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In North America, the population genetic structure of many raptor species has been
shaped by patterns of post-glacial population expansion and anthropogenic forces, such
as the widespread use of the organochlorine pesticide dichlorodiphenyltrichloroethane
(DDT) during the mid-20th century. While common themes of post-glacial avian popu-
lation expansion have emerged, little is known about the genetic impacts of DDT on
raptor species that experienced a population bottleneck but were not the focus of con-
servation efforts. We investigated how the combination of post-Pleistocene environmen-
tal change and the DDT-era population bottleneck have influenced the contemporary
population structure of Merlins Falco columbarius in North America. We genotyped
migrating Merlins across North America (n = 272) at 23 polymorphic microsatellite loci
and generated sequence data for a 569-base-pair segment of the mitochondrial control
region. We used hierarchical analysis of molecular variance, pairwise Fs1/¢hsT compar-
isons and Bayesian clustering analyses to assess genetic differentiation between individu-
als from eastern and western North America, distinct migratory flyways, and three
recognized North American subspecies. Across all analyses, we found low or no popula-
tion differentiation, suggesting that North American Merlins largely comprise one pan-
mictic population showing evidence of a post-glacial population expansion with little
genetic differentiation detected between regions. Furthermore, we did not detect a con-
temporary signal of a genetic bottleneck that could have resulted from the DDT-era
population decline with the markers used in this study. Consistent with other avian spe-
cies, we found a correlation between allele length variation at a microsatellite isolated
from the 3’ untranslated region of the ADCYAPI gene and migratory versus sedentary
characteristics in Merlin subspecies. We detected two common mitochondrial control
region haplotypes in the geographical regions sampled, a unique pattern among other
widespread North American raptor species. This study furthers our understanding of the
genetic and demographic history of Merlins in North America and can inform future
genomic studies of this species.

Keywords: ADCYAPI, Falconiformes, microsatellite, migration monitoring, mitochondrial control
region, population structure, raptor..

Extant patterns of phylogeographical structure of Pleistocene and post-Pleistocene climatic and envi-
avian taxa have been shaped by large-scale ronmental changes (Klicka & Zink 1997). Intense

anthropogenic impacts on natural systems over
*Corresponding author. recent centuries may also alter patterns of popula-
Email: bmartinico@ucdavis.edu tion structure and genetic diversity of avian species
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(Pimm et al. 2006, Jetz er al. 2007, Brook
et al. 2008, Spooner et al. 2018). The Merlin Falco
columbarius, a small falcon with three defined sub-
species in North America (F. c¢. columbarius,
F. c. richardsonii and F. c. suckleyi), experienced
range-wide population declines due to pesticide
exposure (Newton et al. 1982, Warkentin
et al. 2020) and has an unknown phylogeographi-
cal history despite being a cosmopolitan species.
Understanding the relative importance of these
two drivers in shaping population genetic structure
can provide insights into the roles of natural and
anthropogenic forces on the population structure
of species in North America (Petit et al. 1998).

In the mid-20th century, many raptor species,
including the Merlin, experienced significant popu-
lation declines due to environmental contamination
from the widespread use of the organochlorine pes-
ticide  dichlorodiphenyltrichloroethane  (DDT;
Schick et al. 1987, Fry 1995). Raptor population
declines were attributed to biomagnification of
contaminants in the food web combined with a
high physiological sensitivity to DDT, which led to
failed reproduction from eggshell thinning that
caused egg breakage during incubation (Rat-
cliffe 1967, Hickey & Anderson 1968, Fox 1971,
Cooke 1973, Meek 1988). In addition to direct
demographic effects, severe population declines
have the potential to negatively affect the genetic
health of populations through reduction of overall
genomic variation, decreased heterozygosity and
loss of alleles, in addition to increased vulnerability
to inbreeding depression, genetic drift and extinc-
tion associated with small population sizes
(O’Brien 1994). Recovering raptor populations
may still be vulnerable after these bottleneck
events because surviving populations may be less
genetically diverse with a lower capacity for future
adaptive response to environmental change (Biirger
& Lynch 1995).

The declines, subsequent conservation actions
and recovery for select raptor species affected by
DDT have been well documented (Cade 1974,
Simons et al. 1988, Bowerman et al. 1995, Cade
et al. 1988, U.S. Fish and Wildlife Service 2003,
Henny et al. 2010). However, not all raptor spe-
cies severely affected by DDT have been well
studied (Schick et al. 1987). Despite receiving no
focused conservation efforts or special status desig-
nations, North American Merlin populations
appear to have rebounded after DDT was banned,
as documented through migration counts
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(Hoffman & Smith 2003), Breeding Bird Surveys
(Sauer et al. 2013) and Christmas Bird Counts
(James et al. 1987, Niven et al. 2004). Merlins in
North America have even expanded their range to
include novel urban areas in some regions (Sodhi
et al. 1992, Houston & Hodson 1997, Warkentin
et al. 2020). Comprehensively inferring the status
and population trends with traditional monitoring
methods for North American Merlins has proven
to be difficult because the majority of breeding
occurs in remote areas and non-breeding popula-
tions are dispersed over a vast geographical area.
North American Merlins have yet to be the focus
of range-wide genetic research, so we have little
understanding of current population structure,
levels of genetic diversity, adaptive potential or
how the DDT-era population bottleneck may have
affected the genetics of the species.

In addition to anthropogenic impacts, post-
Pleistocene processes can influence range-wide pat-
terns of population structure and genetic diversity
within a species through bottleneck and expansion
events that happened over geological time
(Hewitt 1996). Due to advancing and retreating
glaciers (Holocene climate change), populations of
many North American avian species were reduced
to isolated patches of non-frozen refugial habitat, a
process that played an important role in creating
the patterns of North American avian species
diversity observed today (Klicka & Zink 1997,
Petit et al. 2003). Once isolated, populations dif-
ferentiated and developed distinct genetic lineages
via genetic drift and natural selection
(Hewitt 2000). Upon glacial retreat following the
last glacial maxima, population expansion and sec-
ondary contact contributed to creating patterns of
regional differentiation. Because extant lineages
carry genetic signatures reflecting their individual
histories of isolation and expansion, it is possible
to investigate historical impacts through molecular
analyses (Zink 1996). As with many other avian
taxa with distinct eastern and western North
American populations or subspecies, climatic
events during the Pleistocene and Holocene eras
have been implicated in contributing to the
observed genetic differentiation and population
structure (Hull & Girman 2005, Hull et al. 2008,
2010). For wide-ranging species, population struc-
ture and diversity resulting from both Pleistocene
glaciation and Holocene climatic events may
reflect differing histories of drift and selection
across their range and can be an important factor
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in delineating evolutionarily significant units and
management units for conservation.

In this study, we investigated how the combina-
tion of anthropogenic factors and post-Pleistocene
historical demography have influenced the popula-
tion structure of North American Merlins by using
neutral genetic markers. We tested for genetic dif-
ferentiation between eastern and western regions,
among distinct migratory flyways, and among
described subspecies. Our specific objectives were
to: (1) quantify contemporary population structure
and investigate potential genetic impacts from the
DDT era using 23 polymorphic nuclear microsatel-
lite loci; (2) investigate genetic differences between
the three described North American subspecies
using microsatellite loci to determine whether neu-
tral genetic differences corresponded to subspecies
designations assigned based on plumage character-
istics; and (3) determine how Pleistocene glaciation
and Holocene climate change impacted the popula-
tion structure of Merlins in North America using a
569-base-pair sequence of the control region of the
mitochondrial DNA.

METHODS

Sample collection

We collected DNA samples via two plucked breast
feathers from Merlins (n = 272) in 2009 at 13
migration monitoring sites across North America.
In addition to Merlins sampled at migration moni-
toring sites, samples from Alaska were also aug-
mented with samples (blood, tissue, feather or
epithelial swab) provided by a wildlife rehabilita-
tion centre or from dead Merlins salvaged by col-
leagues and made into study specimens. We tested
for differences among a priori groups delineated by
four distinct North American raptor migration cor-
ridors (flyways): the Pacific, Intermountain (a dis-
tinct raptor migration corridor within the Central
Flyway), Mississippi and Atlantic flyways (Fig. 1a).
These samples are of unknown breeding origin,
although these groupings are biologically relevant
because past genetic analyses have revealed that
migration sites correspond to distinct breeding
populations of many North American raptors
(Hull & Girman 2005, Goodrich & Smith 2008,
Hull et al. 2010). Merlins sampled in Alaska were
considered a fifth group because of the unknown
migratory routes used (Warkentin et al. 2020).
Hereafter this grouping is referred to as ‘Alaska/
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flyways’. Within the Pacific Flyway, samples were
collected from Marin, California, USA (n = 33).
Within the Intermountain Flyway, samples were
collected from Chelan Ridge, Washington
(n = 19), Bonney Butte, Oregon (rn = 9), Goshutes
Mountain, Nevada (n = 6), Manzano Mountain,
New Mexico (n = 1), Commissary Ridge, Wyom-
ing (n = 4), and Boise, Idaho (n = 36). Within the
Mississippi Flyway, samples were collected from
Cedar Grove, Wisconsin (n = 36), and Hawk
Ridge, Minnesota (n = 30). Within the Atlantic
Flyway, samples were collected from Cape May,
New Jersey (n = 31), Eastern Shore of Virginia
National Wildlife Refuge, Virginia (n = 30), and
Florida Keys, Florida (n = 7). For the Alaska
group, samples were collected during autumn
migration from Palmer, Alaska (n = 21); these
samples were augmented by samples collected
from dead Merlins found by colleagues during the
autumn months (n = 2) and from 11 Merlins trea-
ted in a wildlife rehabilitation centre, nine of
which were admitted during the nesting season
and two that may have been migratory (see Sage
et al. 2020). Additionally, we assigned individuals
to east and west groups for comparisons, hereafter
referred to as ‘east-west’. Individuals were delin-
eated as eastern if they were sampled in the east-
ern flyways, Mississippi and Atlantic, and western
if they were sampled in Alaska or the western fly-
ways, Pacific and Intermountain, following the bio-
geographical pattern observed in multiple North
American avian taxa (Zink 1996).

As currently described, named subspecies of
North American Merlins have relatively distinct
breeding ranges and exhibit distinct plumage col-
oration from dark (F. c. suckleyi, Fig. 1b) in the
Pacific Northwest, to moderate (F. c. columbarius,
Fig. 1c) across the North American taiga, to pale
(F. c. richardsonii, Fig. 1d) in the northern prairie
region (Haak 2012, Warkentin et al. 2020). Eastern
Idaho is one of the few locations where all three
subspecies are known to occur in large numbers
during the non-breeding season and where sub-
species determination based on an individual’s plu-
mage was standard procedure at the sampling
location (Haak 2012): F. c. columbarius (n = 16),
F. c. richardsonii (n = 6) and F. c. suckleyi (n = 14).
Individuals were not systematically identified to
subspecies at other sampling locations and determi-
nation cannot be done post-sample collection.

Samples were collected and donated under
authorization of the US Geological Survey’s Bird
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Figure 1. (a) Map of North America showing sampling locations labelled by flyway (1: Pacific, 2: Intermountain, 3: Mississippi and 4:
Atlantic; 5 corresponds to the Alaska sampling location and it is not known to which flyway Merlins originating in this region belong).
Flyway delineations for North American raptors are described in Goodrich and Smith (2008). Plumage variation of North American
Merlin subspecies (b) Falco columbarius suckleyi, (c) Falco columbarius columbarius and (d) Falco columbarius richardsonii (Photos:

B. Haak).

Banding Laboratory through site-specific permits
issued to individual research stations. Funding for
work on this project was provided by USGS
Alaska Science Center and the Golden Gate
National Parks Conservancy/Golden Gate Raptor
Observatory.

Data collection

DNA was extracted from muscle, blood, feather or
epithelial swab samples at the USGS Alaska Science
Center using procedures outlined in Medrano
et al. (1990) and modified as outlined in Sonsthagen
et al. (2004). For feather and epithelial swab sam-
ples, extraction procedures were further modified
as described in Talbot et al. (2011). Genomic DNA
extractions were quantified using fluorometry and
diluted to 50 ng/pL. working solutions.

We genotyped each individual at seven
microsatellite loci known to be polymorphic in
other falcon species (Peregrine Falcon Falco peregri-
nus: NVHIp31, 46-1, 79-4, 89, 92-1, 107, Nesje
et al. 2000; Gyrfalcon Falco rusticolus: NVHfr34,
Nesje & Reed 2000) and 16 microsatellite loci iso-
lated and characterized in Merlin (Fco0O01, 002,
003, 005, 006, 006-1, 008, 011, 012, 013, 014-1,

© 2023 British Ornithologists' Union.

014-2, 015, 016, 020, 022, and in the 3’ untrans-
lated region (UTR) of the adenlylate cyclase-
activating polypeptide 1 (ADCYAPI) gene; Hull
et al. 2020), and sequenced a 569-base-pair seg-
ment of domain 1 of the mitochondrial control
region, using primer sequences and following simul-
taneous bidirectional sequence procedures similar
to those described in detail elsewhere for Peregrine
Falcon (Talbot et al 2011, 2017, White
et al. 2013). Some samples did not produce a pro-
duct using the mitochondrial DNA primers listed in
Talbot et al. (2011), so we used a set of internal pri-
mers (H299 5'-GCAGTAGTCCGAACCTCGTG-
3’ and L319 5-CACGAGGTTCGGACTACTGC-
3") that amplified two smaller, overlapping portions
of the target sequence. For quality control purposes,
DNA from two to five individuals representing each
designated population was extracted, amplified and
sequenced in duplicate.

Microsatellite data analysis
We included individuals that had fewer than three

missing loci in the microsatellite analyses and calcu-
lated genetic diversity statistics at three levels: (1)
Alaska/flyways: Alaska (n = 30), Pacific (n = 31),
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Intermountain (r = 70), Mississippi (n = 66) and
Atlantic (n = 66); (2) east—west: east (Mississippi
and Atlantic; n = 132) and west (Alaska, Pacific and
Intermountain groups; n = 131); and (3) overall
(n = 263). Genetic diversity metrics included
observed (Ho) and expected (Hg) heterozygosities,
Hardy-Weinberg equilibrium, and number of alle-
les using Arlequin ver 3.5.2.2 (Excoffier et al. 1992,
Excoffier & Lischer 2010), and the number of pri-
vate alleles using GenAlEx ver 6.5 (Peakall &
Smouse 2006, 2012). We performed an analysis of
molecular variance (AMOVA) in Arlequin to test
for population differentiation between the east—
west groups. We calculated pairwise Fst using
Arlequin to evaluate significance and measure
genetic differentiation among Alaska/flyways, east—
west and subspecies groups: F. c¢. columbarius
(n = 16), F. c. richardsonii (n = 6) and F. c. suckleyi
(n = 14). We tested for a recent genetic signature of
population fluctuation using a Wilcoxon signed-
rank test with the two-phase model of microsatel-
lite evolution (90% stepwise mutation model and
10% variation) in the program BOTTLENECK ver
1.2.02 (Piry et al. 1999).

Additionally, we used a Bayesian clustering
algorithm, STRUCTURE ver 2.3.4 (Pritchard
et al. 2000, 2003), following an admixture model
and no prior to estimate number of clusters over
all samples and for individuals identified to sub-
species. For all samples, we considered k= 1 to
k = 10 with 10 iterations of each k and with an
initial burn in of 10 000 Markov chain Monte
Carlo (MCMC) and 100 000 subsequent itera-
tions. We performed a second STRUCTURE anal-
ysis including only individuals with subspecies
identification (without categorizing them for the
analysis). We ran k = 1 to k = 5 with 10 iterations
of each k and with an initial burn in of 10 000
MCMC and 100 000 subsequent iterations. We
visualized plots of mean likelihood L(k) and Ak
with STRUCTURE HARVESTER (Earl & von-
Holdt 2012) and used the Ak method to infer the
most likely number of populations.

Lastly, we investigated variation in the average
allele length of the microsatellite found in the 3’
UTR of the ADCYAPI gene among individuals of
known subspecies that exhibit variation in migra-
tory behaviour. The ADCYAPI gene codes for a
neuropeptide with a broad functional spectrum,
where longer alleles in the microsatellite found at
the 3’ UTR of the ADCYAPI gene are correlated
with early dispersal and migration and greater
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migratory tendencies in populations of certain
avian species, including a raptor species (Mueller
et al. 2011, Chakarov et al. 2013). We compared
average allele length between subspecies with a
greater migratory tendency (F. c¢. columbarius and
F. c. richardsonii; n = 22) with the subspecies that
is described as largely sedentary (F. c. suckleyi;
n = 14; Warkentin et al. 2020) using a Welch
two-sample ¢ test in R ver 3.5.1 (R Core
Team 2018).

Mitochondrial data analysis

We included individuals with completely homolo-
gous sequences in mitochondrial control region
analyses for (1) Alaska/flyways: Alaska (n = 31),
Pacific (n = 15), Intermountain (n = 58), Missis-
sippi (n = 41) and Atlantic (n = 47); (2) east—
west: east (Mississippi and Atlantic; n = 88) and
west (Alaska, Pacific and Intermountain groups;
n = 104); and (3) overall (n = 192). We calculated
nucleotide diversity (x) and haplotype diversity
(H) with DnaSP ver 5 (Librado & Rozas 2009)
and created a minimum spanning network of hap-
lotypes from all individuals using a median-joining
method in the program NETWORK ver 10.0.0.0
(Bandelt et al. 1999). We tested for differences
among the east-west groupings using an AMOVA
framework (Excoffier et al. 1992) and determined
significance by calculating ¢st between both sets
of groupings using Arlequin. We calculated statis-
tics in Arlequin and DnaSP to look for genetic evi-
dence of a population expansion, including
Tajima’s D (Tajima 1989), Fu’s Fs (Fu 1997), and
Fu and Li’s D* and F* statistics (Fu & Li 1993).

RESULTS

Microsatellite

We assessed Hardy-Weinberg equilibrium for all
microsatellite loci and found no significant devia-
tion following Bonferroni correction for multiple
tests (o < 0.002; Table S1). The average number
of alleles across the five groups (flyways/Alaska)
was 6.6 and the number of private alleles ranged
from four to 11 (Table 1). We performed an
AMOVA to test for population differentiation
among the east-west groups and found that 99.3%
of the variation was attributed to differences
within sampling sites rather than among sampling
sites (Table 2). Pairwise Fst between east-west
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Table 1. Characterization of microsatellite loci based on loca-
tion. The table includes sample sizes (n), expected (Hg) and
observed (Ho) heterozygosities, average number of alleles
(Na), and number of private alleles (Np) for east-west, flyways,
Alaska and all individuals.

Group n He Ho Na Np
West 131 0.55 0.53 8.1 22
Alaska 30 0.56 0.57 6.0 8
Pacific 31 0.55 0.54 6.0 4
Intermountain 70 0.54 0.51 7.0 10
East 132 0.55 0.54 8.2 20
Mississippi 66 0.57 0.57 7.6 11
Atlantic 66 0.54 0.54 6.7 9
All 263 0.55 0.54 6.6 0

was low but significant (Fsy = 0.006; P < 0.05).
Between flyways/Alaska, Fst values support little
to no genetic differentiation and ranged from 0 to
0.013. Although Fsr values were low, significant
values of P (P < 0.002) were found in three pair-
wise comparisons (Alaska—Midwest, Alaska—Atlan-
tic, Intermountain—Atlantic pairwise comparisons;
Table 3). Subspecies pairwise Fst comparisons
indicated little to no genetic differentiation among
recognized subspecies at neutral genetic markers
with small non-significant values; F. c¢. columbar-
ius—F. c. richardsonii: Fst = 0, P = 0.81; F. c. colum-
barius—F. c. suckleyi: Fst = 0.003, P = 0.31;
F. c. richardsonii-F. c. suckleyi: Fsr = 0.004,
P = 0.44 (Table S2). We could not perform a
Mantel test to test for isolation-by-distance based
on known geographical origins because samples
were obtained from migrating birds with an
unknown location of breeding origin (with the
possible exception of some of the Alaska samples).
It is possible that different individuals from the
same breeding population may be sampled at vari-
ous points throughout the north-south flyways

(e.g. New Jersey and Florida), which confounds
relationships between genetic and geographical
distance.

We tested for recent genetic signature of popu-
lation fluctuation using BOTTLENECK with a
Wilcoxon signed-rank test and did not detect an
excess of heterozygosity (P = 0.99); populations
that have recently undergone a genetic bottleneck
typically show a signature of excess heterozygosity.
The test showed that these data skew towards a
deficit of heterozygosity (P = 0.02), which is
indicative of a recent population expansion,
although this result was not significant after a Bon-
ferroni correction (a < 0.002). STRUCTURE anal-
yses with no a priori sampling information found
support that North American Merlins and associ-
ated subspecies generally represent one panmictic
population (Fig. S1). For both analyses, all samples
and those of known subspecies, the mean likeli-
hood values and the Ak method indicated that
k = 1 is the most supported number of popula-
tions. Evaluation of the average allele length of the
ADCYAPI microsatellite showed significant differ-
ences in average allele lengths between migratory
and less migratory subspecies (T = 2.4, df = 19.5,
P = 0.03), with F. c. suckleyi having shorter aver-
age allele lengths than F. c¢. columbarius and
F. c. richardsonii.

Mitochondrial control region

For the mitochondrial control region in North
American Merlins, haplotype diversity ranged from
0.701 to 0.860 among flyways/Alaska (Table 4),
and we identified 27 unique haplotypes in these
groups (Table S3). The pattern of haplotype distri-
bution of the minimum spanning network of all
samples (Fig. 2) showed two common haplotypes,
A and E, appearing in high frequencies in all

Table 2. AMOVA results among a priori Alaska and western flyways — Pacific and Intermountain — compared with eastern flyways —
Mississippi and Atlantic. Results are based on (1) 23 microsatellite loci with significant values shown in bold type following a Bonfer-
roni correction (P < 0.002), and (2) the mitochondrial control region with no values significant at the a = 0.05 level.

Source of variation df Sum of squares Variance components Percentage of variation
1) Among groups 1 13.2 0.028 0.52

Among populations within groups 11 62.6 0.010 0.19

Within populations 513 2725.7 5.313 99.29
@) Among groups 1 0.6 —0.003 -0.41

Among populations within groups 11 8.9 0.000 1.54

Within populations 179 119.9 0.670 98.88

© 2023 British Ornithologists' Union.
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Table 3. Pairwise Fst values for 23 microsatellite loci shown below the diagonal between Alaska and the four flyways — Pacific,
Intermountain, Mississippi and Atlantic, and bold type indicates significance following Bonferroni correction (P < 0.002). Pairwise ¢st
values for the mitochondrial control region for the same groups are shown above the diagonal, and bold values indicate significance

(P < 0.05).

Alaska Pacific Intermountain Midwest Atlantic
Alaska - 0.000 0.057 0.017 0.058
Pacific 0.000 - 0.003 0.000 0.000
Intermountain 0.008 0.000 - 0.000 0.000
Midwest 0.011 0.003 0.003 - 0.000
Atlantic 0.013 0.004 0.008 0.001 -

Table 4. Mitochondrial control region diversity statistics,
including number of individuals sampled (n), number of haplo-
types (Ny), haplotype diversity (H), number of polymorphic
sites (S), number of private substitution sites, and nucleotide
diversity (r) for east-west, and number of private substitution
sites (Pyg) for Alaska and all North American flyways.

Group n Ny H S Pus =
West 104 18 0.77 17 8 0.003
Alaska 31 12 0.86 11 1 0.003
Pacific 15 4 0.71 13 4 0.004
Intermountain 58 10 0.73 8 1 0.002
East 88 16 0.74 11 2 0.002
Midwest 41 13 0.78 8 0 0.002
Atlantic 47 8 0.70 7 2 0.002
All 192 27 0.76 19 0 0.002

groups (see also Fig. S2). The third most common
haplotype, F, was present in lower frequencies in
all groups while the fourth most common haplo-
type, B, was absent in the Pacific and Mississippi
flyways; all other haplotypes were present in fewer
than five individuals. Additionally, the Alaska
group had six private haplotypes, the highest
among all groups.

We found a single instance of a highly divergent
haplotype in the Pacific Flyway group, haplotype
K, that diverged from the next closest haplotype
by eight mutations. Results of a BLAST search
showed that haplotype K shared 98.77% identity
with the homologous sequence of the control
region for a Merlin that was sampled in Inner
Mongolia, China (Accession number: KM264304;
Dou et al. 2016). In contrast, similarity in the
homologous sequences between KM264304 and
the most common haplotypes in our study, A and
E, were a 97.89% and 97.72% match, respectively.

We performed an AMOVA and found that
nearly all variation was due to within-sampling-site
variation rather than variation between sampling

sites or groups. For the east-west comparison, the
variation within sampling sites was 98.9%
(Table 2). Pairwise ¢psT comparisons showed little
to no genetic differentiation between east-west
(pst = 0; P = 0.46). ¢psT comparisons among fly-
ways/Alaska groups in the Alaska—Intermountain
(¢pst = 0.057) and Alaska—Atlantic (¢t = 0.058)
showed low to moderate genetic differentiation
that was found to be significant (P < 0.05;
Table 3). As a result of the overall absence of pop-
ulation differentiation, we interpreted the expan-
sion statistics at the continent-wide level as the
most relevant biological unit (Table 5).

DISCUSSION

We investigated the potential impacts of DDT use
and post-Pleistocene climatic events on the popu-
lation structure and historical demography of Mer-
lins in North America using microsatellite and
mitochondrial control region sequences. We did
not find evidence of a recent genetic bottleneck,
strong genetic differentiation or population struc-
ture across their North American range using the
genetic markers in this study. We found several
small but significant pairwise comparisons, which
may indicate weak genetic differentiation among
some regions. There were no significant pairwise
comparisons between subspecies, but a correlation
was detected in allele length at a microsatellite iso-
lated from the 3’ UTR of the ADCYAPI gene
known to be associated with migratory behaviour
in avian species. Additionally, our study revealed
that North American Merlins display a pattern of
mitochondrial genetic structure with two common
haplotypes present in all flyways, a unique pattern
compared with other North American species.

The general absence of strong genetic structure
across the continent suggests that North American
Merlins comprise largely a single panmictic

© 2023 British Ornithologists' Union.
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AC

Alaska
Pacific
Intermountain

Mississippi
Atlantic

HOENN

=1 mutation

Figure 2. Mitochondrial control region haplotype minimum spanning network for all samples. Circle size is proportional to number of
individuals with a particular haplotype. Branch length indicates number of mutations.

Table 5. Expansion statistics based on the mitochondrial control region for four flyways — Pacific, Intermountain, Mississippi and

Atlantic — and Alaska. Values in bold type are significant (P < 0.05).

Group Tajima’s D Fu's Fg Fu & Li's D* Fu & Li's F* S/d k
West -1.50 —28.27 -1.70 —-1.98 11.17 1.52
Alaska -0.95 —27.09 —-0.08 -0.41 5.68 1.94
Pacific -1.72 -19.10 -2.32 —-2.47 5.78 2.25
Intermountain -1.00 —29.51 -2.38 -2.27 7.43 1.08
East -1.24 —29.36 -0.52 —0.91 9.49 1.16
Mississippi -0.88 —28.32 0.63 0.18 6.19 1.29
Atlantic -0.92 —29.92 -0.29 —-0.58 6.72 1.04
All -1.37 —28.81 -2.30 —2.45 6.72 1.36

population, with weak differentiation among cer-
tain locales, in particular Alaska. We found small
but significant differences in pairwise Fst between
Alaska-Intermountain,  Alaska-Mississippi ~ and
Alaska—Atlantic flyways, in addition to the
Atlantic—Pacific and Atlantic-Intermountain {fly-
ways, using 23 polymorphic microsatellite loci.
These results suggest weak levels of isolation-by-
distance, genetic drift or both; however, we could
not test for isolation-by-distance because of the
unknown origin of the migrating individuals sam-
pled and the confounding effects of long-linear fly-
ways on estimating distance among sites. The high

© 2023 British Ornithologists' Union.

degree of similarity between Merlins sampled in
Alaska and those sampled in the Pacific Flyway
may be a result of a high degree of genetic connec-
tivity and indicates that the Pacific Flyway is an
important migratory corridor for Merlins breeding
in Alaska, as it is for other migratory avian species
in North America (Wilson et al. 2018). Genetic
studies describing potential source populations of
migrants are important in identifying patterns of
geographical connectivity, especially for species
that have not been large enough for the use of
satellite transmitters (Hull et al. 2009, Warkentin
et al. 2020).
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After a notable population decline in the mid-
20th century associated with the widespread use
of DDT, census numbers of North American Mer-
lins have increased, along with an expansion of
their geographical range into novel urban habitats
(Warkentin & James 1988, Sodhi et al. 1992). We
did not find evidence that the decrease in census
numbers and the subsequent recovery left a
detectable genetic bottleneck in our contemporary
samples. Similarly, Peregrine Falcons in North
America do not show a signature of a genetic bot-
tleneck from the DDT era and rather show
increased genetic diversity post-recovery, probably
due to the prompt conservation efforts and effects
of extensive captive propagation and release pro-
grammes, which involved multiple distinct genetic
lineages (Brown et al. 2007, Talbot et al. 2017).
Detection of a bottleneck in genetic data may not
occur unless the population bottleneck was inten-
sive —i.e. a drop in numbers to 25 or fewer breed-
ing individuals (Luikart et al. 1999) — or prolonged
enough to cause the loss of rare alleles and decli-
nes in genetic diversity (Nei et al. 1975, England
et al. 2003). Additionally, as the number of gener-
ations increases post-bottleneck, so does the diffi-
culty in detecting a signature of a demographic
bottleneck in genetic analyses, even if the popula-
tion decline was strong (Matics et al. 2017). The
lack of lingering genetic effects from the DDT-era
population decline in Merlins may be attributed to
the relatively quick cessation of the widespread
use of DDT following the discovery of the envi-
ronmental consequences of its use or the inability
to detect it with BOTTLENECK (Talbot
et al. 2017). Augmentation of this dataset with
additional microsatellite data from populations
using pre-DDT-era museum samples would allow
us to make comparisons between contemporary
and historical Merlin population structure and
genetic diversity (Brown et al. 2007). Such analy-
ses could provide insights into the potential loss of
adaptive alleles and the overall impact of a wide-
spread population decline on this species.

For North American Merlin subspecies, differ-
ences in regional plumage variation associated with
named subspecies are not consistent with differen-
tiation at the neutral genetic markers used in this
study. This could indicate that plumage variation
is persisting with ongoing interbreeding among
subspecies despite their distinct geographical
breeding locales. The environmental and/or genetic
mechanisms responsible for maintenance of this
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plumage variation have yet to be discovered and
may be relevant to other raptor species that exhi-
bit geographical plumage polymorphism and lack
genetic structure (Hull et al. 2010). Alternative
causes that may be responsible for maintaining
plumage variation in Merlins include regional envi-
ronmental influences or strong selection pressure
at a few loci rather than geographical isolation. For
Peregrine Falcons, microsatellite analyses separated
the darker northwest subspecies (Falco peregrinus
pealei) from other subspecies (Brown et al. 2007,
Talbot et al. 2017). Interestingly, we found that
the subspecies with the highest sedentary ten-
dency, F. c. suckleyi, had shorter average allele
lengths in the 3 UTR ADCYAPI microsatellite,
where longer lengths are associated with increased
migratory activity (Mueller et al. 2011, Chakarov
et al. 2013). Although we found an absence of
genetic structure among subspecies and flyways
with our analyses using neutral markers, broad
geographical regions may have different selection
pressures acting on specific regions of the genome
not analysed in this study.

We found little genetic differentiation in the
mitochondrial control region between Merlins in
eastern and western North America and among
distinct migration flyways. Notably, we did not
find the east-west pattern of post-Pleistocene
genetic structure as found in other raptor species
with continent-wide distributions (Hull & Gir-
man 2005, Hull et al. 2008, 2010, Machado
et al. 2018). The pattern of low nucleotide diver-
sity and high haplotype diversity in combination
with the expansion statistics and the minimum
spanning network support a pattern of post-
Pleistocene population expansion. However, we
found two common haplotypes present in each fly-
way across the North American range of the spe-
cies, a pattern that has not been previously
reported in raptor species with continent-wide dis-
tributions. The exact processes and demographic
history that led to the presence of two common
haplotypes in all groups is unclear and could not
be determined through our analyses. It may be
possible that historical populations separated by
isolated glacial refugia may have experienced a
high degree of post-Pleistocene population mixing
and/or dispersal compared with other North
American raptors. Morphological evidence, habitat
affinities and migration tendencies of North Amer-
ican Merlins have previously been thought to indi-
cate a double invasion of Merlins into North

© 2023 British Ornithologists' Union.
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America from the Palaearctic during the Pleis-
tocene (Temple 1972).

Additional genomic data are needed to inform
the continuing management of Merlins in North
America. Current management prescriptions are
based on a model of population stability or
range-wide increase (Warkentin et al. 2020),
although subspecies may have regional differences
in selection pressures and the potential for func-
tional evolutionary differences associated with
migratory behaviour not captured in this study.
Additionally, impacts from anthropogenic threats
— for example, habitat loss, pesticides and heavy
metal contaminants — vary across North America
(Chandler et al. 2004, Bourbour et al. 2019, Kon-
rad et al. 2020). Future studies should prioritize
collection of high-quality genetic samples, as fur-
ther investigation using a whole genome approach
was not possible with the quantity of DNA
obtained in this study. Studies of migrating and
wintering individuals from known breeding origins
and pre-bottleneck museum specimens may pro-
vide additional insights into fine-scale population
differentiation, historical demography and patterns
of selection unable to be characterized in this
study.
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Additional supporting information may be found
online in the Supporting Information section at
the end of the article.
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Table S1. Hardy-Weinberg equilibrium for all
microsatellite loci by locus and group (Alaska and fly-
ways — Pacific, Intermountain, Mississippi, Atlantic).

Table S2. (A) Pairwise Fst and (B) P values for
23 microsatellite loci for comparison among North
American Merlin subspecies.

Table S3. Mitochondrial control region haplo-
type frequencies observed in Alaska and four
North American flyways — Pacific, Intermountain,
Mississippi and Atlantic.

Figure S1. Structure plot for all samples shown
at k = 2 clusters, indicating lack of genetic struc-
ture and similar likelihood of each individual
belonging to a particular population.

Figure S2. Distribution of proportion of haplo-
types in each Flyways/Alaska group of the four
most common haplotypes (A, B, E, F) and all
others (Rare) in Alaska (top left) and flyways —
Pacific, Intermountain, Mississippi and Atlantic
(shown from left to right).
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