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Introduction
The Cooper’s hawk (Accipiter cooperii) is a raptor
(Accipitriformes: Accipitridae) that breeds in North and
Central America (BirdLife International 2012 Accipiter
cooperii. The IUCN Red List of Threatened Species:
e.T22695656A40341189 (accessed on 22 October 2015).
This species occupies forest environments but is also common in urban and suburban areas (Rosenﬁeld and Bielefeldt
1993). In North America, several urban ecosystems provide
high quality habitat for this species (Boggie and Mannan
2014) and the rapid expansion of Cooper’s hawk populations
in urban areas is well-documented (Stout and Rosenﬁeld
2010). Abundance of prey and suitable vegetation features
makes Tucson favourable for Cooper’s hawks and supports
the highest density of this species in North America (Boal
and Mannan 1998; Boggie and Mannan 2014). Although
Cooper’s hawks are common in urban environments, the
genetic diversity of urban-nesting population remains only
partially understood (Sonsthagen et al. 2012).
∗ For correspondence. E-mail: franciscomorinha@hotmail.com.
This study was designed, developed, analysed and totally supported by
Institute for Biotechnology and Bioengineering, Centre of Genomics and
Biotechnology, University of Trás-os-Montes and Alto Douro (IBB/CGBUTAD), Quinta de Prados, P.O. Box 1013, 5000-801 Vila Real, Portugal.

The high densities of birds in urban populations can
result in the emergence of synurbic populations (Francis and
Chadwick 2012). The synurbization of bird species is increasing worldwide as a consequence of the demographic explosion and global urbanization (Luniak 2004), which may have
adverse effects on the population genetic diversity due to
genetic drift, limited gene ﬂow and inbreeding. Therefore,
the synurbization of wildlife species is an important issue
in conservation biology research and the effective characterization of synurbic species requires complementary studies
on population genetics (Luniak 2004; Francis and Chadwick
2012). On the other hand, urban ecosystems are rapidly
changing (Ramalho and Hobbs 2012) and the birds are generally quite sensitive to variations in habitat structure and
composition (Savard et al. 2000). Local and landscape characteristics can be important determinants of species abundance, distribution and diversity within urban areas (Savard
et al. 2000). Responses to anthropogenic changes are inﬂuenced by genetic variation levels, but patterns of genetic
diversity can vary considerably across taxa and among
species’ populations (Sultan 2007). Therefore, in addition to
demographic, ecological and behavioral studies, the development of new approaches focussed on genetic diversity analysis of populations is mandatory to understand the adaptive
and evolutionary potential as well as to implement effective
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M, male; F, female; Na , number of alleles; HO , observed heterozygosity; HE , expected heterozygosity; Ng , number of genotypes; PIC, polymorphism information content; FIS , inbreeding
coefﬁcient; PHWE , P values of Hardy-Weinberg equilibrium (signiﬁcance of deviations from HWE after Bonferroni correction: NS not signiﬁcant, * signiﬁcant at P < 0.01, ** signiﬁcant
at P < 0.001).
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Feathers for samples were plucked from Cooper’s hawks
nestlings (n = 142) during the 2004, 2006 and 2007 breeding
seasons (table 1) in Tucson (Arizona, USA) (12S 506927E
3565016N) (for nest locations see ﬁgure 1). All individuals of each nest with one (11.32%), two (32.08%), three
(35.85%), four (18.87%) and ﬁve (1.89%) chicks (mean
number of chicks per nest was 2.68 (±0.98 SD)) were sampled and included in the genetic analysis. The feather calamus was cut into small pieces with a scalpel immediately
prior to DNA extraction. Total DNA was extracted using the
QIAamp DNA micro kit (Qiagen, Hilden, Germany) according to manufacturer’s protocol for isolation of genomic DNA
from tissues, with some optimizations. Brieﬂy, all samples
were incubated at 55◦ C for 3 h with 300 μL of ATL buffer,
20 μL of 20 mg/mL proteinase K and 20 μL of 1 M dithiothreitol (DTT). DNA was collected by two sequential elutions with 100 μL of buffer AE. These individuals were
sexed using a molecular methodology previously reported
for Cooper’s hawks (Ramos et al. 2009). The microsatellite analysis was carried out using three microsatellite
loci: Age2, Age4 and Age8 (Topinka and May 2004). Forward primers were ﬂuorescently labelled with a Beckman
Coulter dye: D2, D3 or D4. The multiplex PCR was optimized with the Qiagen Multiplex PCR kit (Qiagen) in a volume of 15 μL, containing 7.5 μL Qiagen multiplex PCR
master mix, 1 pmol of forward primers, 0.5 pmol of reverse
primers, and 2 μL of genomic DNA (20–100 ng). PCR

Number
of nests

Materials and methods

Year

conservation and management strategies (Sultan 2007;
Redford et al. 2011).
The use of a highly informative molecular markers system is essential for a reliable estimation of genetic diversity
and differentiation (Selkoe and Toonen 2006). Polymorphism information content (PIC) is a key parameter, indicative of the informativeness degree of a marker, used as an
index to measure and to evaluate the genetic variation of animal populations at molecular level where higher PIC values indicate more alleles and higher polymorphism at that
locus (Botstein et al. 1980). PIC values of more than 0.5
for microsatellite markers indicate that the loci are very useful for population assignment and genetic diversity analysis (Botstein et al. 1980). Therefore, microsatellites with
highest allelic diversity and high PIC values are preferable
for genetic characterization of Cooper’s hawk populations.
However, information on PIC parameter has not yet been
achieved for microsatellite loci proposed for this species. In
this context, the main goal of the present study was to characterize and to use highly informative microsatellite markers to
assess the genetic diversity of a Cooper’s hawks urban population. Once Cooper’s hawks appears to have a high adaptive
capacity to urban environments with a rapid colonization of
new areas, we hypothesized that microsatellite data would
reﬂect high levels of genetic diversity in the urban-breeding
population of Tucson.

Table 1. Main characteristics of Cooper’s hawk sampling collected in Arizona during three breeding seasons (years 2004, 2006 and 2007) and population genetic data obtained from the
three microsatellite loci analysed.
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Figure 1. Geographical location of the Cooper’s hawk nests projected in the Tucson division (Pima, Arizona, USA) boundary map. The
main land cover features of the study area (Fry et al. 2011) are highlighted with different colours.

thermal conditions were as follows: 95◦ C for 15 min, followed by 35 cycles of 94◦ C for 30 s, 60◦ C for 90 s, 72◦ C
for 90 s, and a ﬁnal extension at 72◦ C for 10 min. The
ampliﬁed fragments were analysed using a CEQ8000 automated sequencer (Beckman-Coulter, Fullerton, USA) with
the CEQTM DNA size standard kit-400 (Beckman Coulter)
as internal size standard. Allele size was determined after
visual analysis of chromatograms in the CEQ 2000 fragment analysis software (Beckman Coulter). The total number
of alleles (Na ), observed and expected heterozygosity (HO
and HE ), number of genotypes (Ng ), and inbreeding coefﬁcients (FIS ) were estimated using the Genalex v.6.5 software (Peakall and Smouse 2012). PIC values were calculated
using CERVUS v.3.0.3 programme (Kalinowski et al. 2007).
Linkage disequilibrium (LD) between pairs of loci and
deviations from Hardy–Weinberg equilibrium (HWE) per
sampling location were calculated using GenePop v.4.2.2
software (Rousset 2008) by the Markov chain method
(10000 dememorisation steps, 1000 batches and 10000 iterations per batch). Sequential Bonferroni correction was
applied to adjust signiﬁcant levels across multiple tests
(Rice 1989).
Population genetic structure was also investigated using
a Bayesian clustering procedure implemented in Structure

v.2.3.4 (Pritchard et al. 2000), which infers the optimal number of genetic clusters (K) using a Markov chain Monte Carlo
(MCMC) algorithm. This method uses the multilocus genotype data to assign individuals to clusters under the assumption
of Hardy–Weinberg and linkage equilibrium within each
population (Pearse and Crandall 2004). To minimize potential bias due to family sampling, only one individual from
each nest (53 chicks) were included in the analysis of genetic
differentiation. The analysis consisted of 20 independent
runs for all K values (varying from 1 to 3), each with
1,000,000 MCMC iterations after a burn-in of 100,000 iterations, under a model of admixture and correlated allele frequencies. Clumpak server (Kopelman et al. 2015) was used to
process the structure outputs to obtain assignment probabilities
of individuals (q) to each cluster and to display the results in a
graphical interface. To further evaluate the geographic genetic
structure among sampling sites, a principal coordinate analysis
(PCoA) was implemented in GenALEx to ordinate genetic distance estimates (Nei 1978) calculated for the genotypic data.
Mantel tests were used to estimate the correlation between pairwise matrices of genetic and geographic distances. The correlations were carried out using Passage v.2.0.11.6 (Rosenberg and
Anderson 2011) and the significance of the Mantel test was
assessed using 100,000 permutations.
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Results
A high genetic diversity was observed among 142 genotypes (53 nests with 142 chicks, 74 male and 68 female)
with three microsatellite primers (Age2, Age4, and Age8)
during 2004, 2006 and 2007 breeding seasons. A total of
64 alleles were generated, ranging from 7 in Age8 to 27
in Age2, with an average of 21 alleles per locus (table 1).
The shortest microsatellite allele was 141 bp (Age8) and the
longest, 390 bp (Age4). The number of genotypes ranged
between 27 for Age8 and 80 for Age2 loci (table 1). The
observed heterozygosity (HO ) mean was 0.847, ranging from
0.761 in Age2 to 0.923 in Age4 (table 1), suggesting a high
genetic variability in Cooper’s hawk population. The average
expected heterozygosity (HE ) over 142 individuals was high
(0.895) and was very similar for loci Age2 (0.934) and Age4
(0.930) (table 1) reﬂecting the different number and frequencies of the alleles found. For each locus, the HO was less
than HE , except for Age8 where an excess of heterozygotes
was observed (122 heterozygotes for 20 homozygotes). The
PIC measure of each marker ranged from 0.793 for Age8 to
0.927 for Age2 loci, with an average of 0.881 among 142
chicks (table 1). Regarding the inbreeding coefﬁcient (FIS ),
an average value of 0.046 was observed among all individuals, ranging from −0.030 (year 2007) to 0.061 (year 2006)
(table 1). Signiﬁcant deviations (P < 0.001) from the HWE
(PHWE ) were found in Age2 and Age4 after Bonferroni correction (table 1). Nevertheless, when a single chick per nest
was considered, only the Age4 at year 2004 had a signiﬁcant
deviation from the HWE (P < 0.01) (table 1). No signiﬁcant

evidence (P ≥ 0.05) for linkage disequilibrium was found
between loci.
Bayesian clustering analysis showed no evidence of
population genetic structure for microsatellite data. All individuals became increasingly subdivided into multiple clusters approximately proportional in different values of K
(ﬁgure 2a). Based on PCoA no signiﬁcant differentiation pattern between individuals was observed, being the genotypes
randomly distributed (ﬁgure 2b). No correlation between
genetic and geographic distances were found in our dataset
(r = 0.015, P = 0.412).

Discussion
The high levels of allelic diversity and number of heterozygote genotypes conﬁrmed the high efﬁciency of microsatellite markers for genotyping this urban population of Cooper’s
hawks, and highlighted the genetic richness available in
the population studied. The three microsatellite primer sets
tested gave DNA amplicons of the expected sizes and strong
ampliﬁcation in all samples. The number of alleles, expected
heterozygosity and discrimination power found in all samples were high as reported by other authors, at the same
loci, in population genetics (Topinka and May 2004; De Volo
et al. 2005; Dawnay et al. 2009). A high number of alleles and polymorphism level are expected for microsatellite
markers since they are sequences of nonconding DNA with
a fast mutation rate relative to other markers (Putman and
Carbone 2014). Ortego et al. (2007) reported 172 alleles, at

Figure 2. Population genetic structure of Cooper’s hawk inferred from microsatellite
data of 53 individuals sampled from different nests in Tucson (Pima, Arizona, USA).
(a) Individual assignment probabilities obtained in cluster analysis using Structure software; each column represents a different individual, and speciﬁc population clusters are
differentiated by distinct colours. (b) PCoA plot based on the genetic diversity among
the three microsatellite markers used in this study.
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locus Fn2-14, in migratory species Falco naumanni. Nevertheless, different results related to the polymorphism levels
obtained between different studies could be explained by the
fact that the number of individuals and primers used were
different. Moreover, these differences may reﬂect genetic
divergence within the species. The average HE observed in
our study was higher, but in accordance to that obtained by
other authors (Topinka and May 2004; De Volo et al. 2005).
Topinka and May (2004) reported HE mean values of 0.767,
using only 34 individuals, suggesting high polymorphism
rates for Accipiter species. The HO values indicated that
Age4 is the most informative and Age2 the least informative
of the microsatellite assays.
The high PIC values obtained for all loci supported the
suitability of these microsatellite markers for molecular
genetic studies of Cooper’s hank populations. High PIC values with microsatellite markers were found in some markers screened for other bird of prey species (Dawnay et al.
2009). Following the criteria of Botstein et al. (1980), all
three loci were highly informative (PIC > 0.5), which also
evidences the utility of these markers for inferences of population genetic structure in addition to genetic diversity analysis (Selkoe and Toonen 2006). The average FIS values close
to zero are expected in random mating populations. The signiﬁcant deviations from HWE obtained when the full dataset
was analysed may be related to the sampling strategy used for
the analysis (related offspring). Deviations from HWE were
practically negligible when only samples from different nests
were considered.
Our data shows high levels of genetic diversity in the
Cooper’s hawk population of Tucson. Although we have
used different markers, the genetic diversity observed in this
population is higher than those previously reported for other
populations of this species. Moderate levels of genetic diversity were reported for Cooper’s hawk populations breeding in
North–Central and western North America using microsatellite and mitochondrial markers (Sonsthagen et al. 2012).
A genetic study focussed on mitochondrial DNA variation within migratory raptors shows a low genetic diversity
between Cooper’s hawk individuals sampled in two major
raptor ﬂyways in the west (Goshute mountains of Nevada
and the Manzano mountains of New Mexico) and a major
eastern ﬂyway (Cape May Point in New Jersey) (Pearlstine
2004). Nevertheless, the methodology used in this work was
based on the detection of mitochondrial DNA variations
using restriction enzymes which can induce bias due to high
probabilities of genotyping errors due to the limited resolution
and accuracy of the method (Pearlstine 2004). No signiﬁcant genetic structure was detected within the urban population of Cooper’s hawk analysed in this study. The unique
case of genetic differentiation between Cooper’s hawk populations known was attributed to a restricted gene ﬂow at large
geographic scale as primarily consequence of geographic
barriers to dispersal (Sonsthagen et al. 2012). Although,
the absence of ﬁne-scale genetic differentiation within the
Tucson population would be expected, taking into account

the absence of genetic structure between different populations breeding in North–Central America, our results must be
interpreted with caution because the inferences were based
only in three microsatellites (Putman and Carbone 2014).
According to our data, the hypothesis that the rapid colonization and adaptation of Cooper’s hawk to urban environment
of Tucson is partially inﬂuenced by high levels of genetic
diversity cannot be rejected. There is increasing evidences
that microsatellites provide an evolutionary advantage of fast
adaptation to new environments (Kashi and King 2006). In
fact, ‘standing genetic variations’ appears to have important
role in the population adaptation to novel and changing environments (Barrett and Schluter 2008), which means that populations with high genetic variability may have high adaptive
capacity to different environments. Processes of synurbization are frequent among bird species, which demonstrates
some ecological and behavioural plasticity in the adaptation to urban ecosystems (Luniak 2004). However, the role
of genetic factors in the microevolutionary changes under
anthropogenic pressures related to synurbic species remains
unknown, not allowing to understand whether synurbic populations have their own genetic identity (Luniak 2004; Francis
and Chadwick 2012). The Kestrel (Falco tinnunculus) is an
emblematic synurbic diurnal raptor in Europe and its populations have been analysed in some genetic studies on
urban and rural populations (Riegert et al. 2010; Rutkowski
et al. 2006, 2010). Nevertheless, the results of these studies are inconclusive to state that there is a clearly distinct
pattern of genetic differentiation between these populations,
evidencing the genetic complexity related to synurbic populations. Therefore, a multidisciplinary framework is crucial
to understand and characterize true sinurbic species, and clarify if responses to urban environments are adaptive and may
lead to genetically distinct populations (Francis and Chadwick
2012). In Tucson, Cooper’s hawk have typical characteristics of synurbic populations, such as high population density (Boal and Mannan 1998), sedentary behaviour in the
natal area (Mannan et al. 2004), changes in breeding ecology
(Boal and Mannan 1999), and differences in diet composition
and foraging behaviour (Estes and Mannan 2003), which can
act as drivers of genetic diversity and differentiation leading
to important implications for conservation. Complementary
studies based on ecology, ethology and population genetics,
comparing urban and rural Cooper’s hawk populations are
mandatory to provide further insight into the occurrence of
synurbic populations. Further, understanding the effect of
evolutionary processes that occur in urban ecosystems in a
rapidly changing environment is an important challenge for
the coming years (Francis and Chadwick 2012).
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