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Abstract

ii

Peregrine falcons (Falco peregrinus) underwent severe population declines in the 20th

century due to chlorinated hydrocarbon contamination.  The present study assesses the

consequences of this decline on the level and distribution of neutral genetic variation within and

between Canadian populations of the North American subspecies (F. p. anatum, F. p. tundrius,

and F. p. pealei).  Two major questions are addressed.  First, what were the consequences of the

bottleneck on levels of genetic diversity?  Second, what is the validity of the current taxonomy,

and has a change in genetic structuring occurred across the bottleneck?  To answer these

questions, contemporary (n = 187) and historical museum (n = 96) specimens were genotyped for

12 nuclear microsatellite loci and a 405 nucleotide fragment of the mitochondrial control region.

Genetic diversity was low for all populations in both time periods.  The mitochondrial

control region in particular exhibited extremely low polymorphism, with a total of five haplotypes

range-wide.  Despite theoretical and empirical expectations, neither significant declines in genetic

diversity nor consistent bottleneck signatures were found for any subspecies.  In fact,

contemporary levels of diversity are generally higher than historical levels.  Distorted conclusions

would have been reached had museum specimens not been included.  The lack of a bottleneck

signature is rationalized by the promptness of the recovery and the possible introgression of

alleles from non-native individuals.

In terms of population genetic structuring, only two diagnosable genetic groups were

identified in historical samples: pealei, and all other individuals.  In contemporary samples, all

three subspecies show significant genetic distinctiveness.  F. p. anatum individuals from coastal

British Columbia appear to belong to pealei, suggesting that while recognition of  pealei as a

subspecies appears valid, the boundaries of this subspecies are not.  Changes in genetic structure

between anatum  and tundrius are shown to be due to changes within anatum alone.  Bayesian

clustering analysis indicated that this change is localized to northern Ontario and Québec, which

consist of reintroduced individuals and their descendents.  These results indicate that the

recognition of tundrius has no genetic corroboration, and so should be subsumed into anatum.
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CHAPTER 1: General Introduction and Literature Review

1

The level and distribution of genetic variation within and between populations provides

us with information on the demographic history of a species.  Here, the literature pertaining to the

extraction of historical information from intraspecific genetic data is reviewed, and these

concepts are applied to the demographic history and systematics of North American peregrine

falcons (Falco peregrinus).

1.1 THE USE OF GENETIC DATA IN I NTRASPECIFIC EVOLUTIONARY RESEARCH

In studying intraspecific processes, the importance of determining population genetic

structure cannot not be overemphasized.  As in phylogenetics, the validity of population-level

inferences are wholly dependent on the accuracy of the underlying taxonomy.  Elucidation of

population genetic structure (i.e. the genetic distinctiveness of populations) is therefore a

launching point for a myriad of biological questions.  These questions can be broadly divided into

those concerning biological patterns and those concerning biological processes.  With respect to

the former, quantification of high levels of genetic divergence between populations may lead to

the identification of cryptic species (e.g. Friesen et al., 1996).  Alternatively, assessment of

population genetic structure enables the genetic evaluation of recognized subspecies (e.g.

Miththapala et al., 1996).  Furthermore, a concordance of genetic patterns across taxa can reveal

or reject barriers to gene flow (Bermingham and Avise, 1986; Steeves et al., 2003; Manni et al.,

2004; but see Irwin, 2002).

Analysis of the distribution of genetic variation among populations also gives

information about underlying biological processes.  It has been long recognized that sexes may

differ in their degree of philopatry and/or dispersal (Liberg and von Schantz, 1985).  Similarly,

many populations exhibit strongly skewed mating systems (e.g. Hoelzel, 1999; Johnson et al.,

2003; Fabiania et al., 2004).  Methods utilizing genetic data now exist that can identify signatures

of such biases (e.g. Favre et al., 1997; Mossman and Waser, 1999; Goudet et al., 2002; Vitalis,

2002).  Additionally, the extent of genetic differentiation can be used to determine the degree of
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interconnectedness (gene flow) between populations (e.g. Congdon et al., 2000).  Alternatively,

correlating genetic and geographic distances may demonstrate that populations are not

reproductively isolated, but instead are isolated by dispersal ability (Hutchison and Templeton,

1999).

Lastly, the genetic structuring of populations can be used in developing conservation

strategies.  The first problem in the “crisis discipline” of conservation biology is identifying units

of conservation (DeSalle and Amato, 2004).  Ryder (1986) first introduced the concept of

evolutionary significant units (ESUs) for determining conservation priorities, and this idea was

further emphasized by Waples (1991) and Moritz (1994a,b).  In short, populations that have been

isolated for a significant amount of time acquire genetic “distinctiveness”.  The degree of

uniqueness can be quantified through analyses of population genetic structure, though authors

disagree on what constitutes genetic distinctiveness (see Fraser and Bernatchez, 2001, for

contrasting definitions).  Using the same analytical tools that gauge levels of population

differentiation, genetics can also be used to evaluate current taxonomies, a prerequisite for

designing conservation schemes (Dimmick et al., 1999; Grady and Quattro, 1999; Karl and

Bowen, 1999).  Once structure is ascertained, management decisions can be made (Tallmon et al.,

2004; Hedrick, 2005).

Though the concept of ESUs is now pervasive in the field of conservation biology, it is

not without its critics.  One concern is that neutral genetic variation, which is assayed in most

studies, may not necessarily reflect the distribution of genetic variation at loci that determine

fitness (Pearman, 2001; Moss et al., 2003).  Another problem is that the ESU concept deals

implicitly with naturally divided groups, and so cannot be applied to continually distributed

populations (Paetkau, 1999).  At the extreme, Crandall et al. (2000) advocate dissolution of the

ESU concept altogether in favour of a more holistic approach that integrates both genetic and

ecological information in management decisions.  Fraser and Bernatchez (2001), alternatively,
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propose ‘adaptive evolutionary conservation’ (AEC), an integrative framework that utilizes the

strengths of various views on delimiting units of conservation (including the ESU) through a

consensus approach.  The main advantage of this approach is its flexibility: it can be applied to a

wide range of conservation scenarios as well as different evolutionary levels.

Perhaps the biggest problem with a strict ESU approach to conservation, however, is that

a focus on genetics alone ignores other variables typically taken into consideration when making

management decisions.  Frankel (1974) first emphasized the importance of protecting

evolutionary processes, and other authors are now echoing this message (Bowen, 1999; Moritz,

1999, 2002; Crandall et al., 2000; Tallmon et al., 2004).  Furthermore, conservation invariably

involves public policy, and policy varies depending on the governing body and the species

involved.  Taylor and Dizon (1999) therefore argue that conservation biology should not proceed

according to general criteria, but instead on a case-by-case basis.  Furthermore, emphasis on

ESUs will reduce the role of demographic and behavioural data in management decisions, as well

as cultural, economic and geographic justifications for protecting species (Pennock and Dimmick,

1997; Karl and Bowen, 1999).  The consensus, then, is that while genetics plays a crucial role in

conservation, it should not be the sole player.

1.2 INFERENCE OF POPULATION GENETIC STRUCTURE

Population geneticists cannot borrow methods from the phylogeneticist because

populations are rarely reciprocally monophyletic.  Instead, researchers in this field must rely on

differences in population frequencies of alleles rather than solely on genetic distances between

alleles.  This of course necessitates large sample sizes to accurately approximate population-level

allele frequencies.  Traditional approaches to assessing the degree of population genetic

structuring are based on population genetic theory that dates back to the early part of the

twentieth century (Wright, 1951, 1965).  Wright (1951) developed a series of F-statistics that

determine how genetic variation is apportioned within, among, and between populations.  Today,
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F-statistics are evaluated according to Weir and Cockerham’s (1984) approach, a flexible method

that does not make assumptions about the number of populations, sample sizes, or heterozygote

frequencies, and so is amenable to small data sets.  A multitude of genetic distances have been

used in calculating F-statistics (Cavalli-Sforza and Edwards, 1967; Nei, 1972, 1978; Reynolds et

al., 1983; Chakraborty and Jin, 1993; Goldstein et al., 1995a,b; Slatkin, 1995; Shriver et al.,

1995; Takezaki and Nei, 1996).  Although F-statistics continue to provide meaningful indices for

levels of population differentiation, numerous authors have warned against using F-statistics to

estimate other population genetic parameters such as migration rate (Whitlock and McCauley,

1999; Neigel, 2002; Pearse and Crandall, 2004).

An alternative approach to assessing population genetic structure is through assignment

tests.  Here, an individual’s multilocus genotype is evaluated for its likely origination from

possible candidate populations.  Assignment tests have been used for the varied purposes of

finding the most likely population origin of an individual (Paetkau et al., 1995), excluding

unlikely source populations (Cornuet et al., 1999), demarcating genetic populations (Pritchard et

al., 2000), measuring the magnitude of differentiation between populations (e.g. Waits et al.,

2000), identifying migrants (Rannala and Mountain, 1997), measuring dispersal rates and patterns

(Wilson and Rannala, 2003), and detecting admixture/hybridization (Pritchard et al., 2000).

Recently, researchers interested in population genetic structure have adopted a Bayesian

paradigm (Rannala and Mountain, 1997; Cornuet et al., 1999; Pritchard et al., 2000; Nielsen and

Wakeley, 2001; Wilson and Rannala, 2003; Falush et al., 2003; Corander et al., 2004).  Here,

population genetic parameters are treated as random variables (rather than fixed but unknown

values).  The main advantage to the Bayesian approach is that probabilistic statements can be

made about a model given the data (rather than the likelihood of the data given a model, as in a

frequentist framework).
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Population geneticists have recently moved from simply elucidating population genetic

patterns to determining the underlying processes responsible for these patterns.  The new field,

phylogeography (Avise et al., 1987), adds an explicit genealogical axis to traditional

biogeographic studies, and allows recovery of such historical processes as range expansion, long

distance dispersal, and secondary contact between previously isolated populations (Avise, 2000).

Two general techniques are currently in use to address these questions and, unlike the F-statistic

methods described above, these are explicitly genealogical approaches.  First, Alan Templeton

has developed the very popular nested clade phylogeographical analysis (NCPA; Templeton et

al., 1995; Templeton, 1998, 2001, 2004; Posada et al., 2000).  Here, correlations between

geographic and genetic distances are calculated, and the historical process(es) responsible for the

pattern is discerned from an inference key and supplementary tests (see Templeton, 2004 for the

most recent key).

Despite its popularity, NCPA has been criticized for its lack of statistical rigour (Knowles

and Maddison, 2002).  The alternative to NCPA are methods based on the coalescent (Kingman,

1982a,b; Hudson, 1990; Rosenberg and Nordberg, 2002).  The founding idea behind the

coalescent is that we can never know with certitude the genealogical history of intraspecific taxa

(an assumption required by NCPA).  The method of the coalescent, then, is to consider many

random genealogical histories, and evaluate the likelihood of the observed data given these

histories.  A given population genetic parameter (e.g. migration rate) is then summarized across

all sampled genealogies.  The coalescent approach has a vast advantage over NCPA in that it is

inherently statistical in nature, though it does make more assumptions than NCPA.  Many

methods based on the coalescent have already been developed (Kuhner et al., 1995, 1998, 2000;

Beerli and Felsenstein, 1999, 2001; Bahlo and Griffiths, 2000; Nielsen and Wakeley, 2001).  Due

to its flexibility, speed, and the inclusion of uncertainty in historical reconstructions, coalescent

theory will unquestionably be the basis of the future of population genetics.
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1.3 GENETIC BOTTLENECK SIGNATURES

Genetic diversity is sometimes referred to as the “stuff” of evolution (Lynch, 1995).

Maintaining genetic diversity is therefore important to a population in terms of responding to

present evolutionary and environmental forces as well as preserving the potential to adapt to

future conditions (Reed and Frankham, 2003).  Most conservation genetics studies implicitly

assume that variation at neutral markers reflect the variability at loci that determine fitness

(Primmer et al., 2003; Reed and Frankham, 2003), though correlations between neutral genetic

diversity and fitness are not always observed (e.g. Deng and Fu, 1998).  A loss in genetic

diversity may therefore decrease the long-term (evolutionary) potential of a population (Newman

and Pilson, 1997; Bouzat et al., 1998a; Saccheri et al., 1998; Westemeier et al., 1998; Eldridge et

al., 1999; Brook et al., 2002; England et al., 2003).

“Genetic diversity” can be indexed by several statistics.  For diploid loci, two commonly

used statistics are the average number of alleles per locus and the average heterozygosity per

locus.  (For haploid loci, variability is typically indexed by nucleotide diversity and haplotype

diversity.).  These two statistics are not entirely independent, but the relative importance of each

depends on the scenario considered.  Allendorf (1986) argues that heterozygosity is important for

the short-term success of a population (i.e. responding to minor disturbances), but that allelic

diversity is more important for long-term survival (because more genetic variants are necessary to

ensure coping with novel conditions).

Populations that have experienced a large reduction in census size are expected to exhibit

a decreased level of neutral genetic variation.  This expectation comes from three aspects of

population genetic theory.  First, smaller populations necessarily have fewer gene copies, which

puts an upper limit on the possible number of distinct alleles that can be generated.  For example,

a population of 100 diploid individuals can possibly have 200 distinct alleles at a given locus

whereas a population of 50 individuals can only have a maximum number of 100 alleles.  Second,
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even if mating is completely random the level of inbreeding in a small population is necessarily

higher than that for a large population because of the limited range of relatedness between

individuals (Frankham, 1995, 1998).  Mating between close relatives increases the probability of

having homozygous offspring, consequently decreasing the level of genetic variability for the

population as a whole (Mills and Smouse, 1994).  Last, small populations suffer more greatly the

effects of genetic drift than do larger populations.  Increased genetic drift means that alleles are

more easily lost from a population, again reducing population-level genetic variability.

The observed genetic consequences of a bottleneck depend on several factors.  First,

different genomes respond differently to a population decline.  Nuclear loci are expected to be

less sensitive to bottleneck effects than are cytoplasmic genomes because of differences in

effective population size (Ne).  However, this relationship can be reversed under skewed mating

systems (e.g. Johnson et al., 2003).  Second, changes in the genetic constitution of a population

depend on both the strength and duration of a bottleneck.  Of these, the latter is more important in

regards to the retention of genetic diversity.  Theory predicts that the majority of genetic diversity

can be retained in populations suffering a severe decline if the bottleneck is not prolonged (Nei et

al., 1975; Maruyama and Fuerst, 1984, 1985; England et al., 2003).  Last, the time since a

bottleneck occurred is the most important variable determining whether genetic signatures will be

detected.  When a population recovers (grows) after a bottleneck, mutations begin to accumulate,

bringing levels of genetic diversity back up to what is expected under equilibrium conditions.

This consequently puts an upper limit on the age of bottleneck events that can be detected with

molecular markers.

The expectation of low levels of genetic variability in reduced populations is borne out in

the literature.  In a recent review, Spielman et al. (2004) report that 77% of threatened taxa (74%

of threatened birds) exhibited lower heterozygosity than non-threatened sister taxa, and that on

average heterozygosity was 35% lower in these threatened populations.  However, despite the
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glut of well supported empirical evidence (Leberg, 1992; Bouzat et al., 1998b; Glenn et al., 1999;

Spencer et al., 2000; Weber et al., 2000, 2004; Pertoldi et al., 2001; Larson et al., 2002; Wisely et

al., 2002; Johnson et al., 2004) and theoretical expectations (Nei et al., 1975; Maruyama and

Fuerst, 1984, 1985; Cornuet and Luikart, 1996; Luikart et al., 1998a, 1999; Beaumont, 1999), a

loss of genetic diversity across a bottleneck is not a ubiquitous phenomenon (Dinerstein and

McCracken, 1990; Friar et al., 2000; Spong and Hellborg, 2002; Schonhuth et al., 2003; Burns et

al., 2004).  Analyzing published allozyme and microsatellite data sets for bottlenecked

populations, Luikart and Cornuet (1998) found that a significant bottleneck signature was found

in only 50-75% of the cases.   Furthermore, in some cases, results from cytoplasmic and nuclear

genomes conflict in regards to demographic history (Provan et al., 1999; Saillant et al., 2004).

Experimental evidence indicates that genetic variance can actually increase across a bottleneck

(Leberg, 1992; Carson, 1999).  A low level of genetic variability is therefore not a foregone

conclusion for taxa with a well-described decline in census size.

As an added obstacle, low genetic variability does not necessarily imply a recent

population genetic bottleneck (Pimm et al., 1989; Dinerstein and McCracken, 1990; Amos and

Harwood, 1998), despite correlations between census population size and genetic variability

(Soulé, 1976; Frankham, 1996).  For example, low genetic diversity may be a consequence of

historically small population size (e.g. island populations) rather than a recent demographic

bottleneck (Matocq and Villablanca, 2001; Paxinos et al., 2002).  Alternatively, a population with

a skewed mating system (effectively decreasing the Ne/N ratio) will have lower genetic variability

than will a randomly mating population (Hoelzel, 1999; Johnson et al., 2003; Fabiania et al.,

2004).  Selection on the molecular markers involved or linked loci may also be a viable

explanation for observed low levels of genetic variability (Carr et al., 2001).  Finally, Amos and

Harwood (1998) argue that publication biases have elevated what are considered “normal” levels

of variation.  These complications imply that the genetic consequences of bottlenecks may be
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overemphasized in the literature (Pimm et al., 1989; Dinerstein and McCracken, 1990; Amos and

Harwood, 1998).  Therefore, investigators should consider alternatives to the bottleneck

hypothesis when interpreting levels of genetic diversity.

Despite these difficulties, however, assays of genetic variability remain integral to the

diagnosis of the “healthiness” of a population, and consequently serve as criteria for management

decisions.  It is not a surprise, then, that a myriad of tests exists for the detection of “bottleneck

signatures”.  Most of these tests involve the use of microsatellite DNA data (Luikart et al., 1998b;

Spencer et al., 2000).  The crudest of these methods involve simple comparisons of genetic

variability between a focal taxon and a close relative, though this approach has short-comings

(Bouzat, 2000; Matocq and Villablanca, 2001; Paxinos et al., 2002).  Other methods test whether

populations significantly differ from expectations under mutation-drift equilibrium (Tajima,

1989; Cornuet and Luikart, 1996; Luikart et al., 1998a; Beaumont, 1999; Garza and Williamson,

2001).  Simulation studies are also being used to detect bottleneck signatures (Hoelzel et al.,

1993; Kuo and Janzen, 2003; Pang et al., 2003).  Kuo and Janzen (2003), for example, have

developed a user-friendly application to realistically simulate a given bottleneck (with model

parameters taken from the literature) for the purpose of generating data against which empirical

data can be compared.  Lastly, new methods utilize serial temporal samples to address changes in

the level of genetic diversity (Luikart et al., 1999; Groombridge et al., 2000; Nichols et al., 2001;

Wang, 2001; Wang and Whitlock, 2003; Nichols and Freeman, 2004).  This is inarguably the

most appropriate approach as it more directly addresses the question.

1.4 ANCIENT DNA

PCR technology has advanced to the point that the analysis of ancient DNA is no longer a

novelty, but rather is a common implement in the molecular biologist’s toolbox (Pääbo 1989,

1990; Nicholls, 2005; Willerslev and Cooper, 2005).  The extraction of DNA from historical

specimens has been a particular boon to phylogeneticists as it allows both the augmentation of
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datasets and the investigation of the phylogenetic positions of extinct taxa (Janczewski et al.,

1992; Woodward et al., 1994; Poinar et al., 1998; Cooper et al., 2001; Haddrath and Baker, 2001;

Shapiro et al., 2002).  For the population geneticist, however, the real utility of historical genetic

data is to add a temporal axis to traditional analyses (Thomas et al., 1990; Taylor et al., 1994;

Mundy et al., 1997a; Bouzat et al., 1998b; Bouzat, 2000; Paxinos et al., 2002; Bellinger et al.,

2003; Johnson et al., 2004).  Ancient DNA provides a unique perspective to historical questions

because while contemporary samples provide indirect evidence regarding processes of the past,

historical DNA provides a direct quantification of historical patterns and allows a comparison of

patterns through time (Hofreiter et al., 2001a; Nicholls, 2005).

Perhaps the greatest benefit of ancient DNA in a population genetics framework is that it

can be used to test the assumptions employed in, and the efficiency of, analyses that make use of

only contemporary data.  For example, in interpreting levels of genetic diversity it is common to

compare a taxon to a geographically and taxonomically closely related species or subspecies.

Here, the assumption is that the sister taxon is representative of the genetic state of the focal taxon

in the absence of a given phenomenon (for example, a population bottleneck), and can hence

serve as a reference population.  However, Matocq and Villablanca (2001), by using historical

samples, show that this practice may lead to erroneous conclusions, presumably because of

differences in life history characteristics between sister taxa.  Similarly, by taking serial temporal

samples, Paxinos et al. (2002) determined that low levels of genetic diversity in the Hawaiian

nene (Branta sandvicensis) predate an extreme historical population decline, and instead appear

to be a consequence of living on islands.  At least for the purpose of interpreting levels of genetic

variation, then, the most appropriate reference population (if available) is the actual ancestral

population (Bouzat, 2000; Nichols et al., 2001).

While historical genetic data have been valuable both to ichthyologists (Nielsen et al.,

1997a,b, 1999; Gatt et al., 2002) and to mammalogists (Janczewski et al., 1992; Ovchinnikov et
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al., 2000; Rosenbaum et al., 2000; Weber et al., 2000; Matocq and Villablanca, 2001; Pertoldi et

al., 2001; Larson et al., 2002; Wisely et al., 2002; Caramelli et al., 2003; Serre et al., 2004), the

analysis of ancient DNA has been particularly fruitful for the study of birds (Ellegren, 1991;

Taberlet and Bouvet, 1991; Leeton et al., 1993; Cooper, 1994; Ellegren, 1994; Mundy et al.,

1997a,b; Westemeier et al., 1998; Glenn et al., 1999; Bouzat, 2000; Cooper et al., 2001;

Haddrath and Baker, 2001; Groombridge et al., 2001; Paxinos et al., 2002; Shapiro et al., 2002;

Sefc et al., 2003; Bellinger et al., 2003; Johnson et al., 2004).  On a timescale of the last few

hundred years this success is undoubtedly related to the minimal preparation required to make

skins from birds, which consequently reduces the degradation of DNA (Ellegren, 1991).  On a

fossil timescale, however, birds preserve more poorly and less often, and so are proportionately

less well represented.

Despite the utility of ancient DNA for reconstructing the past, it does not come without

inherent problems (Hofreiter et al., 2001a; Willerslev and Cooper, 2005).  Most important are

issues of DNA degradation (Poinar et al., 1996; Hofreiter et al., 2001b; Wandeler et al., 2003;

Sefc et al., 2003) and contamination (Cooper and Poinar, 2000).  However, by using appropriate

methodologies (Pääbo 1989, 1990; Nielsen et al., 1997a; Poinar et al., 1998; Cooper and Poinar,

2000) one can accumulate ancient genetic data that is both accurate and reproducible.

Given the wealth of potential genetic material from collections around the world,

museums are now thought of as “warehouses” of DNA (Houde and Braun, 1988; Diamond, 1990;

Graves and Braun, 1992; Payne and Sorenson, 2003).  Standardized practices (e.g. Engstrom et

al., 1999) ensure that sampling has minimal impact on specimens.  The genetic revolution in

biology thus rightly augments the perceived value of museum collections beyond their already

sufficient morphological relevance.  This also lends weight to arguments from curators who

maintain that no collection is ever “complete”, but that there is instead a strong need for the
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continued collection of specimens (Goodman and Lanyon, 1994; Remsem, 1995; Patterson,

2002).

1.5 PEREGRINES AND PESTICIDES

Peregrine falcons are amongst a handful of vertebrate terrestrial species that exhibit a

near global distribution.  As a breeding bird, peregrines are absent only from Antarctica, the

Sahara Desert, the steppes of central and eastern Asia, and the Amazon Basin (White et al.,

2002).  Within this global distribution, 19 subspecies are currently recognized by various

morphological, geographical, and ecological characteristics (White and Boyce Jr., 1988; White et

al., 1994).  To date this taxonomy has not been comprehensively scrutinized with genetic data,

despite the fact that sufficient molecular markers have been developed (Longmire et al., 1988,

1991; Morizot, 1988; Longmire, 1988; Keyser et al., 1995; Wetton and Parkin, 1997; Mindell et

al., 1999; Berlin and Ellegren, 2001; Nesje et al., 2000b).

Peregrine falcons have characteristics correlated with elevated extinction risk, including

low population densities, slow life history (long life-spans, slow growth rates, and late maturity),

and high trophic level position (Purvis et al., 2000).  This risk was manifest during the mid-

twentieth century when peregrine falcons were exposed to DDT-containing pesticide

contaminants (and to a lesser extent other organochlorines; Risebrough and Peakall, 1988).  DDT

(dichlorodiphenyltrichloroethane) was first introduced as an insecticide in 1939, and was used

extensively in many parts of the world shortly thereafter.  The effect on peregrine falcons was

devastating, with many North American populations becoming extinct or declining precipitously

(Hickey, 1969; Fyfe, 1976; Cade et al., 1988).  A combination of legislation and reintroductions

has brought many populations back to pre-decline sizes.  See Cade and Burnham (2003a) for

candid recollections of the difficulties and achievements associated with the recovery era.  In

North America Hickey (1942) and Bond (1946), and to a lesser extent Cade (1960), performed

near continent-wide surveys of breeding peregrines immediately before the population crash, so
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there exist good data for where peregrines used to be found.  These data provide benchmark

comparisons against which recovery efforts can be evaluated.

Early studies from Great Britain (Moore and Ratcliffe, 1963; Ratcliffe, 1963) first

attributed chlorinated hydrocarbons as the cause of the decline of peregrine falcon populations,

and Ratcliffe (1967) first noted that a reduction in eggshell thickness correlated with chlorinated

hydrocarbon levels was responsible for reduced reproductive success.  DDT (and its primary

metabolite DDE, dichlorodiphenyldichloroethylene) was subsequently shown to inhibit carbonic

anhydrase, an enzyme found in the avian shell gland (Bitman et al., 1970), and thus provides a

mechanism of eggshell thinning in peregrine falcons.  Though studies from Europe suggested that

population declines were due substantially to the lethal effects of organochlorine residues

(Ratcliffe, 1965a,b; Jefferies and Prestt, 1966), this was not well supported by North American

data.  Instead, the sub-lethal effects of eggshell thinning alone were found to be responsible for

the peregrine population crash.  Pesticide contamination above critical thresholds was nearly

ubiquitous in North America (Hickey and Anderson, 1968; Enderson and Berger, 1968; Cade et

al., 1968, 1971; White et al., 1973; Peakall et al., 1975, 1990; Peakall, 1976; Court et al., 1990;

Baril et al., 1990; Johnstone et al., 1996).

At a landmark meeting organized by Joseph Hickey at the University of Wisconsin in

1965 (Hickey, 1969), peregrine experts from Europe and North America gathered to ascertain

causes of, and develop solutions to, the problem of widespread population declines.  Largely

spurred by this meeting and a second one at Cornell University in 1969 (Cade and Burnham,

2003a), biologists quickly converged on DDT as the culprit and demanded the prohibition of this

chemical.  Restrictions were introduced quickly, and in 1969 DDT was banned in Canada, with

the United States following suit in 1972.  However, halting the cause was only part of the

solution.  Without human intervention, extinction of peregrine falcons from continental North

America was predicted for the end of the 1970s (Hickey, 1969).  Both Canadian and American
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governments therefore initiated extensive reintroduction campaigns at a time when it wasn’t

known whether peregrines could even be bred in captivity (Fyfe, 1976; Fyfe et al., 2003;

Holroyd, 2003).  Thousands of reintroductions later (White et al., 2002), the peregrine recovery is

perhaps the single greatest species rescue ever accomplished.

Despite this success, the pesticide contamination problem is not solved for peregrine

falcons.  DDT and DDE are persistent environmental contaminants that remain potent for

decades.  Areas in North America that were subjected to high pesticide use (e.g. orchards) in the

mid-1900s still show above critical levels of DDT metabolites (Harris et al., 2000; Mora et al.,

2002; Elliott et al., 2005).  Additionally, migratory peregrines may ingest and accumulate

organochlorine contaminants when wintering in Latin America (Fyfe et al., 1990), where

restrictions on pesticide use are less strict.

Within North America, three subspecies of peregrine falcon have been described, and

each was affected by DDT to different degrees.  F. p. pealei (Ridgway, 1874; henceforth referred

to as simply pealei) is a pacific marine race, its distribution extending from north-western

Washington state to the Aleutian Islands of Alaska.  This is the largest of the world’s 19 peregrine

falcon subspecies (White and Boyce Jr., 1988), and is further characterized by its diet

(predominantly alcids and procellariids), darker plumage, and year-round residency (Beebe,

1960).  This subspecies is widely believed to have been affected least by DDT, and during the

population nadir Fyfe (1976) proclaimed pealei populations off the coast of British Columbia as

the only stable peregrine populations in North America.  Nevertheless, population fluctuations

have been documented for this subspecies.  Those of the early twentieth century are thought to

correlate with prey abundance and precipitation (Nelson, 1969), while those of the mid-twentieth

century are due to a combination of pesticide contamination and more immediately a decline in

populations of the ancient murrelet, their principal prey (Nelson and Myres, 1976).  This

subspecies currently has Special Concern status under COSEWIC and SARA.
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The arctic race of peregrine, F. p. tundrius (henceforth referred to as tundrius), was

described quite recently during the population nadir in North America (White, 1968).

Description of this subspecies was spurred in part to make a case for legislation protecting

southern peregrine populations (Cade and Burnham, 2003b).  This subspecies is identified as

being generally smaller and paler than other North American subspecies, and is highly migratory.

The current recognition of tundrius is based largely on geography, with membership in this race

comprising all peregrines in North America nesting above the treeline (as well as all peregrines in

Greenland).  Populations of tundrius tend to have a higher proportion of mammalian prey

(Bradley and Oliphant, 1991).  DDT contamination did serious harm to the tundrius race, with

populations declining an estimated 50-60% or more (Fyfe et al., 1976).  However, this subspecies

initially comprised several thousand individuals (Fyfe, 1969) so a significant number of tundrius

are believed to have survived the bottleneck.  Today, much of the historical range has been

repopulated.  However, no reintroductions were attempted with this subspecies, so recovery can

be attributed entirely to the curtailing of pesticide use.  The tundrius subspecies was down-listed

on the Endangered Species List to Threatened in 1984, and de-listed altogether in 1994.  This

subspecies currently has Special Concern status under COSEWIC and SARA.

F. p. anatum (Bonaparte, 1838; henceforth referred to as anatum) has a continental

distribution south of the treeline and east of the Pacific coast.  This subspecies is intermediate

between pealei and tundrius in size, colour, and migratory behaviour (White et al., 2002).  It was

the most severely affected by DDT in North America, being extirpated from the eastern half of

the continent by the mid 1970s (Fyfe et al., 1976).  Some biologists historically recognized

separate western and eastern forms anatum, the latter being referred to as the “rock” peregrine

(White, 1968).  If this distinction had biological meaning then the rock peregrine is now extinct.

The anatum subspecies was the focus of extensive recovery efforts, with breeding programs being

initiated in the United States in 1974 and in Canada in 1975.  Recovery of the peregrine falcon in
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North America cost several million dollars per year (Restani and Marzluff, 2001).  By the time

reintroductions ceased, some 7000 individual birds were released in North America alone (White

et al., 2002).  This subspecies has generally recovered range-wide in Canada.  Although eastern

populations are still somewhat fragmented and small, most are stable and many are experiencing

high rates of growth (Rowell et al., 2003).  The recent vast improvement in census numbers

prompted removal of anatum from the Endangered Species List in 1999 without first being down-

listed to threatened (Mesta, 1999), though this decision was not without debate (Pagel et al.,

1996; Cade et al., 1997; Pagel and Bell, 1997; Millsap et al., 1998).  This subspecies currently

has Threatened status under COSEWIC and SARA.

Despite the unprecedented and inarguable success of the peregrine falcon recovery effort

in North America, some questions remain as to the genetic consequences of the decline and

subsequent recovery.  These questions stem from two sources, and interestingly they lead to

opposite predictions.  First, captive populations were small in size and individual birds were used

repeatedly as breeding stock over several years.  The concern is that the founding population of

peregrines was genetically limited, and so levels of genetic variation in contemporary populations

will likely be very low (Stepnisky and Court, 2001).  A second question involves the genetic

background of the birds used in the breeding programs. The Canadian program explicitly limited

breeders to anatum in an attempt to maintain the genetic integrity of this race (Holroyd, 2003).  In

contrast, the American breeding program used a minimum of seven subspecies from around the

world (Tordoff and Redig, 2001).  Here, the concern is that individuals from the American

program have dispersed, and consequently the birds we see today are not the same genetically as

the birds that once inhabited continental North America.  Under this scenario, levels of diversity

are not expected to have changed drastically (they may even be higher given the disparate origins

of the breeders), but the genetic constitution of the population is expected to have changed

significantly.
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1.6 RESEARCH OBJECTIVES

The present study investigates the level and distribution of neutral genetic variation in

subspecies of peregrine falcon in Canada through both space and time.  Two broad research

questions are investigated.  First, in terms of genetic diagnosability, what is the validity of the

current taxonomy that recognizes three North American subspecies of peregrine falcon (F. p.

anatum, F. p. tundrius, and F. p. pealei)?  To address this question, the hypothesis that the

taxonomy reflects the historical association of peregrine falcon populations is tested.  Second,

what were the genetic consequences of the massive DDT-induced bottleneck of the mid-20th

century?  Here, the hypothesis tested is that data from neutral genetic markers will contain

various genetic bottleneck signatures.  To address these two hypotheses, 187 contemporary

individuals and 96 museum voucher specimens were genotyped for 12 nuclear microsatellite loci

(Nesje et al., 2000b) and a 405 nucleotide fragment of the mitochondrial control region (Berlin

and Ellegren, 2001).  Conclusions from analyses using only contemporary data are compared to

those that make use of data from both time periods, thereby evaluating the efficiency of the

former in reconstructing the demographic past.
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2.1 SAMPLE COLLECTION AND DNA EXTRACTION

Blood (n = 143), feather (n = 31), or muscle (n = 13) tissue samples were collected from

contemporary birds from across the Canadian breeding range by several collaborators between

1977 and 2004 (Figure 2.1; Table 2.1; see Acknowledgments for collaborators).  Historical

samples consisted of toe pads sampled from skins stored at the Royal Ontario Museum in

Toronto, Ontario (n = 49) and Canadian Museum of Nature in Ottawa, Ontario (n = 47); these

birds were originally collected between the years 1885 and 1975.  Because the majority of

historical samples (Figure 2.2) were collected before the description of F. p. tundrius as a

subspecies by White (1968), subspecies status for historical F. p. anatum and F. p. tundrius

individuals was determined from a comparison of original sampling location with currently

recognized subspecies boundaries.  Approximately equal sex ratios were present in both temporal

samples (Appendix I).  All individuals were non-migrants (determined from sampling date), and

birds that were obvious close relatives were excluded.  Four nests had samples from the mother

and all of the young: all of these individuals were genotyped to determine the reliability of

genotype scoring.

Approximately 10 µL of blood or 10 mg of tissue was digested overnight at 65°C in a

lysis buffer composed of 0.1 M Tris-Cl pH 8.0, 0.01 M EDTA pH 8.0, 0.1 M NaCl, 0.1% SDS,

and 0.2 mg proteinase K in a total volume of 750 µL.  For contemporary samples, total DNA was

purified by extracting twice using 750 µL of Tris-CL saturated phenol (pH 8.0) and once with

750 µL of 24:1 chloroform : isoamyl alcohol.  Purified DNA was diluted 1:10 with ddH2O prior

to amplification.  Purification of historical DNA from museum skins was accomplished using

DNeasy® tissue extraction procedure (Qiagen, Mississauga) with the following modifications to

the manufacturer’s suggested protocol: to maximize the amount of DNA recovered, the elution

buffer was diluted 1:3 in ddH2O and heated to 37°C prior to elution. DNA was eluted with


