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Abstract Many island avian populations are of conserva-
tion interest because they have a higher risk of extinction
than mainland populations. Susceptibility of island birds to
extinction is primarily related to human induced change
through habitat loss, persecution, and introduction of exotic
species, in combination with genetic factors. We used
microsatellite profiles from 11 loci to assess genetic diversity
and relatedness in the critically endangered hawk Buteo
ridgwayi endemic to the island of Hispaniola in the Carib-
bean. Using samples collected between 2005 and 2009, our
results revealed a relatively high level of heterozygosity,
evidence of a recent genetic bottleneck, and the occurrence
of inbreeding within the population. Pair relatedness analysis
found 4 of 7 sampled breeding pairs to be related similar to
that of first cousin or greater. Pedigree estimates indicated
that up to 18 % of potential pairings would be between
individuals with relatedness values similar to that of half-
sibling. We discuss our findings in the context of conserva-
tion genetic management suggesting both carefully managed
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translocations and the initiation of a captive population as a
safeguard of the remaining genetic diversity.
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Introduction

Island avian populations have a higher risk of extinction
than mainland populations (Myers 1979; Smith et al. 1993)
with 90 % of bird extinctions in historic times being island
species (Myers 1979). Susceptibility of island birds to
extinction is primarily related to human induced change
through habitat loss, persecution, and introduction of exotic
species (Frankham 1997; Pimm et al. 2006; Boyer 2010), in
combination with genetic factors (Frankham 1998, 2005).
Fluctuations in effective population sizes, genetic drift, and
reduced gene flow in small, isolated populations can result
in reduced genetic variation and inbreeding depression
(Hedrick and Kalinowski 2000; Keller and Waller 2002;
Dunn et al. 2011) leading to a greater risk of extinction as a
result of lower fitness and lack of ability to adapt to rapid
changes in environmental conditions (Frankham 1995a;
Reed et al. 2003; Bolund et al. 2010). Most populations are
impacted by genetic factors before they are driven to
extinction (Spielman et al. 2004; Frankham 2005).

In general, island endemic species exhibit lower genetic
variation than mainland populations (Frankham 1997).
Allelic richness and heterozygosity have been lower in
smaller, isolated fragmented populations than in larger
more diverse populations of the same species (Johnson
et al. 2004; Martinez-Cruz et al. 2004; Bollmer et al. 2005;
Huang et al. 2005). Population status also appears to be
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associated with genetic diversity (Johnson and Stattersfield
1990). An analysis of 170 pairs of threatened and related
non-threatened taxa revealed that mean heterozygosity was
35 % lower for the threatened counterparts (Spielman et al.
2004). Evans and Sheddon (2008) examined correlates of
genetic diversity with respect to conservation status in 194
bird species and found a significant decline in mean het-
erozygosity with increasing extinction risk.

Within small isolated populations, the degree of genetic
relatedness within the remaining population is an important
factor to consider for conservation management planning.
Inbreeding increases a species’ risk of extinction (Frankham
1995a, b), and if detected, may mean that translocations among
isolated populations are needed. If genetic factors are not con-
sidered during population studies, extinction risks may be
underestimated and unsuitable recovery strategies implemented
(Frankham 2005). Molecular marker-based relatedness esti-
mators can infer relationships among individuals with unknown
ancestry, in the absence of pedigree information (Russello and
Amato 2004), providing necessary information for developing
appropriate management strategies. Implementing rational
genetic management of threatened species in the wild is a top
priority in conservation genetics (Frankham 2010).

Ridgway’s Hawk (Buteo ridgwayi) is a forest raptor
endemic to Hispaniola in the Caribbean. The species was
locally common in areas of Haiti and the Dominican
Republic at the turn of the century (Cory 1885; Wetmore and
Lincoln 1934), but is now listed as Critically Endangered
(IUCN 2010). The current global population size is estimated
at <110 pairs, limited to an area of 1,600 km? of karst rain-
forest in Los Haitises National Park on the northeast coast of
the Dominican Republic (IUCN 2010; Woolaver 2011).
Forest loss due to slash-and-burn agriculture and human
persecution of hawks have been major factors in the species
decline (Woolaver 2011). Nearly all of the original forest
cover has disappeared from Haiti, and 90 % of the Domin-
ican Republic’s original forests have been destroyed by
human activity (Harcourt and Ottenwalder 1996). The
restricted range, small population size, and threatened status
of Ridgway’s Hawk make it vulnerable to the genetics of
small populations. Here we examine the population genetics
and adult relatedness within the small declining Ridgway’s
Hawk population to assess the extent to which genetic factors
increase risk of extinction and to incorporate these findings
within an appropriate conservation strategy.

Methods
Study area

The island of Hispaniola (19°0'N; 71°0'W) is located in the
Caribbean and consists of the nations of Haiti and the
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Dominican Republic. The cool, wet season is from April to
December with eastern regions of the island receiving
>2.000 mm of annual rainfall and the humid wet forests
receiving the highest annual amounts at >3,000 mm. Less
than 1.5 % of Haiti’s original forest is left, most of which is
in the inaccessible uplands of the island and is highly
degraded (Rimmer et al. 2005). The Dominican Republic
has not fared much better with only 10 % of its original
forest cover remaining under threat to further loss from
unregulated logging, slash-and-burn agriculture, and char-
coal production (Latta et al. 2006). We conducted our study
in Los Haitises National Park (19°N; 70°W) which ranges
from O to 380 m asl in elevation and is located on the
northeast coast of the Dominican Republic (Fig. 1). It is a
platform karst (eroded limestone) formation, with dense
clusters of steep conical hills, or mogotes, of nearly uni-
form height (200300 m) separated by sinkhole valleys.
The Los Haitises region consists of thousands of such
mogotes within an area of 1,600 km?.

Nest monitoring

Breeding pairs of Buteo ridgwayi were studied over five
breeding seasons (2005-2009). Early-season observations
for breeding pairs were made from vantage points on
hillsides overlooking valleys to identify subsequent prob-
able nest locations. Once found, nests were visited every
1-3 days (for easily accessible nests), or every 1-2 weeks
for sites that were more difficult to access. Nestlings were
banded at the nest when 25-40 days old. Nestlings were
placed in cotton bags and lowered to the ground below the
nest, where they were measured, banded, and a blood
sample collected for DNA. Handling time of nestlings did
not exceed 20 min per individual. Adults were captured
using bal-chatri noose traps baited with white domestic
mice Mus musculus (Thorstrom 1996). Adults were not
trapped when the pair was incubating eggs.

DNA collection and extraction

Whole blood was collected from 149 Ridgway’s Hawks
during the study period: 35 adults, 2 fledglings and 112
nestlings. Approximately 0.2 ml of blood was drawn via
capillary tube from a patagial vein puncture, half of which
was stored in 1.6 ml of Queen’s lysis buffer (Seutin et al.
1991). The other 0.1 ml of blood was stored in 1.8 ml of
95 % ethanol. All samples were stored at ambient tem-
perature until delivered to laboratory facilities where they
were preserved at —20 °C.

Total cell DNA was isolated by blood cell lysis, fol-
lowed by DNA precipitation using ammonium acetate and
isopropanol (L. de Sousa, B. Woolfenden and S. Tarof
unpublished protocol). This involved the addition of 50 pl
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Fig. 1 a Maps showing relative location of Hispaniola in the
Caribbean; and the island of Hispaniola with nations of Haiti and
Dominican Republic and their respective capital cities: Port-au-Prince
(1) and Santo Domingo (2). The study area of Los Haitises National
Park boundaries are delineated in black (3). b Map of locations of all
individuals sampled during the study period

of blood/Queen’s lysis buffer to 600 pl of cell lysis buffer
and 5 pl of ice cold Proteinase K (40 ng/ul). This solution
was then incubated at 55-60 °C for 5 h and then at 37 °C
overnight. Ice cold ammonium acetate (200 pl) was then
added, mixed gently, and centrifuged to precipitate protein.
The aqueous phase, including the dissolved genomic DNA
was removed and placed in a fresh tube. Ice cold isopro-
panol (600 pl) was added and the solution inverted until
DNA was visible as a white floating string or flake. This
solution was then centrifuged to collect genomic DNA as a

pellet at the bottom of the tube. The supernatant was
removed and the DNA pellet washed with ice cold 70 %
ethanol. This solution was then centrifuged and the ethanol
then removed. This ethanol wash was repeated a second
time. The tube was then left open and inverted overnight to
allow the DNA pellet to dry completely. The DNA pellet
was then suspended in 100-200 pl of TE buffer (10 mM
Tris—=HCI, 1 mM EDTA) at 37 °C for 24 h. DNA was
stored at 4 °C while in use, and at —20 °C for longer-term
storage.

DNA was visualised under ultraviolet radiationon a 1 %
agarose test gel, pre-stained with ethidium bromide. Sam-
ples were visualised next to a MassRuler high range DNA
ladder mix (Fermentas O’GeneRuler™ ™).

Microsatellite genotyping

Fourteen microsatellite loci isolated from Common Buz-
zard Buteo buteo (Johnson et al. 2005) and Swainson’s
Hawk Buteo swainsoni (Hull et al. 2007) were tested for
examining allelic variation in B. ridgwayi. Polymerase
Chain Reaction (PCR) protocols for each set of primers
were optimized for B. ridgwayi using blood from 24 indi-
viduals (6 adult females, 6 adult males, and 12 nestlings)
sampled in 2005-2007. Non-radioactive, fluorescently-
labelled (Black, Blue and Green) microsatellite primers
were provided by Integrated DNA Technologies (IDT™).
Optimal reagent volumes and annealing temperatures var-
ied by primer sets. In general, genomic DNA was amplified
for each individual in 10 pl reactions containing 5.3-6.4 pul
distilled water, 1.0 ul of PCR reaction buffer (10x TSG),
0.6-1.4 pl of 20 mM MgSO0O4, 0.4 ul of 10 mM dNTPs,
0.2 pl of fluorescently dyed 10 uM forward and reverse
primers, 0.2 pl of Tag DNA polymerase (TSG), and 1 pl of
DNA template (c.15 ng DNA in TE buffer). PCR reactions
were carried out in an Eppendorf MasterCycler™ thermal
cycler.

For the Bbu primer pairs: An initial 2 min denaturing
step at 94 °C was followed by 12 cycles of 45 s at
94 °C, 45 s at the primer specific annealing temperature,
and a 50 s extension step at 72 °C. This was followed by
a further 22 cycles of 30 s at 89 °C, 45 s at the primer
specific annealing temperature, and a 50 s extension step
at 72 °C. The PCR reaction finished with a final 5 min
extension step at 72 °C, and samples were then held at
4 °C until taken from the thermal cycler. Primer specific
annealing temperatures were as follows: Bbu51 50 °C,
Bbu 17 and Bbu 34 53 °C, Bbud6 54 °C, Bbud2 55 °C,
Bbu03 56 °C, Bbu33 58 °C, and Bbu59 59 °C. For the
Bsw primer pairs (Bswl107, 122, 207, 234, 310 and 324):
An initial 2 min denaturing step at 94 °C was followed
by 30 cycles of 30 s at 94 °C, 45 s at 58 °C, and a 45 s
extension step at 72 °C. This reaction finished with a
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30 min extension step at 72 °C and PCR products were
then held at 15 °C until removed from the thermal
cycler.

Each locus was amplified separately but since primers
had been fluorescently labelled, loci were pooled post-PCR
in Poolplex reactions. PCR products were visualized using
a CEQ 8000™ DNA sequencer, and allele sizes were
assigned using the Beckman Coulter CEQ 8000 Genetic
Analysis System ™ software.

Data analysis

All genotype data was run through MICRO-CHECKER
(Van Oosterhout et al. 2004, 2006) to check for typo-
graphical errors, scoring errors (large allele drop-out and
stuttering), and the presence of null alleles.

Genetic diversity

The observed heterozygosity, expected heterozygosity, and
number of alleles were calculated using ARLEQUIN
software Version 3.1 (Excoffier et al. 2005). Tests of
Hardy—Weinberg equilibrium (HWE) and linkage dis-
equilibrium (LD) were completed in GENEPOP Version
4.1.10 (Rousset 2008). Linkage disequilibrium between all
pairs of loci and tests for deviation from HWE were tested
using a Markov exact test with 10,000 dememorization
steps, 1,000 batches and 5,000 iterations per batch (Slatkin
and Excoffier 1996; Guo and Thompson 1992). For both
HWE and LD, a Bonferroni correction for multiple tests
was implemented (Zar 1999).

Allelic richness was calculated in FSTAT Version 2.9.3
(Goudet 2001), which accounts for variation in sample
sizes. Fig (inbreeding coefficient) was estimated in
GENEPOP Version 4.1.10 (Rousset 2008) using the single
locus estimates following a standard ANOVA (Weir and
Cockerham 1984).

Population structure

The Bayesian program STRUCTURE Version 2.3 (Prit-
chard et al. 2000) was used to infer the number of discrete
genetic populations (K) to assess if any individual hawks
could potentially be migrants from an undiscovered sub-
population. This program identifies the K with the highest
likelihood of explaining the data. We report our results in
the form of the graph of the natural logarithm of the like-
lihood of the data (Ln P(D)) as recommended by Gilbert
et al. (2012). The program was run for values of K = 1
through six using admixture and correlated allele frequency
models (Falush et al. 2003), a burn-in of 100,000 iterations,
and a run length of 1,000,000 iterations. The Ln P(D)
statistic was averaged across 20 runs.
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Signature of a recent bottleneck

We tested for an imprint of a recent genetic bottleneck
using the program BOTTLENECK 1.2.02 (Cornuet and
Luikart 1996; Piry et al. 1999). This method is based on the
loss of rare alleles predicted in recently bottlenecked
populations. Field-tests have verified its accuracy in
detecting signatures of a population bottleneck (Cristescu
et al. 2010). We conducted the Wilcoxon’s test for two
mutational models in the program: the infinite alleles
model (IAM) and the two phase model (TPM, Di Rienzo
etal. 1994). According to Piry et al. (1999), the Wilcoxon’s
test is the most appropriate and powerful test for fewer than
20 loci, and the TPM is the most appropriate mutational
model for microsatellites. We used two different data sets
for the analysis: adults only and nestlings only (one rep-
resentative from each nest) to ensure no bias in the data set
by combining generations.

Relatedness

Relatedness among the sampled adults of the population
was carried out using the genetic software program KIN-
GROUP v2 (Konovalov et al. 2004). Relatedness was
determined by three methods: pairwise relatedness coeffi-
cients (r), pedigree relationships, and kinship reconstruc-
tion. Pairwise relatedness coefficients and pedigree
relationships were used to detect relationships between
closely related individuals including that of parent-off-
spring, full siblings and half-siblings. Kinship reconstruc-
tion was used to detect more distant genetic relationships,
similar to that of distant cousins by grouping related kin.
These methods were chosen for their proven accuracy in
estimating relatedness among individuals and groups in a
population (Gautschi et al. 2003).

Pairwise relatedness coefficients were calculated based
on Queller and Goodnight (1989). This relatedness esti-
mator ranges from —1 to +1. A positive value indicates that
two individuals share more alleles by descent than expected
by chance. First order relatives such as parent-offspring or
full siblings will have an ‘7’ value of approximately 0.5,
half-siblings an ‘7’ of 0.25, and first cousins an ‘r’ of 0.125.
Unrelated individuals should have an ‘#’ value equal to or
less than 0. Pairwise relatedness coefficients among all
adults was compared to theoretical values using ¢ tests.

Pedigree relationships were tested to determine the like-
lihood that a dyad (two individuals) shared a hypothesized
pedigree relationship (the primary hypothesis), and whether
the hypothesized relationship was significantly more likely
than the alternative relationship (the null hypothesis). The
primary hypothesis was that individuals of a dyad were
parent-offspring or full siblings. The null hypothesis was that
individuals of a dyad were unrelated.
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In KINGROUP, Full Sibling Reconstruction (FSR) algo-
rithms were created using a Simpson-assisted Descending
Ratio (SDR) to reconstruct groups of kin by evaluating
alternative partitions of the genotype dataset according to an
overall likelihood (Konovalov et al. 2004). The SDR method
is the most accurate for smaller number of loci, and the most
robust to genotyping errors and the presence of unrelated
individuals (Konovalov 2006). The primary hypothesis tested
was that individuals of a dyad were at least as related as first
cousins (r = 0.125) and belonged in the same subgroup. The
null hypothesis was that individuals of a dyad were not related
and should be split into different subgroups. This analysis
tested for more distant genetic relationships.

Results

Three of the Buteo loci tested were monomorphic in all
individuals, and therefore not included in analyses. Loci
Bbu59 was monomorphic for 135 bp, Bbu03 for 205 bp
and Bbul7 for 170 bp. The remaining 11 loci exhibited
some variation (Table 1).

Table 1 Microsatellite loci used to assay variation in Buteo ridgwayi

Genetic diversity

The analyses revealed between 4 and 19 alleles, with an
average of 9.4 £ 4.1 alleles per locus (Table 2). Allele fre-
quencies ranged from 0.0069 to 0.4960 (Supplementary
material, Appendix 1). Observed heterozygosity across loci
ranged from 0.521 to 0.884, with a mean observed heterozy-
gosity of 0.732 £ 0.135 (Table 2). Expected heterozygosity
across loci ranged from 0.538 (Bbu33) to 0.922 (Bsw324),
with a mean expected heterozygosity of 0.780 % 0.106
(Table 2). Seven of the loci exhibited significant deviations
from HWE (Table 2). None of the loci showed any evidence
of scoring errors from stuttering or large allele dropout when
analyzed in Micro-Checker. For five of the loci with signifi-
cant deviations from HWE (Bbu34, Bswi107, Bsw122, Bsw234
and Bsw310) there was no evidence of null alleles. There was
evidence of possible null alleles in Bsw207 and Bsw324, and
therefore allele frequencies and genotypes were adjusted in
Micro-Checker to account for this. After adjustment, there
were still significant deviations from HWE in the locus
Bsw324 (P < 0.00), but not in Bsw207 (P = 0.59, Table 2).
After Bonferroni correction, there was evidence of linkage

Locus Species Motif Accession  Primer sequence (5'-3") PCR product Reference
No. size (bp) for
B. ridgwayi
Bbu33 Buteo buteo (GT)y2 AJ715903 F: TGCCGCCATCTTACTGAAG 165-171 Johnson et al. (2005)
R: ATCACAAGATAGCCAGCTATGG
Bbu34 Buteo buteo (AC)12 AJ715904 F: AGACCAGCAAACCCAAACAG 155-162 Johnson et al. (2005)
R: TTGATATATCTTGCTCCATGCTG
Bbu42 Buteo buteo (GGGT)5(GA)s  AJ715912  F: GGGATAAGAATGCCAGAACTTG 158-174 Johnson et al. (2005)
R: TGGGTGGCTAAATCTTGAGG
Bbu4d6 Buteo buteo (AC), AJ715916  F: TGAACCCTGGAGAAAGATGC 168-188 Johnson et al. (2005)
R: CAATTTGGGGAGACGTGATG
Bbus1 Buteo buteo (AC)y7 AJ715921 F: GACCTGGTGCTCTGCATTC 154-170 Johnson et al. (2005)
R: TGAAACAGATTTGATTCTGGATG
BswD107w  Buteo swainsoni (GAGAA)4 DQ985716 F: CCATCTCTTGGTCCTGTTT 175-227 Hull et al. (2007)
R: CTACAATCCTGTCTGGACATG
BswDI122w  Buteo swainsoni (GAGAA);q DQ985717 F: GTCAGGCAGTTGGACTAGATGA 319-375 Hull et al. (2007)
R: GATGGGGAACTGCTCTAAACAT
BswD207w  Buteo swainsoni (GAGAA)4 DQ985720 F: TGGGAAAAGTAGTTAGGAAGTG 228-257 Hull et al. (2007)
R: CTCAGCCAGTCTTGTTGTG
BswD234w  Buteo swainsoni (GAGAA)7 DQ988163 F: GGAATTGCATAGGTCAAACACA 219-192 Hull et al. (2007)
R: CTGTGCAACATATTATTTCCCTTG
BswD310w  Buteo swainsoni (GAGAA)y4 DQ985725 F: GAACAATTTGGGATACACTGA 219-297 Hull et al. (2007)
R: TAATGCCATGATGTTATCAGAC
BswD324w  Buteo swainsoni (GAGAA)y; DQ985728 F: AAAAGGATTGAAGGAGTTGG 317-421 Hull et al. (2007)
R: CCCTGTTGTGCATCTTTG
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Table 2 Polymorphism data for 11 microsatellite loci tested across Buteo ridgwayi samples

Locus k n H, H. HW P value ARc Fis
Bbu33 4 142 0.521 0.538 0.054 4.00 0.0884
Bbu34 4 135 0.585 0.617 0.000* 4.00 0.1261
Bbu42 8 147 0.789 0.799 0.087 7.99 0.0600
Bbud6 9 142 0.873 0.823 0.133 8.98 0.0113
Bbu51 6 136 0.751 0.755 0.501 6.00 0.0138
Bsw107 11 144 0.855 0.809 0.014° 10.96 0.0352
Bswl122 12 139 0.771 0.828 0.001* 11.00 0.1078
Bsw207 8 142 0.640 0.783 0.006* 8.00 0.1758
Bsw207 8 119 0764 0.790 0592

Bsw234 8 138 0.884 0.820 0.001° 7.98 0.0918
Bsw310 13 142 0.866 0.883 0.011* 13.00 0.0655
Bsw324 19 120 0.520 0.922 0.000" 18.98 0.4163
Bsw324 19 100 0.880 0920 0.000°

All loci 94 149 0.732 0.780

SD 4.1 0.135 0.106

Data underlined are adjusted allele frequencies from Micro-Checker accounting for possible null alleles

Loci in bold print deviated significantly from Hardy-Weinberg equilibrium

k Total number of alleles, n» number of individuals typed, H, observed heterozygosity, H, expected heterozygosity, HW P value Hardy—Weinberg
equilibrium exact test P value with significance of P < 0.05, AR allelic richness corrected for sample size, Fg inbreeding coefficient

: b
* Homozygous excess, = Heterozygous excess

disequilibrium for 29 of the 55 pairwise combinations of loci
(Table 3). Nine of the 11 loci exhibited F;g values above zero
(Table 2).

Population structure

STRUCTURE analyses indicated the best K = 1 (Fig. 2)
indicating that there was no structure evident in the pop-
ulation and that the samples comprised a single genetic
population.

Signature of a recent bottleneck

Under both the IAM and TPM, the Wilcoxon sign-rank test
showed a significant excess of heterozygotes for adults
(P =0.01 TAM; P =0.03 TPM) indicating a recent
genetic bottleneck. In addition the allele frequency distri-
bution test was a Shifted distribution further suggesting a
recent bottleneck. For nestlings, there was also significant
excess of heterozygotes for the IAM and TPM models
(P = 0.01 TAM; P = 0.01 TPM). However, the distribu-
tion of allele frequencies was L-shaped for nestlings. When
combined, the allele frequency distribution for adults and
nestlings fell somewhere between the Shifted and
L-shaped distribution (Fig. 3). Overall, the genetic data
indicated that the Ridgway’s population has experienced a
recent genetic bottleneck.
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Table 3 Test results for pairwise Linkage Disequilibrium of 11
polymorphic loci in Buteo ridgwayi

Locus 2 3 4 5 6 7 8 9 10 11

1 + NS NS NS + NS NS NS NS NS
2 + + + NS + NS + NS NS
3 NS + + NS NS + NS +
4 + + NS + + NS +
5 NS + + NS + NS
6 + NS + NS +
7 + + NS +
8 + + NS
9 + +
10 NS

Significance level of P < 0.05(+)

Bbu33 (1), Bbu34 (2), Bbud2 (3), BbuS1 (4), Bsw310 (5), Bsw234 (6),
Bsw122 (7), Bsw107 (8), Bbud6 (9), Bsw207 (10), Bsw324 (11)

Relatedness of adults

Relatedness coefficients of the seven sampled breeding
pairs ranged from —0.09 to 0.55 and averaged 0.14 + 0.22
(Table 4). Four of the sampled breeding pairs exhibited
pairwise relatedness values that indicated a relatedness
equal to or greater than first cousins. One pair was closely
related similar to a full-sibling or parent-offspring rela-
tionship (r = 0.56). A second pair exhibited a relatedness
coefficient of 0.21 indicating a potential half-sibling
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Table 4 Results of relatedness coefficients (r) and FSR Algorithm
analysis for relatedness of sampled Ridgway’s Hawk adults

Adult ID # Area Sex Kin Pair r
subgroup

5001 Antonitos-Antonito F 1

5004 Biernan-Jose Pirula F 2

5009 Cacata-Pedro F 3

5005 Britos-Renardo F 4 r=0.12

5006 Britos-Renardo M 4

6053 Tiladora-Medrano F 4

7028 Guallullos-Gonzales F 4

7034 Caimonis-Tison Haytiano F 4

6039 Congo-Modesta F 5

7039 Mata Limon-Francisco F 5

6004 Aguatico-Siriaco M 5%

6011 Arrollitos-Santo Maito M 6

7029 Cacatona-Jesus F 6

6003 Aguatico-Siriaco F 7*

7004 Aguatico-Sariano M 7

7036 Congo-Modesta F 7

7037 Aguatico-Pin M 7

8043 Llalla-Beato F 7 r=0.56

6042 Llalla-Beato M 7

6041 Indios-Munal F 8 r=021

7035 Indios-Munal M 8

5022 Cotorra-Bigote M 8

7030 Aguatico-Juan Mojao M 8°

5017 Casa Grande-Carlos M 9¢

6002 Aguatico-Esdito F 9

6044 Llenada Grande F

7031 Aguatico-Juan Mojao F 9°

7033 Mata Limon-Nalsiso M 9

5027 Malena-Moncholo F 10 r=0.15

5028 Malena-Moncholo M 10

6030 Caimonis-Balon M 10

6035 Posito-Nolo F 10

7038 Aguatico-Santico M 10

5016 Casa Grande-Carlos F 10°

Four pairings in the same subgroup are presented in bold text. Three
pairings in different kin subgroups are footnoted

# Pair 6003/6004 r = —0.09
® Pair 7030/7031 r = —0.01
¢ Pair 5016/5017 r = —0.05

relationship. The remaining two pairs had relatedness
coefficients of 0.12 and 0.15, equivalent to that of first
cousins.

Relatedness coefficients of potential breeding pairs
(Female-Male dyads) ranged from —0.45 to 0.62 and
averaged 0.03 & 0.18 (n = 273). This average relatedness
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Fig. 2 Plot of mean (£SD) penalized log likelihoods of STRUC-
TURE analyses for K = 1 through six
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Fig. 3 Allele frequency distribution for all loci for sampled adults
and nestlings (one representative per nest)

was not significantly different from zero (¢, ,73 = —1.45,
P = 0.17) indicating that, on average, matings among the
sampled adults would not be between closely related
individuals. However, over half the relatedness coefficients
of all female-male dyads were greater than 0, and a ped-
igree analysis indicated that 18 % of random dyads would
have relatedness values similar to that of half-siblings or
greater (r > 0.20) (Fig. 4). The seven breeding pairs sam-
pled during the study period may potentially be more
related to each other, on average, than randomly paired
individuals, as suggested by Fig. 4.

To determine if any patterns of genetic relatedness
existed within either gender, relatedness coefficients were
also compared among female dyads and among male dyads.
Relatedness among the 20 adult females ranged from —0.46
to 0.45 and averaged 0.09 + 0.17. The average relatedness
value was significantly different from zero (¢ 50 = 1.06,
P = 0.03) indicating that the adult females sampled in this
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Fig. 4 Pairwise relatedness coefficients (r) for all female-male
dyads. The seven sampled breeding pairs are denoted as black
triangles

study were, on average, somewhat more related to each other
than expected by chance. Relatedness among the 14 adult
males sampled ranged from —0.59 to 0.52 and averaged
—0.08 + 0.16. The average relatedness value was signifi-
cantly different from zero (t; 9o = —4.16, P < 0.00). How-
ever the significance was negative indicating that, on
average, adult males sampled in this study were more unre-
lated to each other than expected by chance (negative relat-
edness coefficients). Relatedness within the adult female
dyads was found to be significantly higher than relatedness
within the adult male dyads (¢, 279 = —2.54, P = 0.01).

Kinship reconstruction found that the 34 sampled adults
consisted of 10 kin subgroups, with only three adults
placed in lone groups and not related to the others
(Table 4). All other adults were grouped with at least one
other adult that was as related as a first cousin. The largest
subgrouping contained six related adults. There did not
appear to be any obvious pattern toward either sex or area
in any of the kin subgroups (Table 4).

An analysis of spatial genetic orientation found no
correlation between pairwise relatedness values and dis-
tance between sampled individuals for all female-male
dyads (r2 = 0.001, P = 0.599; Fig. 5a). There was also no
correlation between distance and relatedness for female
dyads (r* = 0.007, P = 0.249; Fig. 5b) or male dyads
(r* = 0.004, P = 0.538; Fig. 5¢).

Offspring survival and homozygosity in sampled
breeding pairs

Of the seven breeding pairs sampled, eight nests from six
pairs were followed through to fledging of the young. The
four pairs with pairwise relatedness values >0.12 produced
an average of 1.0 &= 1.0 fledglings per nest (n = 5 nests),
with a hatching success of 63 %. By comparison, the two
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unrelated pairs averaged 2.0 £+ 1.0 fledglings per year
(n = 3 nests), with 100 % hatching success.

The nestlings from the four related pairings also
appeared to exhibit more homozygous genotypes than
nestlings from two pairings that were not related. On
average, the eight nestlings from inbred pairings were
homozygous for 4.3 £ 1.8 (range: 3-7) of the 11 loci. By
comparison, six nestlings produced by the two unrelated
pairings were homozygous for an average of 1.5 £ 1.0
(range: 0-3) of the 11 loci.

Discussion
Genetic diversity

In general, Ridgway’s Hawk appear to have relatively high
levels of heterozygosity (H. = 0.73) compared to other
raptor species reported in the literature, including both
common raptor species (Northern Goshawk Accipiter
gentilis H, = 0.71 in Topinka and May 2004, Common
Kestrel Falco tinnunculu H, = 0.40 in Nesje et al. 2000,
Merlin Falco columbarius H, = 0.58 in Nesje et al. 2000)
and threatened raptor species (Lesser Kestrel Falco nau-
manni at 0.70 in Hille et al. 2003, Spanish Imperial Eagle
Aquila adalberti at 0.52 in Martinez-Cruz et al. 2002,
Peregrine Falcon Falco peregrinus H, = 0.54 in Brown
et al. 2007). The most extreme cases of island raptor
declines, the contemporary populations of Mauritius Kes-
trel Falco punctatus and Seychelles Kestrel Falco araea
exhibit extremely low levels of heterozygosity: 0.100 and
0.104 respectively (Groombridge et al. 2000, 2009). Both
these populations declined to a handful of individuals prior
to population recovery (Groombridge et al. 2001, 2009).
Within the genus Buteo, heterozygosity for Ridgway’s
Hawk appears to be greater than Common Buzzard B. buteo
(H. = 0.53inJohnson et al. 2005) and the island populations
of Galapagos Hawks (H., = 0.50 in Bollmer et al. 2011), and
less than Swainson’s Hawk B. swainsoni (H, = 0.82 in Hull
et al. 2008). A comparison of the homologous loci from the
two species from which the primers were developed revealed
that B. ridgwayi exhibits reduced levels of genetic diversity
compared to both mainland species. Two homologous loci
for which variability was tested on B. buteo (Bbu42 and
Bbu46) exhibited higher levels of heterozygosity at 0.93 and
0.89, and higher levels of allelic diversity at 15 and 17 alleles
per locus, compared to B. ridgwayi with heterozygosity of
0.79 and 0.82, and allelic diversity of 8 and 9 alleles per
locus, respectively. Similarly, six homologous loci from B.
swainsoni showed both higher heterozygosity levels
(0.91 £ 0.04) and higher allelic diversity levels (18.5 & 8.7
alleles per locus) compared to B. ridgwayi (heterozygosity of
0.84 £ 0.05; and allelic diversity of 11.4 + 4.0). These
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results show that B. ridgwayi has reduced allelic diversity
and lower heterozygosity compared to mainland Buteo
species.

The appearance of relatively higher levels of heterozy-
gosity for B. ridgwayi relative to other raptor species may
be due to the fact that high levels of heterozygosity are
expected for a species that has had a relatively large pop-
ulation size until recently, with heterozygosity decreasing
slowly after a bottleneck depending on the N, (Wright
1931). In addition, since allelic diversity is reduced faster
than heterozygosity during bottlenecks, this can result in
transient elevated levels of heterozygosity (Nei et al. 1975).

Signature of a recent bottleneck

The results provide compelling evidence that Ridgway’s
Hawk population have recently gone through a genetic
bottleneck, particularly since it was apparent in both adults
and nestlings. There were also many low frequency alleles
observed of intermediate size, represented by only a few

copies. A continued decline in the Ridgway’s Hawk popu-
lation could cause the loss of these intermediate-size alleles.
A significant amount of LD was found among loci
pairwise combinations. LD can be caused by several fac-
tors including population structure, hybridization, or
genetic drift in small populations (Epperson and Allard
1987; Gaut and Long 2003). We found no evidence of
population structure in the present study, and there is little
potential for hybridization. Thus the finding of LD provides
further support of a recent bottleneck in the population.
Population bottlenecks can purge low frequency alleles
from a population at a rapid rate. Bellinger et al. (2003) found
a29 % loss (16/55) of alleles across six loci during a 50 year
period in the Greater Prairie Chicken Tympanuchus cupido.
Addison and Diamond (2011) found loss of alleles in 2 of 4
microsatellites over a 15 year period in the endemic insular
Nihoa Millerbird Acrocephalus familiaris kingi. Our results
indicate that the remaining population of Ridgway’s Hawks
has already lost alleles during a genetic bottleneck, at an
unknown rate. Thus, if the Ridgway’s population continues
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to decline we would expect further losses of low frequency
alleles, with some alleles dropping out entirely.

Inbreeding and relatedness

The relatedness analysis verified that inbreeding does
occur within the population of Ridgway’s Hawk. It also
suggests that a relatively high percentage (18 %) of ran-
dom pairings would be between individuals with related-
ness similar to that of half-siblings. Close inbreeding has
been recorded in wild populations of American Kestrel
(Falco sparverius, Stewart et al. 2007), Merlin (F. co-
lumbarius, James et al. 1987), Peregrine Falcon (F. pere-
grinus, Tordoff and Redig 1999), Osprey (Pandion
haliaetus, Postupalsky 1989) and Cooper’s Hawk (Accip-
iter cooperii, Rosenfield and Bielefeldt 1992; Stewart et al.
2007). These reports represent rare occurrences within
large mainland populations. Assuming our sampling efforts
are representative of the population, inbreeding is not a
rare occurrence within the remaining Ridgway’s Hawk
population. In laboratory situations, controlled experiments
have shown a significantly higher extinction risk of inbred
lines when compared to outbred lines (Frankham 1995a, b;
Bijlsma et al. 2000; Reed et al. 2002, 2003; Wright et al.
2008). These studies indicate an increased extinction risk
with not only full-sib inbreeding but also with lower orders
of inbreeding.

Both immigration and dispersal have been shown to
reduce the occurrence of inbreeding in bird populations
(Lebigre et al. 2010; Ludwig and Becker 2012). Although
natal dispersal dynamics for Ridgway’s Hawk are not
known, females are generally reported to disperse further
than males in raptor species (Newton 1979). Our findings
that females within the study area were more related to
each other than by chance may suggest either that female
Ridgway’s Hawks are philopatric, or that they currently
have limited dispersal opportunities. Los Haitises National
Park (1,600 km?) is the last refuge for Ridgway’s Hawk,
and there is very limited surrounding suitable habitat for
juvenile dispersal (Woolaver 2011). If dispersal and
immigration were historically the main active means to
avoid inbreeding for the species without any type of kin
recognition mechanisms (as has been found for other bird
populations, Szulkin and Sheldon 2008; Lebigre et al.
2010; Ludwig and Becker 2012) then there may be cur-
rently few or no means of preventing inbreeding within the
small remaining population. This may further explain why
there was no correlation found between distance and
relatedness during the study.

The concern with inbreeding is the production of off-
spring with increased homozygosity. This reduced geno-
typic variation can lead to a decrease in fitness, a process
referred to as inbreeding depression (Frankham 2005).

@ Springer

Inbreeding depression can significantly reduce the survival
of offspring (Hemmings et al. 2012) and have a negative
effect on reproductive success (Billing et al. 2012).
Blomgvist et al. (2010) found strong evidence of inbreed-
ing depression in the form of reduced hatching success and
increased embryonic mortality, in a population of endan-
gered shorebird Calidris alpina schinzii with a 9-13 %
inbreeding rate. The remaining population of Ridgway’s
Hawk appears to have a similar or potentially higher
inbreeding rate, however, it was not possible to confirm
with our data whether inbreeding was contributing to
reduced offspring survival or reduce reproductive rates.
The few data available from the sampled pairings did
suggest a potential decreased in fledging success and
increased homozygosity in the offspring of inbred pairs.
Given that increased levels of homozygosity have been
associated with increased inbreeding depression and
reduced survival (Blomgqvist et al. 2010), this potential
toward homozygosity of nestlings needs to be investigated
further and considered during management planning.

We could find no other similar studies on inbreeding or
relatedness for the three other endangered Buteo species, or
other wild hawk populations. Within a reintroduced pop-
ulation of Mauritius Kestrel (n = 199 pairs) 25 % of
breeding pairs were found to consist of closely or moder-
ately related individuals. The authors noted that conser-
vation intervention would be required at this rate of
inbreeding to prevent the fixation of detrimental alleles
(Ewing et al. 2010).

Conservation implications

By combining different population genetic analysis we
were able to provide a relatively broad picture of the
genetic status of the remaining population of Ridgway’s
Hawk. Genetic diversity (heterozygosity) appeared to be
relatively high for an insular threatened species with a low
population size. This could be positive for the recovery of
the species, if the current population decline is halted and
the population is able to increase rapidly. However, other
findings from the population genetic analysis were cause
for concern. In addition to habitat loss and human perse-
cution of Ridgway’s Hawk (see Woolaver 2011), genetic
factors appear to be a further threat to the species as a result
of a recent genetic bottleneck and levels of inbreeding
occurring within the remaining population. Conservation
planning for Ridgway’s Hawk should be multifaceted and
focus on several concurrent strategies prioritizing com-
munity education and awareness, and habitat protection
within Los Haitises National Park. To ensure the remaining
population genetic diversity is not lost further, we recom-
mend two genetic management strategies to prevent further
inbreeding and maintain current diversity levels:
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1. Establishment of a captive population. There appears to
be no need yet for a large-scale captive breeding and re-
introduction program for Ridgway’s Hawk, particularly
if it were to take away from attempting to save the
species within its last remaining habitat of Los Haitises.
However, since the entire world population is located
within one small area, the establishment of a safe guard
population is highly recommended since a single small
population is much more vulnerable to stochastic events
and human disturbance. A properly managed captive
population could retain current genetic diversity before
inbreeding increases in the wild population. Selection of
founder nestlings for the captive population should be
carried out to identify the most genetically divergent
individuals, and if possible, focus primarily on breeding
pairs in areas that would otherwise face a high proba-
bility of nest failure (see Woolaver 2011).

2. Translocation of selected juveniles. Conservation or-
ganisations have begun translocating juveniles from
Los Haitises to establish peripheral safety net popula-
tions outside of the National Park (Peregrine Fund
unpubl data). To best address the results of our
population genetics analysis, future translocations
should ensure that nestlings selected for translocation
are genetically diverse, and if possible, chosen from
areas where nests would otherwise face a high
probability of failure (see Woolaver 2011). Related-
ness between individuals should be an important factor
taken into consideration, to ensure that genetically
related juveniles (in particular genetically related birds
of the opposite sex) are not translocated into the same
area. In addition to the opportunity translocations
allow for genetic management, releases of nestlings to
other fragmented forest in the species’ historical range
could also provide a catalyst for local awareness, and
habitat restoration and protection outside of Los
Haitises.
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