36 
PHIL 0.20 0.30 0.23 0.27 0.21 0.22 0.21 0.18 0.11 0.12 0.13 0.25 0.25 0.35 
DICK 0.12 0.29 0.19 0.26 0.18 0.20 0.19 0.20 0.08 0.05 0.08 0.28 0.25 0.37 
HOG 0.19 0.33 0.24 0.31 0.23 0.24 0.22 0.19 0.16 0.17 0.13 0.23 0.26 0.29 
LAV 0.17 0.32 0.21 0.27 0.20 0.21 0.21 0.22 0.10 0.06 0.10 0.31 0.26 0.41 

CHAR 0.32 0.45 0.34 0.35 0.32 0.34 0.32 0.27 0.21 0.24 0.20 0.33 0.33 0.38 
ANIM 0.20 0.34 0.21 0.30 0.19 0.21 0.20 0.21 0.12 0.12 0.09 0.28 0.25 0.36 
FARN 0.10 0.32 0.19 0.26 0.19 0.20 0.19 0.22 0.13 0.08 0.09 0.31 0.24 0.40 
COLD 0.23 0.36 0.28 0.27 0.26 0.28 0.26 0.26 0.16 0.14 0.15 0.36 0.29 0.43 
RDRK  0.27 0.18 0.26 0.18 0.19 0.17 0.20 0.14 0.14 0.11 0.27 0.23 0.35 
HND *  0.14 0.15 0.12 0.14 0.13 0.19 0.18 0.23 0.22 0.29 0.12 0.41 
FRK * *  0.13 0.00 0.00 0.01 0.12 0.11 0.14 0.12 0.19 0.05 0.33 
STR * * *  0.11 0.14 0.12 0.17 0.16 0.20 0.19 0.27 0.11 0.39 
REN * * NS *  0.00 0.01 0.10 0.10 0.12 0.11 0.19 0.04 0.32 

HARY * * NS * NS  0.01 0.12 0.11 0.14 0.13 0.19 0.05 0.33 
WEL * * * * * * 

 
0.11 0.11 0.13 0.11 0.16 0.04 0.30 

LMYK * * * * * * * 
 

0.14 0.18 0.12 0.14 0.13 0.24 
SHAN * * * * * * * * 

 
0.06 0.06 0.20 0.16 0.30 

MAJ * * * * * * * * * 
 

0.07 0.27 0.18 0.37 
MYK * * * * * * * * * * 

 
0.17 0.18 0.24 

CHIP * * * * * * * * * * * 
 

0.21 0.16 
HL-H * * * * * * * * * * * * 

 
0.33 

N-H * * * * * * * * * * * * * 
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Figure S2.1 Estimated log probability, loge(Pr[X|K]), provided by STRUCTURE for 
models using K-values of 1–30 .  Arrow for K=3 shows optimal solution for the number 
of genetic groups based on the method of Evanno et al (2005). Vertical bars represent 
standard deviation at each value of K. 

 
 

 

 
 



71 
 

Chapter 3: Comparative Evaluation of Point and Temporal Genetic 
Effective Population Sizes Estimators in Brook Trout Populations 
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Abstract 

Effective population size (Ne) is a key concept in population genetics, 

evolutionary biology and conservation biology that describes an important facet of 

genetic diversity and the capacity of populations to respond to future evolutionary 

pressures. Genetic methods for estimating Ne are widely variable in principle and 

mathematical procedure. This study assessed the efficacy of multiple Ne estimators, using 

four point methods and six temporal methods to quantify Ne in seven native brook trout 

populations in Algonquin Park, Ontario. Congruence in Ne estimates within and among 

point and temporal methods was assessed, as well as the congruency of Ne /N ratios 

obtained from the different genetic methods Ne estimates and published mark-recapture 

data of the studied populations. Temporal effective population size estimates varied 

widely among estimators and populations; values generated from point estimate methods 

were less variable compared to Ne values obtained using the temporal methods.  Although 

no significant temporal change of genetic diversity was detected within populations, a 

decline in effective population size over time was a common trend. A moment-based 

temporal method and Bayesian approach using TM3 yielded the highest Ne estimates 

among the studied populations, while estimates from two published bias correction 

methods, TempoFs and CoNe, were moderately conservative. Ne /N ratios ranged from 

0.01 to 10.46 based on published demographic population size estimates with small 

populations exhibiting higher ratios and large population had the lowest ratios. 

Considering migration effect on Ne estimates by using MLNE-Open estimator in 

comparison to other temporal estimators that assume no migration showed both upward 

and downward bias in the latter estimation methods. As genetic Ne estimators are biased 
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differently by demography and population history, such differences should be considered 

prior to relying on a single genetic estimator to inform conservation actions.  
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Introduction 

A primary focus of conservation genetics is to maintain genetic diversity and 

adaptive potential in wild populations. Effective population size (Ne) is a key concept in 

population genetics, evolutionary biology and conservation biology (Charlesworth 2009). 

As first described by Wright (1931, 1938), Ne is defined as the size of an ideal population 

showing the same rate of genetic drift as the population under study. Ne reflects changes 

in the genetic diversity of populations and can be used to infer their genetic variability 

and viability, among other parameters (Hare et al. 2011, Jamieson and Allendorf 2012).  

Thus, Ne is an important parameter in part because of its inverse relation to incremental 

increase in inbreeding (F) (ΔF = 1/2 Ne (Ryman et al. 1995) and to levels of genetic drift, 

the potential loss of genetic variation, and potential loss of desirable alleles or fixation of 

deleterious ones (Crow and Kimura 1970, Felsenstein 1971). The interaction of 

inbreeding and demographic processes decreasing fitness may consequently lead to 

inbreeding depression, with potential negative impacts on population viability (Frankham 

1995, Franklin and Frankham 1998). Furthermore, maintaining small Ne in isolated wild 

populations for several generations may erode adaptive potential due to genetic drift, 

regardless of the degree of local adaptation (Traill et al. 2010, Hare et al. 2011). 

However, the theoretical link between adaptive potential and Ne estimates based on 

neutral markers lacks the support of empirical studies (Palstra and Ruzzante 2008, Bouzat 

2010, Kirk and Freeland 2011, Jamieson and Allendorf 2012, Palstra and Fraser 2012). 

Despite the lack of evidence linking Ne to adaptive potential, the interaction of stochastic 

processes including demographic, environmental and natural catastrophes with 
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maintaining small genetic population size elevates extinction risk (Frankham 1995, 

Spielman et al. 2004, Traill et al. 2007). 

Effective population size is estimated either directly using demographic data or 

indirectly with genetic data (Wang 2005, Luikart et al. 2010). Ecological estimates 

require extensive demographic data that may also deviate from the theoretical 

characteristics of the idealized Fisher-Wright populations, such as equal numbers of 

breeding males and females, no variance in reproductive success, stable population size, 

and closed populations (Fisher 1930, Wright 1931, Crow and Kimura 1970).  Deviations 

from or violations of Fisher-Wright idealized population parameters generally reduce Ne 

so that it is less than the census population size (Crow and Kimura 1970, Felsenstein 

1971). In a meta-analysis of published Ne/N ratios that investigated the effects of 

violating Fisher-Wright assumptions, Frankham (1995) found that fluctuations in 

population size lowered Ne /N more than unequal sex ratio or skewed family 

contributions. In natural populations, however, it is difficult to accurately estimate 

effective population size from demographic data, as it is nearly impossible to fully 

measure all the demographic variations (Ryman 2002, Waples 2002). Of the 192 

published Ne /N estimates reviewed by Frankham (1995), less than a third collected the 

required demographic data to produce comprehensive estimates. 

The difficulties associated with obtaining accurate estimates of the demographic 

parameters in wild populations, and advances in population genetics and molecular 

methods over the past several decades, have motivated the development of indirect 

genetic estimators of Ne (Waples 1989, Wang 2005, Luikart et al. 2010). Various genetic 

Ne estimators were developed depending on the genetic property of interest (reviewed in 
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Wang 2005, Charlesworth 2009, Luikart et al. 2010). The majority of the utilized 

estimators in the field of conservation biology are for calculating the inbreeding (NeI), and 

the variance (NeV) effective population size (Felsenstein 1971, Schwartz et al. 1998, 

Wang 2005) . In each of these methods, effective populations size are estimated either 

from a single sample (point estimate) which estimates Ne for a single generation (Hill 

1981, Pudovkin et al. 1996, Waples 2006, Tallmon et al. 2008, Wang 2009), or two or 

more samples (temporal estimates) that estimate the harmonic mean of Ne between 

generations 0 and t-1,when generation 0 and t are sampled (Krimbas and Tsakas 1971, 

Waples 1989, Wang 2001, Berthier et al. 2002, Wang and Whitlock 2003, Anderson 

2005, Jorde and Ryman 2007, Luikart et al. 2010).  

Historically, temporal Ne methods were the most commonly used in the literature 

(Tallmon et al. 2008), however, point estimation methods have recently become more 

widely used (Palstra and Fraser 2012). Temporal methods produce an Ne by estimating 

changes in alleles frequencies between two temporally distant genetic samples assuming 

to have resulted from genetic drift (Krimbas and Tsakas 1971, Wang 2005). Collecting 

samples from a minimum of two time periods separated by a least one generation for the 

temporal methods is challenging, particularly in long lived species, which reduces the 

method’s feasibility in the field of conservation biology (Luikart et al. 2010). Point 

estimators are based on estimating heterozygosity excess (Pudovkin et al. 1996), linkage 

disequilibrium (Hill 1981), sibship frequency or variance in family size (Wang 2009), 

and using Bayesian simulations of populations with varying (bounded) effective sizes 

ranges to generate comparable genetic parameters to the focal (empirical) populations 

being studied (Tallmon et al. 2004). Moreover, the temporal methods provide the 
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harmonic mean of Ne for the generations spanning the obtained samples, whereas the 

point methods provide an estimate of Ne of the generation of interest (Waples 2005). For 

monitoring purposes in populations of conservation concern using point methods as few 

as two sample sets, each representing a generation, are required in order to provide two 

Ne estimates, whereas using temporal methods three samples at least, each representing a 

generation, are required to provide two estimates of Ne. Hence, point estimation methods 

have largely supplanted temporal methods by providing feasible and time-efficient 

options for estimating Ne, as reflected in their increased usage in the past few years 

(Palstra and Fraser 2012). 

Genetic estimators are based on several assumptions, usually shared among the 

estimators, related to either population characteristics or study design. The most 

important and often-violated assumption is discrete generations (Luikart et al. 2010). 

Utilizing genetic methods in species of overlapping generations can either produce 

upward or downward bias of Ne values (Waples and Yokota 2007). Magnitude and level 

of bias of Ne estimates because of utilizing the discrete generation model in species of 

overlapping generations depend on the sampling method and the species’ life history 

(Waples and Yokota 2007). To avoid such bias using temporal methods, collected 

samples should be at least six generations apart (Waples and Yokota 2007), which is 

particularly challenging for species with long generation times. Of the published genetic 

estimators, only one was developed for species with overlapping generations (Jorde and 

Ryman 1995). However, Jorde and Ryman's (1995) estimator requires allele frequencies 

of each cohort, with age-specific survival and birth rates data that can be very difficult to 

obtain. The second most commonly violated assumption is that the population in question 
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is closed, i.e.: no gene flow: although implicit in Ne concepts (Wright 1938, Crow and 

Kimura 1970), this assumption has largely been overlooked in many estimation methods 

(Araki et al. 2007, Luikart et al. 2010). Migration can substantially bias effective 

population size, producing either downward bias on the short term or upward bias on the 

long term (Wang and Whitlock 2003, Luikart et al. 2010): precise effect of migration on 

Ne depends on sources of migrants, number of migrants, and frequency of immigration 

events. Wang and Whitlock (2003) developed an estimator that considers open 

populations and factors the effect of immigration on Ne, and Waples and England (2011) 

assessed the effect of migration on estimating Ne using linkage disequilibrium. Moreover, 

genetic estimators assume no selection acting on the population, which is rarely violated 

because most genetic markers used to estimate Ne are neutral (Luikart et al. 2010). 

Furthermore, estimators assume no mutation effect on changing allele frequencies, which 

in contemporary Ne can safely be ignored given the short time scale (Waples 1989). 

Genetic estimators also assume that samples represent a single population with no 

subdivision from geography, assortative mating, or sampling kin groups, which can 

readily be tested with the same genetic data that is used to generate Ne estimates. Other 

assumptions related to Ne study designs typically include random sampling and random 

choice of unlinked loci; although the effects of violating these assumptions is largely 

unstudied, recently the importance of random sampling for genetic calculation of Ne was 

addressed using young-of-year brook trout (Whiteley et al. 2012).  

Interest in the relationship between effective and actual population size, known as 

the Ne /N ratio, stems from information needs relating to population size, as well as 

historical and contemporary influences on Ne and adaptive potential (Palstra and Fraser 
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2012).  Having a robust empirical relationship between Ne and N within species would be 

invaluable for predicting population sizes (N) using Ne (and vice versa). In addition, 

identifying ecological factors that are responsible for low Ne values would help wildlife 

managers to target the responsible processes in order to elevate the Ne/N ratio with 

confidence (Luikart et al. 2010).  

Estimates of Ne in many species have indicated that Ne can be substantially lower 

than actual or estimated population sizes (N), and that Ne /N ratios vary among species as 

well as among conspecific populations (Frankham 1995, Fraser et al. 2007, Saarinen et al. 

2010, Barker 2011, Phillipsen et al. 2011). The earliest meta-analysis of published Ne /N 

values looked at values across 102 species, and reported an average Ne/N of 0.11 for 

studies that generated comprehensive Ne estimates (i.e. included all of the demographic 

factors, Frankham 1995). A more recent meta-analysis reported a median Ne /N ratio of 

0.18 based on 65 species (Palstra and Ruzzante 2008). Ratios of Ne/N can vary drastically 

among species based on differences in mating system and life history, as well as 

historical and contemporary demography (Caballero 1994).  For example, a ratio of 0.98 

was reported in humans (summarized in Frankham 1995) versus a Ne/N ratio of 10-6 

reported for Pacific oyster (Crassostrea gigas) (Nunney and Elam 1994, Frankham 1995, 

Nunney 1996). Similarly, values of Ne /N among conspecific populations may vary due to 

demographic and reproductive factors (Palstra and Ruzzante 2011, Belmar-Lucero et al. 

2012). Fluctuating population size was found to have the highest effect on reducing Ne/N 

values, followed by variance in reproductive success and skewed sex ratio (Frankham 

1995). For example, high variances of family contributions in species characterized by 
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high fecundity and high mortality rate at early life stages have a drastic effect on Ne/N 

(Ovenden et al. 2007).   

Freshwater fish species have attracted relatively few studies on Ne and Ne/N 

compared with anadromous or marine species (Waples 2004, Palstra and Ruzzante 2008). 

Among the studies published from purely freshwater populations, Franckowiak et al. 

(2009) reported multigenerational Ne/N of 0.02 to 0.07 for a landlocked population of 

walleye (Sander vitreus), whereas the ratio in a lake resident brown trout (Salmo trutta) 

population averaged 0.11 across all cohorts (Charlier et al. 2011). In a population of 

northern pike (Esox lucius), Miller and Kapuscinski (1997) showed that Ne/N ratios 

ranged from 0.03 to 0.14 (mean of 0.08), with significant variation across investigated 

time intervals. These and other studies have also shown that Ne/N ratios can vary 

substantially among conspecific populations (Miller and Kapuscinski 1997, Alo and 

Turner 2005, Lippe et al. 2006, Franckowiak et al. 2009, reviewed in Luikart et al. 2010, 

Belmar-Lucero et al. 2012). Values of Ne/N in two riverine brook trout populations in 

Connecticut, USA showed two-fold variation (0.06 and 0.12) using the same point 

estimator (Kanno et al. 2011), however a similar study showed a five-fold range (0.05 to 

0.25) in two riverine populations in Canada using two different point estimators (Belmar-

Lucero et al. 2012). More importantly, however, is the high variability of Ne values 

generated by different genetic estimators within the same freshwater fish populations 

(Lippé et al. 2006, Fraser et al. 2007). In a comparison of contemporary effective 

population size estimators in the endangered copper redhorse, Moxostoma hubbsi; (Lippé 

et al. 2006), the lowest estimate of Ne (116) was obtained by the moment-based method 

(Waples 1989) while the highest (Ne = 480) was based on linkage disequilibrium (Hill 
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1981). Level of variation among estimators also can also vary depending on the stability 

of genetic population structure. Ironically, a comparative study that used temporally 

stable populations of Atlantic salmon (Salmo salar) and highly dynamic brown trout 

(Salmo trutta) system reported higher variation among estimators for the Atlantic salmon 

populations (Fraser et al. 2007).  

Given the high variation of Ne and Ne/N estimates within a single population using 

the genetic methods, and the high variation of Ne/N in populations of variable 

demographic sizes, a comparative study of the genetic methods performance in brook 

trout is needed in order to evaluate genetic estimation methods consistency in providing 

Ne estimates within the same population. In this study, native brook trout populations 

were used to 1) calculate contemporary values of the effective population size, using 

temporal and point estimates for brook trout populations, 2) evaluate the performance of 

different Ne genetic estimators within brook trout populations; and 3) generate Ne /N 

values for these populations using existing mark-recapture data (Quinn et al. 1994, 

OMNR unpubl. data). Previous comparisons of genetic methods for estimating Ne have 

previously been published (Fraser et al. 2007, Beebee 2009, Saarinen et al. 2010, 

Phillipsen et al. 2011). This study directly compares genetic Ne estimates from four point 

estimation methods and six temporal estimators. Moreover, Ne/N values for populations 

of varying demographic sizes are used to investigate the possibility of extrapolating Ne/N 

values corresponding to differing sizes (N) of brook trout populations, and assessing the 

possibility of obtaining such composite values in wild salmonid populations. 
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Methods 

Study Populations 

Brook trout are a freshwater salmonid native to eastern North America. They 

typically mature at age two to three and generally live to age five (Scott and Crossman 

1973), although fish of age six are occasionally reported in Algonquin Park (Quinn et al. 

1994). Brook trout are iteroparous, with females seeking groundwater upwellings to lay 

their eggs (Curry and Noakes 1995) where they can be accompanied by 1-9 males 

attempting to fertilize the eggs, although in most cases only one male is successful per 

brood (Blanchfield et al. 2003). As brook trout are highly prized for recreational fishing, 

many native populations have been stocked to maintain wild populations across much of 

the species range, including Ontario (Kerr 2000). Although many wild brook trout 

populations received supplemental stocking in Ontario, the populations sampled for the 

purpose of this study had native genetic ancestry (Chapter 2).  

 

Samples and Census Data 

Lacustrine brook trout populations were sampled from seven lakes in Algonquin 

Park, Ontario (Table 3.2, Figure 3.1). Contemporary tissue samples were non-lethally 

collected from the studied populations by angling and short-duration gill netting to obtain 

tissue samples (1/8ʺ clip of the right pectoral fin). Historical samples were comprised of 

scales collected previously by the Ontario Ministry of Natural Resources (OMNR) 

Algonquin Fisheries Assessment Unit (AFAU), Ontario Parks, and OMNR research staff 

(Table 3.2). Genetic ancestry of populations sampled in this study were previously 

determined to have pure native ancestry (unstocked or stocked with no effect on genetic 
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structure and diversity) (Danzmann and Ihssen 1995; see Chapter 2). Population size 

estimates of studied populations were obtained from Quinn et al. (1994) and from AFAU 

mark-recapture data (OMNR unpublished data).   

 

Genetic Data 

Details of DNA extraction and amplification are provided in Chapter 2.  Briefly, 

genomic DNA was extracted from the fin clips using a simple lysis protocol (Wilson et 

al. (2007). Tissue samples (20 mg) were lysed overnight at 37°C in 0.2 ml lysis buffer 

(10mM Tris∙HCl, pH 7.5; 125mM NaCl; 5mM EDTA, pH 8; 0.5% SDS, and 4M urea) 

supplemented with proteinase K (0.2 mg/mL). DNA was precipitated with the addition of 

10 µl 5M NaCl and 500 µl 80% isopropanol, followed by centrifugation at 4800 RCF for 

45 min. The resultant precipitant was washed with 1 ml of 70% ethanol, centrifuged, and 

air-dried before being resuspended in 200 µl TE buffer (10mM Tris∙HCl, 1mM EDTA). 

All samples were genotyped at 14 microsatellite loci: Sfo12, Sfo18, Sfo23 (Angers 

et al. 1995), SfoB52, SfoC24, SfoC28, SfoC38, SfoC86, SfoC88, SfoC113, SfoC115, 

SfoC129, SfoD75, and SfoD100 (King  et al. 2012).  The microsatellite loci were co-

amplified in four 10μl multiplex PCR reactions: Multiplex 1: Sfo12 [0.3µM], SfoC86 

[0.03µM], and SfoD75 [0.15µM]; Multiplex 2: SfoC24 [0.2µM], SfoC88 [0.15µM], 

SfoC115 [0.25µM], and SfoD100 [0.15µM]; Multiplex3: Sfo23 [0.3µM], SfoB52 

[0.18µM], SfoC28 [0.2µM], and SfoC129 [0.1µM]; and Multiplex 4: Sfo18 [0.2µM], 

SfoC38 [0.1µM], and SfoC113 [0.08µM].  Each multiplex contained 1.0 µl 10x PCR 

buffer [15mM MgCl2], 2 µg of BSA, 200 µmol of dNTPs, 0.025 U Taq polymerase, 

(Qiagen), 0.075 to 0.30µM of each primer pair, and approximately 10 ng of DNA. All 
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amplifications were run in Eppendorf  Master Cyclers at 94°C for 5 min, followed by 36 

cycles of 94°C for 1 min, 1 min annealing at 58°C (multiplex 1 and 4) or 60°C (multiplex 

2 and 3), 72°C for 1.5 min, and a final extension at 60°C for 45 minutes. Genotyping was 

done on an AB 3730 automated DNA sequencer (Applied Biosystems) using ROX350 

size standards (Applied Biosystems). Microsatellite alleles were scored using the 

GeneMapper v. 4 software (Applied Biosystems) and checked by manual proofreading. 

 

Genetic Diversity Analysis 

Genetic diversity analyses followed those detailed in Chapter 2. Deviation from 

Hardy-Weinberg equilibrium were tested using GENEPOP 4.0  (Rousset 2008), using a 

Bonferroni correction for multiple statistical tests (Rice 1989).  Standardized allelic 

richness (Ar) to the smallest number of samples and FIS were estimated using FSTAT 

2.9.3 (Goudet 2001); observed heterozygosity (HO) was determined using GenAlEx 6 

(Peakall and Smouse 2006). 

 

Genetic Method Assumptions 

 Genetic estimators of Ne are based on several assumptions that, if violated, can 

bias the estimates obtained differently (Table 3.1). Almost all estimators assume a closed 

population (Luikart et al. 2010), however using the temporal estimator (O-MLNE, Wang 

and Whitlock 2003) that is capable of jointly estimating Ne and migration rate can 

identify the effect of migration on Ne (Wang 2003). Effect of mutation on microsatellite 

loci can safely be ignored in estimates of contemporary Ne, providing that sampling 

period is no more than a few generations between the two time points (Luikart et al. 
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2010).  In most of the populations in this study the interval sampling periods between 

approximated seven generations, except for Animoosh Lake which was ten generations. 

As drift-based genetic estimators assume no selection, whether loci were under selection 

was tested in a hierarchically structured population using the method described by 

Excoffier et al. (2009), and implemented in ARLEQUIN 3.5.1.2 software (Excoffier and 

Lischer 2010). ARLEQUIN implements an approach similar to Beamont and Nicholas 

(1996) that detects loci under selection using FST distribution across loci as a function of 

heterozygosity between populations and by performing simulations under a infinite 

island-model. Loci present at the tail of the distribution are identified as outlier loci and 

potentially under selection. For simulation purposes, lakes were treated as the primary 

level of hierarchical structure using 20,000 simulations, while temporal samples within 

lakes were examined for secondary influences.  

 Brook trout in Algonquin Park vary in their age of maturity, with males maturing 

in their second year and females at age two to four (Quinn et al. 1994, OMNR 

unpublished data), with adults rarely living to age six (Quinn et al. 1994). In this study, 

large mesh size gillnet were used to preferentially target sexually mature fish. Personal 

observations of fish caught in the gear indicated an age range of two years to five, with 

very few fish of age two years or less.  Moreover, the two time points samples collected 

in our study are at least six generations apart, following published recommendations of 

evaluation studies (Jorde and Ryman 1995, Waples and Yokota 2007). 

This study utilized genetic Ne estimators to assess their comparative values from 

native brook trout populations, six temporal and four point methods (Table 3.1). A 

summary of point and temporal genetic estimators of contemporary Ne including 
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assumptions, theoretical reference and methodological references is provided in Table 

3.1. 

 

Point Estimators:  

Method One: Heterozygosity Excess (Pudovkin et al. 1996)  

Genetic drift is expected to cause a population of finite size with a small effective 

number of breeders to produce an excess of heterozygotes in the progeny generation in 

comparison to Hardy-Weinberg equilibrium proportions (Robertson 1965, Pudovkin et al. 

1996). The calculated heterozygosity (H) excess is correlated to the number of breeders 

and can be used to quantify genetic drift leading to an estimate of Ne (Pudovkin et al. 

1996). The accuracy of the H excess estimator was tested in real and simulated 

populations (Luikart and Cornuet 1999). Performance of the H excess estimator in 

polygamous and polygynous populations in the performance test was poor, and the 

confidence intervals were considered informative only if the progeny population were 

produced by 10 effective breeders or fewer and if samples included  > 60 individuals and 

20 multiallelic loci (Luikart and Cornuet 1999).  

Method Two: Approximate Bayesian computation (Tallmon et al. 2004) 

This method uses eight genetic diversity statistics that have established 

relationships with Ne, to estimate Ne from a single sample by approximate Bayesian 

computation (Tallmon et al. 2004, 2008). The statistics are number of alleles divided by 

allele length range, the difference of the natural logarithms of variance in allele length 

and observed heterozygosity, expected heterozygosity, number of alleles per locus, 

Wright’s FIS, the mean and variance of multilocus homozygosity, and the square of the 
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correlation of alleles at different loci (Tallmon et al. 2004, Tallmon et al. 2008). The 

estimator is implemented in a web-based software called ONeSAMP, where researchers 

submit genotypes and provide the expected upper and lower limit of Ne (Tallmon et al. 

2008). ONeSAMP simulates 50,000 populations that have a Ne randomly chosen between 

the lower and upper limits provided, genetic parameters of the simulated populations will 

be compared with the target population. Only those simulated populations that have 

comparable genetic parameters will be accepted to report Ne and its 95% credible limits. 

In this study the prior (minimum and maximum Ne) was set using Ne /N ratios published 

in freshwater fish, the former at a ratio of 0.1 and the latter at a ratio of 0.3 according to 

population estimates based on Quinn et al (1994). ONeSAMP requires only polymorphic 

loci and less than 5% missing data; some loci were therefore dropped out in some 

populations (see Table S3.2 for number of loci used).  

Method Three: Linkage disequilibrium (Hill 1981, bias correction, Waples 2006) 

Linkage disequilibrium (LD) is the non-random associations of alleles, and can be 

measured as the difference between the observed frequency of a two-locus gamete and 

the expected frequency according to Hardy-Weinberg expectations (Hill 1981, Waples 

2006). In an isolated population of constant size and stable structure, the amount of LD 

between two neutral markers is determined by Ne and the recombination rate of the 

markers. Thus, LD can be measured to report an estimate of Ne. LD was first proposed by 

Hill (1981), but was later criticized for having a severe bias if the sample size obtained is 

smaller than the true Ne (England et al. 2006). Waples (2006) proposed a bias correction 

for small sample size that is implemented in the LDNE program (Waples and Do 2008). 

LD estimators estimate Ne in monogamy or random mating, and Waples found that 
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dropping alleles with frequencies of less than 0.05 increased the  accuracy and precision 

of the Ne estimate (Waples 2006). In this study, alleles with frequencies <0.05 were not 

included, and jackknifing over loci was used to calculate the 95% confidence limits. 

Method Four: Sibship assignment method (Colony; Jones and Wang 2010) 

This estimator is based on estimating the frequency of a pair of randomly sampled 

offspring being full or half sibs, and uses sibship frequencies in a population to estimate 

Ne. (Wang 2009). The sibship assignment (SA) method is considered to be reliable in 

estimating Ne from a random sample by inferring parents (Luikart et al. 2010). SA, if 

applied to cohorts or year classes within a population with overlapping generations, will 

produce estimates of number of breeders (Nb) that contributed gametes to produce the 

sampled individuals rather than population-level Ne (Wang 2009).  

 

Temporal estimators:  

Methods One and Two: Temporal F-statistics moment-based method (Waples 1989)  

The moment-based method is based on the assumption that observed changes in 

allele frequencies are solely driven by genetic drift (Waples 1989). By calculating the 

observed standardized variance of allele frequency (F) over the time period (in 

generations) between two temporally distant samples leads to an estimate of genetic drift, 

which is used to calculate Ne (Waples 1989). Although, Waples (1989) warned of upward 

biased Ne estimates if very low-frequency alleles were included, a later empirical study 

showed that the effect of low frequency alleles is minimal and can be safely ignored 

(Fraser et al. 2007). The estimator is implemented in NeEstimator 1.3 (Ovenden et al. 

2007). Recently, a bias correction for small sampling size was published and 
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implemented in a new estimator (TempoFs), which corrects for small sample size 

contribution in changing allele frequency (Jorde and Ryman 2007). 

Method Three: Pseudo-maximum likelihood (MLNE-closed; Wang 2001) 

This method is conceptually similar to the moment-based method, by estimating 

Ne using temporal change of allele frequencies. The method is computationally efficient 

in comparison to the moment-based method by using a hidden Markov chain algorithm 

(Wang 2001). MLNE software utilizes two or more samples of the population to estimate 

Ne over the sampling period. In simulated populations, the maximum likelihood method 

produced more precise and accurate estimates in comparison to the moment-based 

method (Wang 2001).  

Method Four: Pseudo-maximum likelihood (MLNE-open; Wang and Whitlock 2003) 

 This is the only Ne estimator that relaxes the assumption of a closed population, 

but requires sampling all potential sources of immigration (Wang and Whitlock 2003).  

MLNE-open assumes that the observed changes of allele frequencies are attributed to 

both drift and migration, by acquiring genetic data from neighboring populations (source 

populations); migration rate (m) is calculated to be factored in the observed changes of 

alleles frequencies (Anderson 2005). Potential source of migrants to the populations 

considered in this study were sampled in a previous study (Chapter 2). Brook trout 

populations in close geographical proximity to the populations considered in this study 

were included as potential sources of migrants. 

Method Five: Maximum-likelihood, coalescent based (TM3; Beaumont 2003)   

 This method is based on gene genealogy, as approximated by the coalescent 

(Berthier et al. 2002). The coalescent method generates a posterior distribution of Ne by 
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Markov chain Monte Carlo (MCMC) simulations (Beamont 2003) to provide the 

posterior distribution of Ne over the entire sampling interval and incorporates a Bayesian 

prior of the maximum Ne (Ne MAX) to be set by the user. Previous simulations indicated 

that the coalescent method performed better using 10 loci than the moment based method 

only in populations that experienced strong drift (Berthier et al. 2002). The coalescent 

method also provided better estimates than the moment-based method when the genetic 

sample had high number of loci with rare alleles (Berthier et al. 2002). The TM3 method 

is implemented in NeEstimator 1.3 (Ovenden et al. 2007).  

Method Six: Maximum-Likelihood coalescent-based (Berthier et al. 2002, Anderson 

2005)  

This method is a coalescent-based method based on gene genealogy. A maximum 

likelihood of Ne is produced with upper and lower 95% confidence intervals by 

computing the likelihood curve using Monte Carlo (MC) estimation (Anderson 2005). 

Implemented in CoNe (Anderson 2005), the software performs importance sampling 

using MC around Ne to provide an approximation of the likelihood curve of Ne. The 

program CoNe and TM3 are similar in their underling models, although computationally 

different: Anderson (2005) obtained similar results from the two estimators for simulated 

populations, but observed CoNe to be more stable in the presence of large number of 

alleles in the sample. Moreover, TM3 overestimated the effective size if the amount of 

genetic drift is small in the population (Anderson 2005). 
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Ne/N 

The ratio between genetic Ne and census population estimates (N) was calculated 

by dividing Ne values obtained by the different genetic estimators by the available 

demographic information on population size (Quinn et al. 1994). For the temporal 

methods, Ne values were divided by the harmonic mean of population size estimates 

using mark-recapture data (Quinn et al. 1994, OMNR unpublished data) over the relevant 

time intervals. For the point methods, Ne estimates were divided by the estimated 

population size for the generation represented by the genetic sample (Table 3.2 and Table 

S3.1). 

 

Ne Estimator Correlations  

 Correlations among temporal and point estimators were tested using Pearson 

correlation coefficient, calculated in SigmaPlot 11 (SYSTAT software 2008). Pearson 

correlations compared pairs of Ne estimates, producing a correlation coefficient that if 

positive and have a p value below 0.05 indicate that a positive trend between the 

estimators was detected. For pairs with negative correlation coefficients and p values 

below 0.05, however, one variable tends to decrease while the other increases. For pairs 

with p values greater than 0.05, no significant relationship was observed between the two 

estimates. 

 

Results: 

Genetic diversity indices for the studied population are summarized in Table 3.2. 

The observed number of alleles for each microsatellite locus ranges from 4 (SfoD38) to 
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29 (SfoB23) alleles. No significant differences in genetic diversity were observed 

between the historical and contemporary samples within populations: mean allelic 

richness of the contemporary samples was 3.6 (+ 0.67) versus 3.9 (+ 0.69) in the 

historical samples (Table 3.2). Mean observed heterozygosity was 0.45 for both time 

points, and the mean inbreeding coefficient (FIS) was 0.08 (+ 0.05) for the contemporary 

samples and 0.13 (+ 0.07) for the historical samples. As all loci fell within 95% of the FST 

distribution and showed no evidence of selection, estimates of Ne were carried out using 

all 14 loci.   

 

Point estimates 

Four Ne point estimators were examined in the studied populations, providing two 

estimates for each population (one for each year sampled). Ne values obtained from point 

estimators were generally less than 100 fish per lake, except in Dickson Lake (2007) and 

Redrock Lake (1990), which generated estimates of 899 (CI = 142.3-∞) and 204 (CI 

=79.7-∞), respectively using the LD point estimator (Table 3.3). Ne point estimates were 

variable within single populations across the genetic estimators. In demographically small 

populations, for example, the Ne estimates from the 1978 sample from Animoosh Lake 

(Nm-r < 100) ranged from Ne=84 (CI = 45-305) using Sibship, down to Ne = 11.3 (no CI 

obtained) using the heterozygosity excess method (Table 3.3). Similar variation was 

observed in medium size populations: for samples from Charles Lake, in 1990 Ne values 

ranged between 1.4 (CI = 1.3-1.6) using LD and 47.3 (CI = 35-66) using ONeSAMP 

(Table 3.3). Estimates of Ne in demographically large populations (Dickson and Redrock, 

N>500) showed higher variation compared to small and medium size populations. The 
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lowest estimate for Redrock (1990 sample) was Ne = 19 based on heterozygosity excess, 

while the highest was Ne =204.1 (CI = 79-∞) using the LD method (Table 3.3). 

ONeSAMP and Sibship estimates from the same samples were intermediate 59.9 (CI = 

44-102) and 43 (CI = 28-73), respectively (Table 3.3). The highest estimates in small 

populations (N < 100), were produced by Sibship, whereas in medium populations (100< 

N >500) and large populations (N >500), ONeSAMP and LD provided the highest 

estimates. The only significant correlation, using Pearson coefficient of correlation, 

among the four point estimators was between ONeSAMP and LD methods (p=0.04; 

Table 3.4). Upper limits of CI in all point estimators were less than 100, except the LD 

method produced two infinite upper CI in Dickson Lake (2007) and Redrock (1990; 

Table 3.3). Confidence intervals overlapped highly in point estimators in the examined 

populations such that Sibship confidence interval either overlapped or contained 

ONeSAMP confidence intervals in small and medium populations (Table 3.3), however, 

in large populations LD had wider CI than Sibship (Table 3.3). In general, ONeSAMP 

had higher precision in small and medium demographic size populations in comparison to 

LD and Sibship, which showed wider CI; poorer precision. 

Higher variation of Ne values among the estimation within one population over 

the sampling period  were observed in populations. In demographically small populations 

(Animoosh and Salvelinus) recent Ne estimates were lower than the estimates from 

historical samples (Table 3.3).Temporal Ne changes in medium size populations had no 

consistent trend among estimators within populations. Ne values obtained in Charles Lake 

for the 2007 sample was higher than the 1990 value using the LD method, but all other 

estimators generated lower values in 2007 (Table 3.3). Although Ne values in Westward 
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Lake (100< N >500) showed a decrease in Ne in 2007 in comparison to 1990 for the four 

estimators, no temporal change of Ne could be inferred due to overlapping confidence 

intervals (Table 3.3). Large populations had similar trends to medium sized populations 

for temporal changes of Ne using the ONeSAMP and Sibship of no detectable change 

considering the confidence intervals. An overlap of confidence intervals was observed 

across almost all estimators.  

 

Ne Temporal Estimates 

Temporal genetic estimators of Ne were more variable than the point estimators 

and varied widely among the six methods tested (Table 3.5).  In a demographically small 

population, Animoosh Lake (N < 100), Ne values varied almost 16-fold; the lowest Ne was 

obtained using TempoFs (Ne =17; CI= 12-29) while MBT produced the highest (Ne =272; 

CI 137-977, Table 3.5). Ne estimates in populations of medium demographic size (100< 

N>500) showed comparable level of variations to small populations. Ne estimates for 

Charles Lake ranged 14-fold between 12.4 (CI=10-16) using MLNE, and 181 (CI=110-

379) using MBT (Table 3.5). Populations of medium demographic size showed similar 

variations among estimators with Ne estimates for both, Little Crooked Lake and 

Westward Lake showing 12-fold differences between the lowest and the highest values. 

Large populations exhibited similarly variable estimates, with 11-fold differences 

between the highest and lowest Ne estimates in both populations (Redrock Lake and 

Dickson Lake). Temporal Ne estimates for brook trout in Redrock Lake ranged between 

22 (CI=10-∞) and 247 (CI=165-400), obtained from TempoFs and MBT, respectively. 

Despite the variations among estimation methods within the populations, some trends 
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were observed. The highest Ne estimates for most populations was always obtained using 

the MBT and TM3 methods (Table 3.5), whereas the lowest Ne estimates was obtained 

using either CoNe or TempoFs (Table 3.2).  

Several correlations were observed among temporal genetic estimators based on 

Pearson correlation coefficients (Table 3.6). Values of Ne generated using MLNE and 

CoNe were highly correlated (p=0.0001); similar correlations were observed between 

MLNE and MLNE-O, and for those generated by TempoFs and MBT (p=0.04 for both 

correlations; Table 3.6).  

Ne/N  

Ne/N ratios obtained for the studied populations were highly variable with greater 

variation observed among ratios obtained using the temporal versus the point estimators 

(Figures 3.2 and 3.3). In small populations Ne/N ratios using the point estimators varied 

between 3.23 and 0.17 in Animoosh (1980), with less variation observed for the 2009 

samples (Figure 3.2). In Salvelinus Ne/N ratios ranged between 0.06 and 0.44 in 1990 and 

0.03 and 0.25 in 2007 (Figure 3.2). In comparison to small populations, medium and 

large populations showed lower variation in the Ne/N ratio: among all estimators, the 

highest ratio of Ne to N observed among the three medium-sized populations was 0.36 for 

Charles Lake (1990 samples) and Little Crooked Lake had the lowest (0.01). The lowest 

Ne to N ratio in larger populations was 0.004 in Dickson 2007, whereas the largest ratio 

was 0.089 in the same year for the same population (Figure 3.2).  The Ne/N ratio varied 

among populations using the same genetic method: ratios obtained using LDNE varied 

from 0.01 to 0.89 among sampled populations. However, as observed by the very low Ne 
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obtained from assessing H excess, the corresponding Ne/N ratios had the lowest range, 

with values from 0.004 to 0.43 for the largest and smallest population respectively.  

Highest variation in the Ne to N ratio using the temporal estimators was 

consistently observed in small populations (Figure 3.3). The Ne/N ratio calculated for 

brook trout population in Animoosh Lake, the smallest population studied, varied greatly 

(more than 15-fold), from 0.6 (TempoFs) to 10.4 (MBT). The average Ne/N calculated for 

Animoosh Lake using Ne estimates obtained from all temporal methods examined was 

3.2, which is higher than all reported values for a natural wild population (Figure 3.3). 

The lowest Ne/N values calculated were for Dickson Lake, the largest brook trout 

population in the park, with values between 0.01 and 0.12 (average value of 0.06, Figure 

3.3).  

Discussion: 

The main objective of this study was to comparatively evaluate the performance 

of different genetic estimators of effective population size, using intensively studied 

native brook trout populations as a study system. Higher within-population variations 

were observed among the temporal methods in comparison to the point estimate methods, 

and point estimators were generally of higher congruence to each other than the temporal. 

Ne values obtained from un-biased temporal estimators, TempoFs and CoNe, that correct 

for a bias in MBT and TM3, respectively, were comparable to values obtained from 

MLNE. Ne/N ratio was variable within a single population but some trends were evident. 

In particular, small populations had high Ne/N ratios while medium and large populations 

showed lower ratio values and less variation.  



97 
 

Point Estimates of Ne 

Ne values obtained using the point estimators were variable within populations. 

Although considerable variation among estimators within populations was observed in 

this study, this variation was substantially lower than ranges reported for Ne estimates 

based same estimators in previous studies of other species (Beebee 2009, Saarinen et al. 

2010, Barker 2011). Despite the variation among point methods, some trends were 

describable within populations and across population sizes. The H excess point estimator 

provided the lowest Ne estimates and provided no confidence intervals in all studied 

brook trout populations. Similar performance of this method was previously observed for 

either providing the lowest estimates (Beebee 2008), or the inability to provide Ne 

estimates in many examined populations (Saarinen et al. 2010, Barker 2011). More 

importantly, the H excess method has low precision; in several previous studies H excess 

provided wide confidence intervals (Zero – infinity, Beebee 2009, Barker 2011), or 

provided no confidence intervals as in this study. Perhaps the wide uninformative 

confidence intervals obtained from the H excess method can be attributed to applying the 

method in polygamous species. Luikart and Cornuet (1999) showed that genotyping more 

than 60 individuals at 20 loci provide informative confidence limits only if the effective 

number of breeders was fewer than 10. In almost all of the brook trout populations 

included in this study, the number of breeders was estimated at higher than 10 

(Blanchfield et al. 2003) and sample sizes and genotyped loci used in this study were 

lower than the numbers required (Luikart and Cornuet 1999). Moreover, the poor 

performance of the H excess can be attributed to its strict assumptions, in specific the 
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assumption of random mating, perhaps as suggested that it might be best suited for 

broadcast spawners such as coral (Schwartz 1998).  

Among the point estimators, the LD method performed well in brook trout 

populations in comparison to other species. The LD method failed in providing Ne 

estimates in populations of other species, such as cutthroat trout (Oncorhynchus clarkii 

clarkii) (Whiteley et al. 2010) and empirical toad populations (Bufo calamita, Beebee 

2009), but showed higher precision in the endangered butterfly populations (Cyclargus 

thomasi bethune bakeri) (Saarinen et al. 2010). In a long-lived iteroparous species, black 

redhorse (Moxostoma duquesni), the LD method provided higher Ne values than values 

obtained using the temporal methods (Lippé et al. 2006). In this study, however, the LD 

method provided Ne estimates in all brook trout populations and these estimates were 

comparable to values obtained from Sibship and ONeSAMP methods. The effect of 

overlapping generations on the performance of the LD estimator is unknown, but may 

explain the higher observed values in long-lived species. Despite the overlapping 

generations in brook trout, the short generation span might have lower impact on Ne 

estimates precision obtained using the LD methods. Moreover, several studies showed 

that the LD method is affected by fluctuation of population size biasing Ne estimate 

obtained using the LD for several generations after the population stabilizes in size 

(Tallmon et al. 2010, Antao et al. 2011, Tallmon et al. 2012).  

ONeSAMP estimated Ne in all examined populations and performed better than 

the LD method in providing more precise estimates.  Similar results were observed by 

Whiteley et al. (2010) for isolated populations of cutthroat trout. In other species, 

ONeSAMP also was considered the most precise among point estimators for providing 
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narrow confidence limits (Beebee 2009, Saarinen et al. 2010, Barker 2011). Tallmon et 

al. (2008), using empirical data from an re-introduced ibex (Capra ibex), showed that 

ONeSAMP is not sensitive to the prior information provided by the user, however, in the 

endangered Florida butterfly (Saarinen et al. 2010) and a Drosphila spp. (Barker 2011), 

Ne estimates and its upper confidence limits changed by changing the prior information. 

Ne and its confidence limits generated using Sibship were broader than those generated 

using the Bayesian approach ONeSAMP, potentially reflecting more precision in 

ONeSAMP. Interestingly, Sibship is the only point estimate method that relaxes the 

assumptions of a closed population and random sampling (Wang 2009), which might 

have affected the confidence intervals, especially in small populations. 

Considerable variation among the temporal estimators was observed within and 

among populations despite the shared demographic data. Variations among temporal Ne 

estimators were previously reported in several studies (Fraser et al. 2007, Ovenden et al. 

2007, Barker 2011). Among the temporal estimators examined in this study, two 

estimators (MBT and TM3) generally performed poorly, providing the highest estimates 

and wide confidence limits. Of the six estimators evaluated in our study, only three 

correlations were detected (Table 3.6). Similar to the findings presented here, Barker et 

al. (2011) compared genetic Ne estimators for Drosophila buzzatii populations using 

microsatellite and allozyme data, and found that estimates generated using MBT were 

correlated with those based on the TM3 method. Moreover, the second significant 

correlation was between MBT and TempoFs, a non-biased estimator of MBT developed 

to correct for bias of small sample size in the MBT method (Luikart et al. 2010). The 
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third correlation was found among TM3 and CoNe, both of which estimate Ne based on 

gene genealogy (Anderson 2005, Anderson et al. 2008).  

Despite this variation among estimators, some trends were observed across 

populations. All of the examined estimators generated Ne estimates with reasonably 

narrow confidence intervals except for TempoFs in large populations. Further, MBT and 

TM3 were the only estimators to provide Ne values higher than 100 across all examined 

demographic sizes. The observed high values and the incongruence with estimates 

obtained using other temporal methods may reflect the inaccuracy of the MBT and TM3 

method. Ne values obtained using the temporal methods varied within populations in 

other species (Fraser et al. 2007, Saarinen et al. 2010, Barker 2011). Despite the high Ne 

values obtained using the MTB in this study, MTB values were considered accurate in 

comparison to demographic Ne in two cat populations (Kaeuffer et al. 2004). Moreover, 

the MBT provided lower estimates than the LD method in a long-lived freshwater fish 

species (Lippe et al. 2006). Precision of the MLNE and MBT methods can be increased 

by increasing sample size, however, the MBT method performed better in estimating Ne 

than the MLNE estimator in simulated populations using the same sample sizes (Ovenden 

et al. 2007). In order to increase the precision in the Ne values obtained using the MBT 

and MLNE methods in brook trout, samples representing more than half of the population 

should be collected. The sample size needed to obtain precise Ne using the TMB or 

MLNE is difficult to obtain in empirical studies particularly for vulnerable species.  

Migration can substantially bias estimates of effective size in wild populations if 

ignored (Wang and Whitlock 2003, Waples and England 2011). Low effect of migration 

on demographically small and large brook trout effective size was observed when 
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considering the inaccuracy and the confidence limits of Ne estimates, however, in medium 

size populations a noticeable effect were observed (Table 3.5). Brook trout are known to 

show variable levels of gene flow depending on the system (Castric et al. 2001, Addison 

and Wilson 2010), which may explain the limited effect of immigration observed in large 

and small populations. The results of Chapter 2 showed local gene pools within the 

Petawawa watershed suggesting variable levels of migration. Nevertheless, Ne values in 

medium size populations were significantly affected by immigration. Furthermore, the 

results showed that predicting the effect of migration by developing a rule of thumb for 

brook trout populations was not attainable because migration affects Ne estimates 

populations differently depending on the net change of the focal population allele 

frequencies.  

The variable effect of migration on Ne within the same species was also observed 

in other empirical studies. Atlantic salmon effective size was overestimated in two 

populations, and underestimated in one after correction for migration (Fraser et al. 2007). 

In contrast, Ne was overestimated in four populations of brown trout in the same study by 

ignoring the contribution of migration to changes of allele frequencies (Fraser et al. 

2007). Despite theoretical expectation of immigration effect on the focal populations, 

these expectations are rarely met in wild populations (Waples and England 2011). 

Immigration may result in overestimates for Ne if the source population is 

demographically large and provide immigrants, which if sustained may counter changes 

caused by genetic drift resulting in no change of allele frequency. Whereas, it can 

underestimate Ne when immigrants are from a single family causing a strong allele 

frequency changes in the focal population strong (genetic drift). However, if several 
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source populations contribute immigrants sporadically into the focal population, the 

effect of migration cannot be predicted and requires sampling all source populations.  

The low temporal effective population size observed in wild populations can be 

related to variation in reproductive success (Frankham 1995, Nunney 1996, Palstra et al. 

2009, Palstra and Fraser 2012, Serbezov et al. 2012). Parental reproductive success in 

brook trout is affected by female competition for spawning habitat and competition 

among males for females (Blanchfield and Ridgway 1997, Blanchfield et al. 2003, 

Blanchfield and Ridgway 2005, Kanno et al. 2011). Indeed, a lower number of spawners 

relative to habitat availability may lower the competition among females for spawning 

habitat, increasing reproductive success (Blanchfield and Ridgway 1997). Conversely, 

the limited spawning habitat availability may increase competition among females for 

suitable spawning sites (Blanchfield and Ridgway 1997). Limited spawning habitat may 

also lead to reuse of redd sites by later females which consequently result in reduced 

reproductive success and increase family sizes variances (Essington et al. 1998, 

Blanchfield and Ridgway 2005).  

Effective population size (Ne) was first proposed as a monitoring tool for 

management and conservation decades ago (Caballero 1994, Schwartz et al. 1998), but 

has only recently become practical with the advent of point estimators (Palstra and 

Ruzzante 2008, Skrbinsek et al. 2012). Point estimate methods are promising for tracing 

effect of genetic drift on Ne, mainly because those produce an estimate for each sample 

obtained. In brook trout populations temporal change of Ne was observed in all of the 

studied populations; however, whether Ne increased or decreased varied among point 

estimate methods based on overlapping CI. Therefore, temporal change of brook trout Ne 
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was hard to determine, except in Salvelinus Lake and Dickson Lake, in which all point 

estimators Ne decreased and increased, respectively, across all point estimators. Point 

estimator methods were utilized to monitor temporal change of Ne in wild population 

previously (Skrbinsek et al. 2012). In brown bear populations (Ursus arctos) a temporal 

increase of Ne was observed and corresponded to growth in population size (Skrbinsek et 

al. 2012).  

 

Ne/N 

Ratios of Ne/N ratio were highly variable among the studied brook trout 

populations. Interestingly, smaller populations had higher Ne/N ratios than larger 

populations, which had the lowest ratios using either temporal or point estimates. The 

ratio of effective size to the demographic census estimate are often considered to be fixed 

across populations of the same species (Nunney and Elam 1994, Frankham 1995, Nunney 

1996). More recently, however, the roles of life history and environmental variation have 

since been linked to the lack of relationship between Ne and N (Turner et al. 2002, 

Waples 2002, Turner et al. 2006, Fraser et al. 2007). Ecological as well as demographic 

factors have also been attributed to the variable effective sizes observed in brook trout 

populations elsewhere (Belmar-Lucero et al. 2012). Fish density and availability of 

breeding habitat were correlated to higher competition among adult breeding brook trout, 

and consequently resulted in higher variance in reproductive success (Belmar-Lucero et 

al. 2012). Further, productivity of spawning and nursery habitat were linked to the 

reduced effective size in red drum (Sciaenops ocellatus), a marine fish (Turner et al. 

2002). It would have been very useful to investigate the correlation of environmental and 
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ecological factors to estimates of Ne I observed.  However, this was outside the scope of 

the current study. 

Despite the variable Ne values observed in a single population, demographically 

small brook trout populations (<100) had higher Ne/N ratio compared to larger 

populations. High Ne/N values in demographically small populations have similarly been 

reported in other salmonines (Ardren and Kapuscinski 2003, Araki et al. 2007, Palstra 

and Ruzzante 2008) and in an endangered butterfly population in Florida (Saarinen et al. 

2010). Small populations characterized by low number of breeders may minimize 

competition for breeding sites, allowing for higher survival and lower variance of 

individuals reproductive success (Ardren and Kapuscinski 2003, Watts et al. 2007). 

Perhaps in brook trout populations, the small number of breeding sites allows higher 

survival and lower the competition on spawning sites because spawning habitat is a 

determinant of the number of successful breeding events, that might, in large populations, 

potentially increase the contribution of a few family to the next generation (Blanchfield 

and Ridgway 1997, Ridgway and Blanchfield 1998).  

 

Conservation Implications 

Long term and point estimates of Algonquin Park brook trout effective population 

size were generally small (less than 100). Temporally, brook trout populations often 

showed lower recent Ne values compared to the historical estimates. If this trend persists, 

it might increase inbreeding, potentially resulting in inbreeding depression. In order to 

avoid inbreeding and possible inbreeding depression, wild populations are thought to 

require a Ne of more than 50 (Frankham et al. 1999, Traill et al. 2010, Jamieson and 
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Allendorf 2012). Theoretically, an effective population size of 50 is required to avoid 

inbreeding in the short term and 500 to avoid erosion of acquired adaptive genetic 

variation on the long-term (Franklin and Frankham 1998, Frankham 2005). It is critically 

important to ensure long term persistence and retain adaptive potential in wild 

populations in order to conserve wildlife (Franklin and Frankham 1998, Frankham et al. 

1999, Traill et al. 2007, Traill et al. 2010). The 50/500 rule would suggest that much 

larger brook trout populations are needed to ensure long term persistence in the wild 

(Traill et al. 2007, Traill et al. 2010, Jamieson and Allendorf 2012). There was a striking 

difference of Ne/N between small and large populations, however, providing evidence 

that small populations may not lose genetic diversity following the rate expected 

according to theoretical models (Tallmon et al. 2010). Thus, understanding how small 

populations avoid loss of genetic diversity and maintain high Ne is an interesting area for 

further research that needs more focusing on.  

The concept of effective population size is central to management and 

conservation of wild populations, particularly endangered ones. As a parameter, Ne 

reflects changes in demography, life history and stochastic processes within populations. 

Theoretically, Ne was proposed as a quantitative tool of conservation planning (Hare et al. 

2011), however, several impediments need thorough investigation to fully integrate Ne 

and Ne/N in conservation and management of wild populations. Despite the low variation 

observed in Ne values in brook trout in comparison to variations observed in other species 

(Fraser et al. 2007, Barker 2011), point and temporal estimators provided incongruent Ne 

values within population. Therefore, the use of genetic estimation methods should be 

limited in conservation biology until within population variation is thoroughly 



106 
 

investigated at a species level or an accurate reliable method of Ne estimation is 

identified. Previous studies discussed how the real Ne is unknown simply because each 

genetic method has a unique methodology and assumptions (Fraser et al. 2007, Barker 

2011). The ease of using the genetic methods, however, has spurred the indiscriminate 

use of these methods in species of conservation values without considering the accuracy 

of the provided Ne.  Secondly, Ne genetic methods correspond to different time frames 

(Waples 2005) and can be biased differently by ecological and historical events (Waples 

2005, Tallmon et al. 2010, Antao et al. 2011, Tallmon et al. 2012). Also, although a few 

genetic estimators were developed to consider assumptions that were ignored in earlier 

estimators, such as gene flow, overlapping generations, and structured populations (Wang 

and Whitlock 2003, Jorde and Ryman 2007, Waples et al. 2011, Waples and England 

2011), these estimators require detailed knowledge of population demography for each 

collected sample, a costly and time consuming task to undertake in the field of 

conservation biology. Moreover, the development of a single genetic estimator that 

considers all forces biasing Ne estimation and understanding the connection between Ne 

and life history, behavioral ecology and demography, and environmental variables would  

certainly improve the understanding and integration of Ne into conservation and 

management of wild populations.  Further insights into how demographic processes 

affect each estimator are needed; such investigation will help translate the Ne concept into 

a valuable tool for the conservation and management of both exploited and endangered 

species.  
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Table 3.1 Summary of Ne estimators used in this study including limitations, assumptions and software and methodological references 
that were used for estimating the effective size of wild brook trout populations.  

Ne estimator Samples Limitations Assumption Theory/Software Variance / Inbreeding  

Heterozygosity excess Single  Perform well in small populations,  
Low number of breeder is correlated 
to N 

Random mating, 
monogamous, closed 
system, discrete 
generation, no selection 

Crow and Kimura (1970), 
Pudovkin (1996) 

Inbreeding 

ONeSAMP Single  Defining prior maximum and 
minimum Ne bounds for examined 
population 

All of the above Tallmon et al. (2004, 2008) Not known, reflect Ne of several generation 

Linkage-disequilibrium Single  Substructuring, overlapping 
generation, and fluctuating of 
population size as source of bias 

All of the above Hill 1981,Waples 2006/ LDNE 
Waples and Do (2008)  

Inbreeding; however affected by several Ne 
of the past few generations 

Sibship Single Sample size, random sampling  All of the above, except 
relax closed population and 
overlapping generations 

Wang (2009)/ Colony [Jones 
and Wang (2009)]  

Estimate the effective number of breeders, 
Variance 

Temporal F-statistic Two Sample size, rare alleles bias 
calculation, migration, elapsed time 
between samples two generation  

All of the above Waples (1989)/ NeEstimator 
1.3 Ovenden et al. 2007 

Unbiased estimator 

TempoFs Jorde and Ryman 
(2007)  

Variance  

Pseudo-ML, maximum 
likelihood (closed) 

Two  Sample size All of the above Wang (2001) Variance 

Pseudo-ML, maximum 
likelihood (Open) 

Two Genotypic samples from the Source 
of migration should be provided 

All of the above, no 
temporal change of the 
source allele frequency  

Wang and Whitlock 2003 Variance 

Coalescent Two  Allow for one coalescent event per 
generation 

All of the above Berthier et al. (2002) Anderson 
(2005) 

Variance 
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Table 3.2  Brook trout populations sampled in Algonquin Park, Ontario that were used to estimate Ne, showing lake name, sampling 
years for historical and contemporary sampling and number of genotyped individuals, as well as genetic diversity measures of 
standardized allelic richness (Ar), observed heterozygosity (Ho), and inbreeding coefficient (FIS).  

 
Population Year sampled n  Ar Ho FIS 
Animoosh 1980 22  5.07 0.62 0.03 

 2009 14  3.59 0.46 0.002 
       

Salvelinus 1990 35  3.45 0.457 0.043 

 2007 29  3.51 0.48 0.02 

       
Charles 1991 41  4.50 0.51 0.204 

 2007 31  2.51 0.34 -0.007 

       
Little Crooked 1990 41  3.38 0.46 0.116 

 2009 41  3.01 0.43 0.109 

       
Westward 1991 30  2.63 0.38 0.116 

 2006 47  3.24 0.46 0.161 

       
Redrock 1990 46  4.74 0.58 0.072 

 2009 49  4.36 0.56 0.078 

       
Dickson 1990 39  3.90 0.53 0.067 

 2007 60  4.03 0.52 0.092 
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Table 3.3 Ne point estimates for seven brook trout populations in Algonquin Park, Ontario, using the linkage disequilibrium method 
LD (Waples 2006), heterozygosity excess method (Pudovkin et al. 1996) ONeSAMP (Tallmon et al. 2008), and Sibship (Wang 2009), 
with 95% confidence intervals for each estimate (rounded to the nearest integer) shown in bracketed italics. Population sizes are 
described in Chapter 2. 

 
 

 

 

 

 

 

 

 

 

 

 

 

* No confidence intervals were provided by the H excess estimator 

Population  
LD H excess* ONeSAMP Sibship 

Size/ Name year Ne (±95% CI) Ne (±95% CI) Ne (±95% CI) Ne (±95% CI) 
Small          

 Animoosh 1980 19.7 (18-62) 11.3 - 33.5 (43-278) 84 (45-305) 

  2009 4.5 (2-10) 3.1 - 15.7 (10-14) 18 (9-44) 

 Salvelinus 1990 19.9 (13-34) 4.2 - 21.7 (16-30) 27 (16-50) 

  2007 2.2 (2-3) 3.6 - 14.4 (13-17) 15 (8-31) 
Medium          

 Charles 1990 1.4 (1-2) 16.2 - 47.3 (35-66) 25 (15-46) 

  2007 39.2 (15-843) 3 - 24.5 (23-28) 21 (12- 42) 

 Little Crooked 1990 10.7 (7-14) 14.1 - 26.1  (19-37) 26 (16-46) 

  2009 39.1 (22-92) 3.1 - 32.1 (24-45) 34 (21-56) 

 Westward 1990 23 (1.-80) 8.7 - 22.7 (18-33) 22 (12-43) 

 
 2007 13.6 (9-18) 3.5 - 21.0 (19-26) 26 (15-46) 

Large          
 Redrock 1990 204.1 (79-∞) 19 - 59.9 (44-102) 43 (28-73) 
  2007 48 (32-78) 5.4 - 82.3 (66-150) 45 (29-72) 
 Dickson 1990 10.7 (7-14) 3.6 - 40.66 (38-47) 37 (23-64) 
  2007 899.2 (142-∞) 4.7 - 76.23 (52-148) 50 (33-78) 
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Table 3.4 Pearson product moment correlations between Ne point estimators for empirical 
estimates from the study populations. Values marked with (*) were significant (p<0.05). 

 

 
 Sibship He LD 

ONeSAMP 0.462 0.353 0.587* 
Sibship 

 
0.254 0.307 

He 
  

-0.026 
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Table 3.5 Estimates of the temporal effective population size for brook trout populations in Algonquin Park, obtained using six 
temporal methods (see Methods for abbreviations). 95% confidence intervals are provided in bracketed italics.  

 
Population 

   Size                 Name MBT TempoFs TM3 CoNe MLNE O-MLNE 

Small 
  

   
  

 Animoosh 272 (137 – 977) 17 (12-29) 21 (15-32) 130.4 (N/A) * 29.7 (27-30) 30.7 (17.8-51) 

 Salvelinus 147.9 (88-290) 13 (9-25) 36.7 (25-54) 166.8 (104-293) 37.2 (26-50) 22.9 (16-33) 

Medium 
  

   
  

 Charles 181 (110-379) 19 (10-210) 12.5 (9-17) 59.3 (58-60) 12.4 (10-16) 25.7 (20-34) 

 Little Crooked 95.2 (65 – 142) 8 (4-87) 16.65 (12-22) 58.5 (48-89) 10.4 (9-12) 16.2 (13-21) 

 Westward 215.8 (118-520) 18 (9-23) 69.9 (47-109) 220.4 (128-389) 60.8 (43-90) 25.1 (19-36) 

Large        

 Redrock 247.2 (165- 400) 22 (10-∞) 81.2 (58-116) 59.9 (0-60) 71.2 (54-96) 53.7 (41-75) 

 Dickson 78.1 (58-105) 14 (6-∞) 80.5 (57-115) 154.1 (104-178) 67.4 (50-93) 44.3 (33-62) 

* No confidence intervals were provided using the CoNe estimator in Animoosh Lake.
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Table 3.6  Pearson product moment correlation coefficients between the temporal effective 
population size estimates produced by the temporal methods in the study populations. Values 
marked with (*) were significant (p<0.05).   

      

 TM3 MLNE O-MLNE CoNe TempoFs 
MBT 0.025 0.151 0.248 0.011 0.758* 
TM3  0.449 -0.130 0.389 -0.027 
MLNE   0.774* 0.981* 0.466 
O-MLNE    0.745 0.618 
CoNe     0.384 
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Figure 3.1 Geographical location of Algonquin Park, Ontario, Canada, showing sampled brook trout populations. abbreviations 
provided in Chapter 2.
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Figure 3.1 Ne/N of brook trout populations in the Park obtained using four point estimates methods. N was calculated using the 
available population size estimates using mark recapture data (Nm-r) for the same time period as the genetic data. 

      1980     2009    1990       2007     1990     2007      1990     2007      1990     2007     1990      2007    1990      2007 

        Animoosh         Salvelinus          Charles            Little Crooked      Westward             Redrock             Dickson 

N
e/
N
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Figure 3.2 Ne/N ratios for studied brook trout population for the study period based on temporal estimators of Ne, N was calculated 
using the available population size estimates using mark recapture data (Nm-r) for the same time period as the genetic data. 
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Table S3.1 Adult population size estimates of brook trout populations used in this study, 
estimates obtained using mark-recapture data (Quinn et al. 1994; OMNR unpublished data). 

   Mark-recapture population estimate 

Population Year 
sampled n Year N CI 

Salvelinus 1990 35 1991 61 (36-100) 

 2009 29    
Charles 1990 41 1988 130 (61-300) 

 2007 31 2000 299 (160-822) 
Animoosh 1990 22 1988 26 (13-60) 

 2009 14    
Westward 1990 30 1983 213 (118-426) 

 2009 47 1987 174 (112-282) 

   2000 140 (121-263) 
Little Crooked 1990 41 1983 282 (160-545) 

 2009 41 1989 306 (184-543) 

   1989 302 (150-660) 

   2003 232 (163-403) 
Redrock 1980 46 1989 566 (313-1132) 

 2009 49 1989 708 (367-1490) 

   2006 600 (490-734) 
Dickson 1990 39 1988 890 (505-1718) 

 2006 60 1989 681 (386-1314) 

   1996 1070 (798-1474) 

   2000 606 (411-1128) 

   2001 838 (600-1469) 

   2002 884 (622-1757) 

   2010 1241 (657-2796) 
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Table S3.2 Genetic sample sizes for each year sampled in each population with maximum and 
minimum a priori expectations of Ne for ONeSAMP (Tallmon et al. 2008). Maximum a priori 
expectations were calculated according to the formula Nm-r /0.3 (Quinn et al. 1994). 

 Genetic sample Prior Ne expectations 
Population name                     Year n Minimum  Maximum  
Animoosh 1980 22 2 30 

2009 14 2 30 
Salvelinus 1990 35 2 150 

2009 29 2 150 
Charles 1990 41 2 100 

2007 31 2 100 
Little Crooked 1990 41 2 300 

2009 41 2 300 
Westward 1990 30 2 300 

2009 47 2 300 
Redrock 1980 46 2 500 

2009 49 2 500 
Dickson 
 

1989 39 2 350 
2006 60 2 350 
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Chapter 4: Effects of Numbers of Loci and Individuals on Values of Ne 
Estimates Calculated from Linkage Disequilibrium 
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Abstract 
 

Effective population size (Ne) is a key concept widely used in evolutionary and 

conservation biology. A point estimate method for calculating Ne that depends on levels of 

linkage disequilibrium (LD) within populations has been proposed for estimating Ne and 

monitoring wild populations in a conservation context. Despite published guidelines on the 

number of loci and sample size required for the LD method, many published studies have 

estimated Ne using this method with little consideration to published guidelines. This study used 

microsatellite data collected from several wild brook trout (Salvelinus fontinalis) populations of 

different demographic population sizes to evaluate how random subsets of microsatellite loci 

(number and composition of locus subsets) and individuals (sample size and composition) affect 

the resultant Ne estimates using the LD method. Varying the number and composition of subsets 

of loci and individuals resulted in substantial variation in Ne values within and among 

populations. Moreover, increasing the empirical data with more loci or number of individuals 

had no consistent effect on increasing or decreasing the range of Ne estimates in populations of 

varying demographic sizes. LD produced high Ne estimates in demographically small brook trout 

populations and conversely low Ne values in populations with greater numbers. Over- and under-

estimates of Ne both have serious consequences in conservation biology applications: based on 

these findings, published empirical estimates of Ne should be interpreted with caution. Further 

evaluation of LD and other Ne estimation methods using empirical data is needed particularly 

from well-studied populations with comprehensive demographic information.
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Introduction 

Effective population size (Ne) is an important parameter in conserving, managing, and 

monitoring wildlife populations (Frankham 2005, Charlesworth 2009). Effective population size 

is defined as the size of an ideal population that would over time experience the same rate of 

change in allele frequencies as the population of interest as a result of genetic drift (Wright 1931, 

1938). Thus, genetic drift is central to the concept of effective population size (Krimbas and 

Tsakas 1971). Effective size is also related to the incremental increase of population-level 

inbreeding (F), where ΔF = 1/2 Ne: maintaining small Ne over several generations can cause a 

rapid loss of desirable alleles or fixation of deleterious ones (Frankham et al. 2002). Selection 

and fitness are also related to Ne, because strong genetic drift at lower Ne may hinder selection, 

thereby lowering the adaptive potential and persistence of populations (Crow and Denniston 

1988, Frankham 2005, Hare et al. 2011).  

Effective population size estimators utilize demographic and/or genetic data to generate 

values of Ne. Demographic estimators require intensive monitoring of the populations to gauge 

all demographic variations including variance of family size, which makes Ne estimates based on 

demographic data notoriously difficult to obtain (Frankham 1995, Leberg et al. 2005). These 

difficulties have led to the widespread use of Ne genetic estimators, both temporal and point 

estimates (Luikart et al. 2010). Utilizing genetic data to estimate Ne has become more time- and 

cost-effective with the recent, rapid advances in molecular biology and ecology (Leberg et al. 

2005, Wang 2005, Luikart et al. 2010). Ne genetic estimates can be obtained from temporal 

methods (two or more genetic samples displaced temporally,  Krimbas and Tsakas 1971, Waples 

1989, Wang 2001, Wang and Whitlock 2003, Jorde and Ryman 2007) or from point methods 

(samples collected from a single point in time; point methods, Hills 1981, Waples 2006, Wang 
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2009, Tallmon 2004). To examine temporal change in Ne requires a minimum of two estimates; 

for the temporal method this requires genetic samples collected from three time points, each 

separated by at least one generation, whereas for point methods only two genetic samples are 

necessary (Luikart et al. 2010). The temporal methods provide a single estimate across two 

samples collected at least one generation apart, whereas a single sample is required for the point 

estimators, hence, the recent popularity of point methods for estimating Ne (Palstra and Fraser 

2012).  

A widely used Ne point estimate method makes use of linkage disequilibrium (LD) 

among loci (Hill 1981, Waples 2006). The LD method utilizes estimates of linkage 

disequilibrium across loci in order to estimate Ne (Waples 2006). The performance of the LD 

method has been tested intensively using simulations based on idealized population scenarios 

(Tallmon et al. 2010, Waples and Do 2010b, Antao et al. 2011, Tallmon et al. 2012) as well as 

non-ideal scenarios including gene flow (Waples and England 2011) and overlapping 

generations (Robinson and Moyer 2012) to deliberately violate the assumptions. In these 

performance studies the LD method results were compared to Ne values set by authors for 

producing the simulation data performed well in stable populations of Ne less than 200 (Waples 

and Do 2008, 2010a), detected population declines earlier than temporal methods, and had high 

accuracy (Tallmon et al. 2010, Antao et al. 2011, Tallmon et al. 2012). Migration was found to 

substantially bias Ne in the focal population if migration rate exceeded five to ten percent 

(Waples and England 2011): low migration rates biased Ne estimates downward, whereas higher 

migration rates upwardly biased Ne (Waples and England 2011). Violating the discrete 

generation assumption in simulations (allowing for overlapping generations) produced less than 

15% downward bias of Ne estimates (Robinson and Moyer 2012).  
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An ironic shortcoming of most LD simulation studies has been the use of unrealistically 

large sample sizes and numbers of loci compared to data available in most empirical studies 

(Sanz et al. 2009). Most importantly, LD performance studies used the harmonic mean of 

hundreds to thousands simulations to report LD bias, whereas management decisions are often 

based on a single Ne estimate utilizing published microsatellite loci and the obtained genetic 

sample, not a harmonic mean of hundreds of estimates. This single Ne estimate can be biased by 

a limited sample size and/or low number of loci utilized (Luikart et al. 2010). In a review of 189 

peer reviewed papers published between 2009 and 2012 that employed the LD estimator (Waples 

and Do 2008), 58 relied solely on LDNE and the number of microsatellite loci used ranged 

between 4 and 41 (Table 1). Variation in the number and composition of individuals sampled or 

the number and composition of microsatellite loci included was not considered, although these 

have the potential to affect genetic inferences of parentage assignment (Bernatchez and 

Duchesne 2000) spatial genetic patterns (Landguth et al. 2012) and Ne estimates (Waples and Do 

2010).  

This study evaluated how changing the numbers and combination of microsatellite loci or 

individuals sampled can each affect Ne values calculated using the LD method using empirical 

data from native brook trout (Salvelinus fontinalis) populations. Specifically, the study assessed 

the probability of failing to measure LD signal (producing an infinite or negative Ne estimate, 

Waples and Do 2010), the range of Ne values obtained using different subsets of loci or 

individuals, and average Ne values calculated using an equal number of loci or individuals using 

the LD method in comparison to values obtained using a Bayesian point estimator (ONeSAMP; 

Tallmon et al. 2008) and kinship reconstruction (Sibship; Wang 2009). Sampled populations in 

this study were categorized as small (N<100), medium (100< N <300) or large (N> 500) based 
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on available mark-recapture data (Quinn et al. 1994, OMNR unpublished data). By varying the 

proportional sampling representation from wild populations of different sizes, the study also 

explored how demographic size of populations can affect estimation outcomes. 

 

Methods 

Samples 

 A total of 231 genetic samples were obtained from six native brook trout populations in 

Algonquin Park (details in Chapter 2). Brook trout were non-lethally sampled by angling and/or 

short-term gillnetting to obtain tissue samples (n = 176 between 2008 and 2009) or scales (n= 55 

between 1990 and 1991). The six sampled populations were categorized into small, medium, or 

large demographic populations (N<100, 100< N <300, and N> 500 individuals, respectively) 

based on mark-recapture data (Quinn et al. 1994, OMNR unpublished data). Of the sampled 

lakes, Animoosh Lake and Salvelinus Lake have been characterized as supporting small 

populations (N<100), Westward Lake and Little Crooked Lake as having medium size brook 

trout populations (100<N<300), and the two largest populations (Redrock Lake and Dickson 

Lake) as having standing adult populations of >500 adults individuals based on mark-recapture 

data (Quinn et al. 1994, OMNR unpublished data).  

Genetic Data 

 Genomic DNA was extracted from the fin clips using a simple lysis protocol (Wilson et 

al. 2007). Tissue samples (20 mg) were lysed overnight at 37°C in 0.2 ml lysis buffer (10mM 

Tris∙HCl, pH 7.5; 125mM NaCl; 5mM EDTA, pH 8; 0.5% SDS, and 4M urea) supplemented 

with proteinase K (0.2 mg/mL). DNA was precipitated with the addition of 10 µl 5M NaCl and 

500 µl 80% isopropanol, followed by centrifugation at 4800 RCF for 45 min. The resultant 
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precipitant was washed with 1 ml of 70% ethanol, recentrifuged, and air-dried before being 

resuspended in 200 µl TE buffer (10mM Tris∙HCl, 1mM EDTA). 

 All samples were genotyped at 14 microsatellite loci: Sfo12, Sfo18, Sfo23 (Angers et al. 

1995), SfoB52, SfoC24, SfoC28, SfoC38, SfoC86, SfoC88, SfoC113, SfoC115, SfoC129, SfoD75, 

and SfoD100 (King et al. 2012).  The microsatellite loci were co-amplified in four 10μl multiplex 

PCR reactions: Multiplex 1: Sfo12 [0.3µM], SfoC86 [0.03µM], and SfoD75 [0.15µM]; Multiplex 

2: SfoC24 [0.2µM], SfoC88 [0.15µM], Sfo C115 [0.25µM], and SfoD100 [0.15µM]; Multiplex3: 

Sfo24 [0.3µM], SfoB52 [0.18µM], SfoC28 [0.2µM], and SfoC129 [0.1µM]; and Multiplex 4: 

Sfo18 [0.2µM], SfoC38 [0.1µM], and SfoC113 [0.08µM].  Each multiplex contained 1.0 µl 10x 

PCR buffer [15mM MgCl2], 2 µg of BSA, 200 µmol of dNTPs, 0.025 U Taq polymerase, 0.075 

to 0.30µM of each primer pair, and approximately 10 ng of DNA. All amplifications were run in 

Eppendorf Master Cyclers at 94°C for 5 min, followed by 36 cycles of 94°C for 1 min, 1 min 

annealing at 58°C (multiplex 1 and 4) or 60°C (multiplex 2 and 3), 72°C for 1.5 min, and a final 

extension at 60°C for 45 minutes. Genotyping was done on an ABI 3730 automated DNA 

sequencer (Applied Biosystems) with ROX350 size standards (Applied Biosystems).  

Microsatellite alleles were scored using the GeneMapper v. 4 software (Applied Biosystems) and 

checked by manual proofreading. 

Analysis:  

Evaluation of the effect of number and the combination of microsatellite loci and the 

effect of the number and recombination of individuals on Ne estimate using LDNE software were 

assessed (Waples and Do 2008). In contrast to previous simulations which compared Ne 

estimates to predetermined (actual) values (Waples and Do 2008, Tallmon et al. 2010, Antao et 

al. 2011, Robinson and Moyer 2012, Tallmon et al. 2012) this study compared Ne estimates 
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obtained using the LD to values obtained from other point estimators (Sibship and ONeSAMP) 

using empirical data from the 14 microsatellite loci from the six native brook trout populations. 

The LDNE program was used to generate Ne estimates from combinational subsets of empirical 

data (sampling without replacement), varying the number of loci from seven to twelve loci: 3400 

Ne estimates were obtained by using different sets of seven loci, 3000 using eight loci, 2000 at 

nine loci, 1000 at 10 loci, 350 at 11 and 92 at 12 loci. The effects of sample size and individuals 

utilized for estimating Ne on the resultant Ne values were similarly investigated using 100 

randomly generated subsets of the collected samples from wild populations at 50%, 70% and 

90% of individuals sampled within each populations, also without replacement. The arithmetic 

and harmonic means of Ne values obtained at each set of conditions (fixed number of loci or 

fixed number of individuals) were compared to Ne values for the same population obtained from 

two point estimate methods, Sibship (Wang 2009) and ONeSAMP (Tallmon et al. 2008), using 

the full data set (Table 4.2 and 4.3). This comparison was to investigate how viewing results 

using the harmonic and arithmetic means might differ.  

 

Results: 

Genetic Diversity:  

Genetic diversity indices of standardized allelic richness (Ar), observed heterozygosity 

(Ho) and inbreeding coefficient (FIS) are summarized for each population in Table 4.2. Diversity 

within populations was variable with mean allelic richness values between 2.63 and 5.07 (Table 

4.2). Observed levels of heterozygosity among the wild populations ranged from 0.38 to 0.62 

(Table 4.2). Although significant deviations from Hardy-Weinberg equilibrium were found in 4 

tests after Bonferroni correction for multiple comparisons, the deviations are more likely 
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indicative of within-population Wahlund effects from overlapping cohorts rather than the 

presence of null alleles within a locus. 

Number of Loci:  

The composition of the microsatellite subset utilized to estimate Ne was found to affect 

the ability of the LD method to detect a linkage signal to produce positive Ne values. An infinite 

or negative Ne estimate represents LD method failure to estimate Ne (Waples and Do 2008). 

Utilizing a higher number of loci to estimate Ne  decreased the number of infinite and negative Ne 

estimate across all population sizes (Table 4.3). For a given number of loci the frequency of 

failures to estimate Ne was greater in demographically larger populations (Table 4.3). With seven 

loci, small populations such as Animoosh Lake (N =26) had 13% of the 3400 subsets that failed 

to produce Ne  values, whereas in large populations such as Dickson Lake (N=1,000 fish) 43 % of 

the 3400 subsets failed (Table 4.3). Utilizing 12 loci in small or medium sized populations was 

sufficient to obtain no negative or infinite Ne estimates, however, in large populations (Redrock 

Lake and Dickson Lake), 4.4% and 25.7% of the estimates were negative, respectively (Table 

4.3). A multiple linear regression done to investigate the relation of Ne values obtained at each "p 

critical" to the number of alleles showed no significant relationships (results not shown).   

A wide range of Ne estimates was observed by changing microsatellite loci utilized across 

all population sizes. In small demographic populations (N< 100), Ne estimates using seven loci 

ranged from 2.8 to 486,340 in Animoosh Lake and from 3.2 to 444,504 in Salvelinus Lake 

(Figure 4.1). Inclusion of more loci had no consistent effect on the range of estimates: for 

example the range of Ne estimates increased in Little Crooked and Salvelinus as more loci were 

included, whereas in other populations ranges decreased (Figure 4.1). Estimates of Ne obtained in 

large populations showed the highest variation in ranges compared to small and medium size 
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populations (Figure 4.2). Increasing the number of loci utilized in estimating Ne had no 

consistent effect on the range of estimates obtained using LD (Figure 4.1). 

The harmonic mean in both comparisons of LD to ONeSAMP and Sibship showed lower 

variations when varying number of loci than the arithmetic mean (Figure 4.2). Lower differences 

between Ne using LD and Sibship and ONeSAMP Ne values were observed in medium size 

populations (Nm-r between 100 and 300, Figure 4.2). Harmonic means in large populations 

increased as the number of loci used in the analysis increased (Figure 4.2). Averages varied 

widely in response to utilizing higher number of microsatellite loci; using 10 and 12 loci for the 

large brook trout populations in Redrock Lake produced the highest averages, whereas the 

highest mean values for the other large population (Dickson Lake) were observed using 8 and 11 

(Figure 4.2).  

Number of Individuals 

The occurrence of infinite or negative Ne estimates declined as number of individuals 

increased from 50% to 70% to 90% of the collected sample; however, the percentage of infinite 

or negative estimates varied across populations (Table 4.4). In small populations, utilizing 50% 

of the collected sample produced 47% negative and infinite estimates in Animoosh and only 13% 

in Salvelinus (Table 4.4). Using 50% of the obtained sample in the largest population (Dickson), 

98% of Ne estimates were negative or infinite, declining to 17 using 90% of the individuals 

sampled (Table 4.4). Across all populations utilizing more individuals decreased infinite and 

negative Ne estimates (Table 4.4).   

Variations among Ne estimates obtained by subsampling the collected samples were 

variable both within and among populations. Ranges of the Ne estimates increased with 
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population size, such that large populations exhibited larger ranges (Figure 4.3). Including more 

individuals had variable effects on the range of Ne values in medium and large populations 

(Figure 4.3). Ne estimates obtained in Redrock using 70% of the sample ranged between 3 and 

722, and increased to between 3 and 4,335 using 90% of the empirical data (Figure 4.3). By 

contrast, the same proportional increase in sample size decreased the range of Ne estimates in the 

Dickson lake population: the higher limit of the range at 70% was 35,149, which decreased to 

11,312 using 90% of the empirical data (Figure 4.3).  

The harmonic mean of the 100 subsets at each sample size was less variable by varying 

sample size across populations compared to arithmetic mean. The arithmetic and harmonic 

means of the 100 subsets at each sample size (50%, 70% and 90%) were compared to Ne values 

obtained using other point methods as a reference estimate (see methods). The arithmetic and 

harmonic means showed less variation at higher sample sizes, however, populations of the 

largest and smallest demographic sizes showed higher variations with increasing sample size 

(Figure 4.4). In Westward Lake the arithmetic mean of Ne estimates at 50% of the collected 

samples was 30 times the Ne value obtained using Sibship, however, the harmonic mean was five 

times higher the Sibship estimate. The arithmetic mean had the same value as the harmonic mean 

using 90% of the collected sample (Figure 4.4). The differences between arithmetic and 

harmonic in Animoosh and Dickson populations increased substantially at higher sample sizes; 

the arithmetic comparison to ONeSAMP was at 90% twice higher than the harmonic at 50% in 

Animoosh and comparable magnitude of difference was observed in Dickson Lake (Figure 4.4).   

Including rare alleles <5% in Ne calculations had a variable effect at different population 

sizes (Table 4.3 and 4.4). Using lower-frequency alleles increased the rate of failure for 

estimating Ne at small population sizes <100 (Animoosh and Salvelinus; Table 4.3). By contrast, 
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larger populations (N> 100) showed lower failure levels by including alleles of 0.02 frequencies 

(Table 4.2). Including rare alleles had a variable effect on number of infinite estimates; lower 

and higher proportions of infinite estimates were observed by including rare alleles (Table 4.3).  

 

Discussion: 

The objective of this study was to examine the effects of varying sample size and number 

loci, as well as the effect of locus and individuals recombination and rare alleles on Ne values 

obtained by the LD method using empirical datasets. The combined results showed substantial 

variability of Ne estimates obtained using LD by varying the number of loci used, changing the 

particular microsatellite loci used within a fixed number of loci, and similarly varying the size 

and composition of subsets of genotyped individuals. Varying which microsatellite loci were 

used within a fixed number of loci produced a wide range of Ne estimates, the same was 

observed with the number of individuals. No consistent trend was observed for the ranges or 

means of the obtained estimates with increasing numbers of loci or individuals utilized to 

estimate Ne across the studied populations. Increasing the number of loci and individuals 

decreased Ne means and ranges in some populations but increased them in others. Although 

increasing the number of loci or individuals had no effect on the range of positive estimates 

obtained, increasing sample sizes and genetic information reduced the proportions of infinite or 

negative Ne values obtained.  

LD performance studies based on simulations showed that LD accuracy should increase 

by utilizing more individuals and more loci, and by increasing allelic richness (Waples and Do 

2010). Contrary to this prediction, the empirical data in this study showed that the combination 

of individuals sampled to estimate Ne using the LD method produced a wide range of estimates 
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that were not correlated with either numbers of individuals or numbers of loci. Waples and Do 

(2008), using 1000 simulated populations, studied the effect of number of loci and number of 

individuals on Ne values obtained using the LD method. Sampling 25 individuals in populations 

of N=100 and 500 produced high variations of Ne values; 10.7% and 15% of the estimates were 

less than half of the real Ne in simulated populations receptively, and 10.6% and 37.1% of the 

estimates were higher than twice the real Ne, respectively (Waples and Do 2008). Despite the 

higher accuracy observed by increasing the sample size in simulated populations, the 

combination of microsatellite loci caused variations of Ne values observed at higher sample sizes 

(Waples and Do 2010, Antao et al. 2011), e.g. estimating Ne utilizing each individual in 1000 

simulated populations of Ne =100 produced 2% of the estimates higher than 300 (Waples and 

England 2011). Similarly, population simulations that investigate how bottlenecks would affect 

Ne estimation in a population of N1=200 reduced after a bottleneck to N2=50 (N= Ne in these 

simulations) required genotyping every individual at 40 loci to get the harmonic mean close to 

the true Ne value (Antao et al. 2011). In the same study, using 20 loci instead of 40 produced 

much broader confidence interval around the harmonic mean, indicating variations of Ne 

estimates obtained corresponding to different recombination of loci (Antao et al. 2011). 

The effect of number of loci, allelic richness and number of individuals sampled is an 

issue of concern for accurate genetic inference. Similar effects of number of loci and allelic 

richness are known for parentage assignment and detecting spatial patterns (Bernatchez and 

Duchesne 2000, Landguth et al. 2012). Higher allelic richness and number of microsatellite loci 

increased accuracy of parentage assignment, with the greatest improvement of assignment 

accuracy achieved by utilizing more than 10 alleles per locus (Bernatchez and Duchesne 2000). 

Moreover, number of loci and number of alleles significantly increased the accuracy and 
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precision in predicting spatial landscape patterns (Landguth et al. 2012). Interestingly, Landguth 

et al. (2012) investigating how number of individuals sampled affect spatial landscape genetic 

inferences, found that higher numbers of individuals increase the precision but not the accuracy 

of the relationship inferred. 

Including rare alleles in the empirical dataset resulted in Ne estimates that contradicted 

expectation based on simulated populations (Waples 2008, Antao et al. 2011). Rare alleles are 

known to bias Ne estimates obtained using the LD method upwardly and if ignored can decrease 

accuracy (Waples and Do 2008). This upward bias of Ne estimates using the LD method has been 

shown to operate in both small and large populations, and it was suggested that utilizing only 

alleles of frequencies higher than 0.05 increases the accuracy of Ne estimates (Waples and Do 

2008). In this study, using empirical data,, however, rare alleles had a variable effect on Ne 

estimates in small and large populations. In small populations (N=100) estimating Ne including 

rare alleles at frequencies of 0.02 and 0.01 increased the infinite estimates in comparison to 

estimates obtained by ignoring alleles at frequencies less than 0.05. In larger populations, 

however, ignoring low frequency alleles (at or below 0.02 and 0.01) decreased the negative and 

infinite values obtained, resulting in downward bias assuming that Ne estimates obtained by 

ignoring alleles of frequencies less than 0.05 were accurate as suggested by Waples and Do 

(2010).  

In addition to the variations of Ne values presented in this study based on variable sample 

size and number of loci that question the efficacy of the LD method, there are additional sources 

of potential bias that might affect this estimation method. First, the LD method assumes drift in 

the parental generation to be the only source of the measured LD signal in the generation being 

studied (Waples 2006). However, several sources contribute to the level of LD in any generation, 
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such as inheritance of LD from previous generations because of drift, natural selection, gene 

flow, admixture in a subdivided populations, and fluctuation of population size between 

generations (Frankham et al. 2002). Dissipation of the LD signal created because of any of the 

previous forces requires a few (Tallmon et al. 2012). Through simulations, Robinson and Moyer 

(2012) found that the LD method bias was less than 15% downwardly if applied to species with 

overlapping generations. Moreover effect of fluctuating population size on LD signal has never 

been studied, such natural fluctuation produce LD signal that requires few generations to 

disappear. Wild populations’ adherence to these assumptions is uncommon which create several 

sources of biases and undermine the accuracy and precision of the LD method in estimating Ne. 

More importantly, the previously mentioned sources of bias are more pronounced in small 

populations reducing LD method accuracy further, meaning the LD method is most bias of 

conservation value.  

The accuracy of the LD method was often based on harmonic mean values obtained from 

at least a 1000 Ne estimates for the same population to the real Ne value used to produce the 

simulated populations (Waples and Do 2008, Antao et al. 2011, Robinson and Moyer 2012). 

Comparison of Ne LD values and Sibship or ONeSAMP using the harmonic mean and the 

arithmetic mean in this study showed that harmonic means were less variable than the arithmetic 

mean. Therefore, recommendation of LD accuracy by the performance studies based on the 

harmonic mean might have been biased.  

It is argued that LD should perform better in wild populations in comparison to simulated 

populations because a small effective size should produce a strong LD signal relative to various 

sources of noise such as gene flow and overlapping generations (Tallmon et al. 2012). In this 

study, the largest brook trout population examined had over 1000 adults, but resulted in 
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considerably high variation, and high percentage of infinite Ne values were observed. By 

contrast, smaller demographic populations (N<100) exhibited less variation and fewer infinite Ne 

estimates. Although large populations were an order of magnitude larger than small populations, 

their effective sizes, temporal and point estimates (Chapter 3) were as low as the effective sizes 

of demographically small populations. This, however, shows that LD accuracy is sensitive to the 

population size not to the effective size, that questions the LD estimator author guidelines to 

increase the LD method accuracy of the size of genetic sample to be equal to the size of the 

effective size , a problematic condition to begin with, appears to be invalid. 

Published peer-reviewed papers often used the LD method for estimating Ne with little 

attention to guidelines provided by LD estimator authors in terms of the required number of loci. 

While previous performance tests of the LD estimator were conducted using more than 10 loci 

with 10 alleles each, many empirical studies used lower than 10 loci (Waples and Do 2008, 

Tallmon et al. 2010, Waples and Do 2010a, Tallmon et al. 2012). Some empirical studies, 

however, used as few as four or five microsatellite loci to estimate Ne using the LD method 

(Lallias et al. 2010a, Lallias et al. 2010b, Cartaxo et al. 2011), despite the recommendation of 

using at least 20 loci (Waples 2006). The result of this study highlights the importance of 

adhering to the directions of the minimum number of loci needed provided by Waples et al. 

(2008). Wrongly estimating Ne to be small when the population is large could have serious 

effects for conservation, as the limited funding available for conservation efforts could be 

directed towards erroneously flagged populations (James et al. 1999, Antao et al. 2011). On the 

other hand, the possibility of obtaining a high Ne in small populations is also possible. The 

second scenario is more critical for conservation biology, because not acting in a timely manner 

to preserve threatened populations lower future chances of successful protection. 
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This research showed substantial variations of Ne values by changing the number and/or 

composition of sampled individuals or microsatellite loci in the same populations. Despite these 

observed limitations and caveats, however, the use of the LD method for assessing Ne in wild 

populations still has value. Recently, directions on proper sampling of young of year brook trout 

were provided to avoid families overrepresentation resulted in biologically realistic estimation of 

Ne in wild populations (Whiteley et al. 2012). Moreover, the use of the LD method in cohort-

based approaches yields sound results with the added benefit of estimating number of breeders 

(contributing parents) to each yearly cohort (Waples and Do 2008, Skrbinsek et al. 2012). 

Further research is needed using empirical data on demographically monitored populations of 

variable sizes to conclude such directions. Until such intensive studies are carried out, some 

results obtained from LD method should be regarded with caution, especially in the field of 

conservation biology.  
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Table 4.1 Number of studies using the LDNE program (Waples and Do 2008) to estimate Ne, as 
well as the number of microsatellite loci used in these studies (mean, range, and standard 
deviation).   

year  

No. of 

studies 

No. of loci 

mean low High SD 

2009 15 11.80 6 22 4.00 

2010 35 13.91 4 41 8.41 

2011 45 11.71 5 28 4.66 

2012 61 11.31 7 24 4.11 
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Table 4.2 Populations sampled used for estimating Ne using LDNE showing: adult estimated 
population sizes based on mark-recapture technique (Nm-r) (Quinn et al. 1994, OMNR 
unpublished data), sample sizes (number of genotyped individuals, n), standardized allelic 
richness: Ar, observed heterozygosity: Ho, inbreeding coefficient: FIS and Ne obtained utilized all 
genotypic data and sampled individuals using Sibship (Wang 2009) and ONeSAMP (Tallmon et 
al. 2008).  

population Nm-r n Ar Ho FIS Ne 
Sibship ONeSAMP 

Animoosh 26 (13-60) 22 5.07 0.62 0.03 84 33 
Salvelinus 61 (36-100) 33 3.46 0.46 0.043 27 21 
Westward 174 (118-426) 29 2.63 0.38 0.116 26 21 
Little Crooked 232 (184-543) 40 3.38 0.46 0.116 34 32 
Redrock 637 (313-1132) 46 4.74 0.58 0.072 43 60 
Dickson 1241 (657-2796) 60 4.04 0.53 0.092 50 76 
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Table 4.3 Percentages of Ne estimation failure (results with negative and infinite values) obtained 
with LDNE utilizing different numbers of loci and rare allele frequencies. P:Allele frequency 
values of 0.05, 0.02 and 0.01 represent critical levels of rare alleles to be include in estimating 
Ne, and N shows estimated adult population sizes based on mark recapture data (Quinn et al. 
1994, OMNR unpublished data). 

 P Animoosh Salvelinus Westward Little 
Crooked Redrock Dickson 

# 
loci  N 26 61 174 232 637 1000 

7 0.05 13.05% 6.32% 7.49% 17.19% 28.99% 42.40% 
 0.02 24.42% 11.25% 6.79% 14.36% 1.72% 34.73% 
 0.01 24.42% 12.18% 3.96% 27.33% 0.35% 30.94% 

8 0.05 8.99% 3.33% 3.30% 12.52% 24.58% 40.53% 
 0.02 20.28% 7.53% 2.90% 9.29% 0.47% 31.00% 
 0.01 20.28% 8.46% 1.30% 23.04% 0.03% 25.47% 

9 0.05 5.29% 1.25% 1.00% 7.64% 20.38% 36.66% 
 0.02 15.28% 4.50% 0.70% 5.09% 0.10% 27.07% 
 0.01 15.28% 5.44% 0.15% 17.83% 0.00% 20.68% 
10 0.05 1.90% 0.30% 0.10% 3.80% 16.08% 33.47% 

 0.02 10.79% 2.10% 0.00% 2.10% 0.00% 23.08% 
 0.01 10.79% 3.00% 0.00% 13.49% 0.00% 15.58% 
11 0.05 0.00% 0.00% 0.00% 1.65% 11.81% 29.40% 

 0.02 3.02% 0.55% 0.00% 0.27% 0.00% 17.86% 
 0.01 3.02% 1.10% 0.00% 10.16% 0.00% 10.99% 
12 0.05 0.00% 0.00% 0.00% 0.00% 4.40% 25.27% 

 0.02 1.10% 0.00% 0.00% 0.00% 0.00% 14.29% 
 0.01 1.10% 0.00% 0.00% 5.49% 0.00% 5.49% 
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Table 4.4  Percentages of negative or infinite Ne values obtained using the LD method in brook 
trout populations based on varying sample size (number of genotyped individuals) based on 100 
random subsets of 50%, 70%, and 90% of the collected genetic samples from each population, n 
is the genetic sample size, and Nm-r is estimated population size using mark-recapture method 
(Quinn et al. 1994, OMNR unpublished data).   

  
     Lake n  Nm-r p 50% 70% 90% 

Animoosh 22 26 (13-60) 0.05 47 34 14 
   0.02 48 24 5 
   0.01 48 5 0 
Salvelinus 33 61 (36-100) 0.05 13 18 0 
   0.02 0 0 0 
   0.01 0 0 0 
Westward 29 174 (118-426) 0.05 26 5 0 
   0.02 19 2 0 
   0.01 19 2 0 
Little Crooked 40 232 (184-543) 0.05 55 9 0 
   0.02 81 16 0 
   0.01 81 30 0 
Redrock 46 637 (313-1132) 0.05 1 0 5 
   0.02 0 0 1 
   0.01 5 0 0 
Dickson 60 1241 (657-2796) 0.05 98 38 17 
   0.02 99 25 5 
   0.01 98 5 1 
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Figure 4.1 Range of Ne values estimated obtained using LDNE (Waples and Do 2008) from different combinations of microsatellite 
loci at varying numbers of loci, using a minimum allele frequency threshold of 0.05. Values of N and n for each population show 
population size based available data using on mark-recapture (Quinn et al. 1994, OMNR unpublished data) and number of genetic 
samples for each lakes as listed in Table 4.2.  
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Figure 4.2 Arithmetic and harmonic means of Ne estimates obtained by LDNE (Waples and Do 2008) at varying numbers of 
microsatellite loci compared to Ne values obtained using ONeSAMP (Tallmon et al. 2008) and Sibship (Wang 2009) methods using 
the complete data set (utilizing all sampled individuals genotyped at 14 microsatellite loci). 
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Figure 4.3 Range of Ne values obtained using LDNE (Waples and Do 2008) using 100 randomly-sampled subsets of individuals at 
50%, 70% and 90% of the original sample. Values of Nm-r and n for each population show population size based available data using 
on mark-recapture data (Quinn et al. 1994, OMNR unpublished data) and number of genetic samples for each lakes as listed in Table 
4.2.  
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Figure 4.4 Arithmetic and harmonic means Ne estimates obtained by LDNE (Waples and Do 2008) at 100 subsets of each varying 
sample size to the Ne values obtained using ONeSAMP (Tallmon et al. 2008) and Sibship (Wang 2009) methods using the complete 
data set (all sampled individuals genotyped at 14 microsatellite loci). 
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Chaper 5: General Conclusion 
 

As demonstrated in the preceding chapters, effective population size (Ne) is a challenging 

concept to quantify, despite its importance as a central parameter for the management and 

conservation of wild populations (Wright 1931, 1938, Crow and Denniston 1988). The results 

presented in Chapter 2 showed the importance of resolving genetic ancestry of wild populations 

before attempting to estimate Ne. The considerable variation in levels of hatchery introgression 

among wild populations highlighted the variable contributions of historical stocking events to the 

genetic composition of contemporary populations, as well as their effects on population diversity 

and divergence. Populations with native ancestry identified in Chapter 2 were subsequently used 

in Chapter 3 to evaluate the performance of genetic point and temporal estimators of effective 

population size for intensively studied native brook trout populations with differing demographic 

sizes. Temporal and point genetic Ne estimates varied within single populations, and Ne /N ratios 

were similarly variable among estimators within populations. Ne /N ratios based on the same Ne 

estimator also varied widely among populations of varying demographic sizes. Further 

examination of the effects that different numbers and different combinations of microsatellite 

loci or individuals have on estimates of Ne (Chapter 4) demonstrated that varying the number and 

combination of microsatellite loci and sampled individuals within the same populations had 

significant effects on estimating Ne using the linkage disequilibrium method (LD, Waples 2006).  

Chapter 2 greatly improved our understanding of the long term genetic effects of decades 

of supplemental stocking on the genetic ancestry and diversity of sampled brook trout 

populations. Supplemental stocking of brook trout populations in Ontario is practiced by many 

jurisdictions to sustain wild populations that support recreational fisheries (Kerr 2000). Results 
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of Chapter 2 showed variable levels of introgression from stocked fish into wild brook trout 

populations, consequently homogenizing the genetic structure among wild brook trout 

populations in Algonquin Park, including populations in separate watersheds. Moreover, 

increased genetic diversity in introgressed populations as a consequence of stocking was 

observed in the studied populations, which contradicts common findings in the literature of 

reduced genetic diversity in stocked ponds or lakes of several species (reviewed in Araki and 

Schmid 2010).  

Higher genetic diversity as an effect of stocking was similarly observed in other salmonid 

populations (Halbisen and Wilson 2009, Marie et al. 2010). Halbisen and Wilson (2009) linked 

the observed increase in genetic diversity in introgressed populations of lake trout (Salvelinus 

namaycush) to historical stocking from multiple hatchery sources and strains, but did not find a 

correlation between numbers of stocked fish and extent of introgression.  In contrast, levels of 

introgression in stocked populations of brook trout in Quebec have been shown to be correlated 

with numbers of stocked fish (Marie et al. 2010). In Chapter 2, differential introgression from 

stocking varied within and among watersheds, and appeared to vary with geographic 

accessibility, potentially suggesting exploitation by recreational fishing as a causal factor for 

introgression from stocking (Evans and Willox 1991). In Chapter 2, the genetic data indicated 

that stocked hatchery fish were successful in establishing several self-sustaining wild 

populations. Genetic diversity of the native populations were comparable to eastern brook trout 

populations, although the levels of divergence among neighbouring watersheds were higher than 

those reported previously between brook trout populations elsewhere (Angers and Bernatchez 

1998, Hebert et al. 2000, Castric et al. 2001, Adams and Hutchings 2003, Marie et al. 2010). 
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This may be due to differences in postglacial colonization and post-colonization divergence 

caused by isolation and genetic drift (Danzmann et al. 1998, Wilson and Bernatchez 1998).  

Chapter 3 was the first study to assess the consistency of Ne genetic estimators for 

lacustrine brook trout populations of varying demographic sizes. Overall, Ne estimators showed 

substantial variation within and among populations, although some trends were discernible. The 

estimates derived from the different temporal methods were more variable than the point 

estimate methods, with a maximum 15-fold difference observed between Ne estimates obtained 

by temporal methods within the same population. Previous studies comparing genetic Ne 

methods have similarly shown variations among Ne estimates among conspecific populations of 

one species, with some species showing more variability than others (Lippe et al. 2006, Fraser et 

al. 2007, Ovenden et al. 2007, Barker 2011, Phillipsen et al. 2011). For example, variations of 

temporal Ne estimates for Atlantic salmon (Salmo salar) were noticeably higher than estimates 

for brown trout (S. trutta) (Fraser et al. 2007). Temporal changes of Ne in Algonquin brook trout 

populations also varied substantially using point estimators from among estimators (Chapter 3). 

Moreover, no concordance were observed among the point estimate methods in tracing temporal 

change of Ne , which within one population suggested different directions of Ne change 

temporally, that warns against using one method for monitoring genetic change of Ne. 

Populations of small demographic sizes that were investigated in Chapter 3 depicted 

higher Ne/N compared to larger populations. Higher ratios of Ne /N at smaller population sizes 

were previously observed in several species (Watts et al. 2007, Palstra and Ruzzante 2008, 

Palstra et al. 2009, Saarinen et al. 2010). The high Ne /N ratios in small populations may be due 

to bias in Ne or N estimation in smaller populations, and/or changes of biotic interactions at small 

population size that reduce variances individual reproductive success and family size. Upward 
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bias in estimating Ne and downward bias in N would produce higher ratios in small populations, 

however, the variations observed between small and large populations Ne/N cannot be solely 

driven by this bias. At small population sizes, changes in biotic interactions such as increased 

accessibility to food sources, limited competition on optimal spawning ground may lead to 

higher reproductive success and higher family contributions (Ardren and Kapuscinski 2003, 

Araki et al. 2007, Palstra and Ruzzante 2008). Higher Ne values because of changes in 

reproductive success have been reported in other salmonid species (Ardren and Kapuscinski 

2003, Araki et al. 2007). In steelhead trout, Araki (2007) found that years with lower number of 

returning spawners had higher Ne/N ratios than years with higher number of spawners. This was 

attributed to reductions of redd (nest) superimposition, lower competition for spawning habitat 

and lower egg mortality (Ardren and Kapuscinski 2003, Araki et al. 2007). Previous studies of 

brook trout populations in Algonquin Park have shown that redd superimposition contributed to 

greater loss of the fertilized eggs of early spawners (Blanchfield and Ridgway 1997, Blanchfield 

and Ridgway 2005). Therefore reductions in the number of spawners may reduce redd 

superimposition leading to the higher ratios observed for the small brook trout populations in 

Chapter 3.  

Chapter 4 demonstrated that using different subsets of microsatellite loci and individuals 

to estimate Ne using the LD method resulted in highly variable Ne estimates from the same 

population and time period. Erroneous estimates of Ne could have two possible consequences, 

both with undesirable outcomes.  Unrealistically low estimates of Ne may cause biologists to 

respond by launching potentially unnecessary conservation initiatives, which may not be the best 

use of limited conservation funds (Antao et al. 2011). Conversely, unrealistically large Ne 

estimates may preclude conservation interventions when needed, thereby potentially reducing the 
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success of conservation efforts. Although the analytical results presented in Chapter 4 showed 

lower ranges in Ne obtained using the LD method with greater sample sizes, no clear outcome for 

optimal sampling effort for either loci or sample size to ensure precise results was obtained. 

Moreover, the Chapter 4 results also indicated the need for explicit directions regarding the 

minimum number and polymorphism of loci, number of alleles, and number of individuals 

needed for each estimator method to ensure precision and accuracy. Although guidelines do exist 

regarding the number of loci needed to reliably use the different genetic estimators (Waples and 

Do 2008, Tallmon et al. 2010, Tallmon et al. 2012), many studies commonly ignore such 

directions (Lallias et al. 2010a, 2010b). As summarized in Chapter 4, empirical studies routinely 

use low numbers of loci may rely on a single estimation method of Ne despite the published 

variation among estimation methods (Fraser et al. 2007, Beebee 2009, Barker 2011). Several 

studies have shown that Ne temporal and point estimators can be safely used for monitoring 

temporal change in Ne if samples are separated by at least six generations (Tallmon et al. 2010, 

Robinson and Moyer 2012), however, the conclusion of those studies was based on simulated 

populations. The six generation period may be feasible short-lived species, but may not be 

possible for long-lived species (Lippe et al. 2006). This is a particular problem, as long-lived 

species or those with long generation times are often of conservation concern and at greater 

genetic risk than related species with shorter generation times (Frankham et al. 2002). Thus, 

cautious use of genetic estimation methods is required in the field of conservation biology 

(Palstra and Fraser 2012). 

 Variation of Ne values observed among different methods in one population can be 

attributed to differences in time period correlated to the estimated Ne. The point method provides 

Ne estimates for the parental generation of the sample collected, whereas the temporal method 
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provides the harmonic mean of Ne values to generation 0 and t −1 (Waples 2005). Point 

estimators are sensitive to the population's recent history (Waples 2005, Luikart et al. 2010), and 

that bias may persist for at least six generations (Tallmon et al. 2010, Antao et al. 2011, Tallmon 

et al. 2012). Therefore, it is important to link what time period Ne estimates reflect to the 

appropriate demographic data (Waples 2005, Palstra and Ruzzante 2008, Palstra and Fraser 

2012). In a recent review of published Ne /N ratios, Palstra and Fraser (2012) found that only 160 

Ne/N estimates out of 2617 published ratios correctly linked Ne to N. Genetic samples collected 

for estimating Ne and demographic data collected in the same year or generation are not related 

and cannot be linked  (Waples 2005). Properly linking Ne to N in the field of conservation 

biology is crucial because populations of conservation concern often experience drastic changes 

of populations size, which if improperly linked can bias the Ne /N drastically (Palstra and Fraser 

2012). 

Although variable Ne values were observed among estimation methods within a single 

population and within a single method based on sampling effort of genetic data, the Ne concept is 

highly important to the management and conservation of wild populations. Further research is 

needed to: 1) understand the precision of the difference genetic methods, and more importantly 

the accuracy of the estimators under fluctuating population sizes; 2) investigate the simultaneous 

effects of immigration, overlapping generations and mutation on precision and accuracy of 

genetic estimators; 3) examine how allelic richness of neutral markers may affect Ne estimation 

methods and compare it to demographic estimates; and 4) provide explicit directions on number 

of loci, number of individuals and allelic richness with respect to demographic adult sizes 

required for accurate and precise Ne estimates. These studies will provide insights into the 

accuracy and efficacy of genetic estimators in estimating and temporal monitoring of Ne. Recent 
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studies have incorporated ecological data to increase accuracy by estimating the effective 

number of breeders (Hoehn et al. 2012, Skrbinsek et al. 2012). Further development is required 

in sampling design in order to avoid the over-representation of some families, however, research 

is moving forward in this field, e.g., the sampling design proposed for brook trout young-of-year 

by Whiteley et al. (2012).  

In conclusion, variation of Ne point and temporal genetic estimates based on the widely-

used LD method can produce highly variable estimates, with the possibility of type I and II error 

depending on the number of loci and sample size. This highlights the need for an assessment of 

the accuracy of the genetic methods used to estimate Ne of wild populations, and underscores the 

importance for researchers to adhere to existing guidelines and cautions on the calculation and 

meaning of Ne estimates. As demonstrated in the research presented here, Ne interpretation in the 

field of conservation biology needs more clarification; until then, its use in management plans 

should be interpreted cautiously and in comparison with demographic data wherever possible. 
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