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Abstract: A key aspect in the conservation of endangered populations is understanding patterns of
genetic variation and structure, which can provide managers with critical information to support
evidence-based status assessments and management strategies. This is especially important for
species with small wild and larger captive populations, as found in many endangered parrots. We
used genotypic data to assess genetic variation and structure in wild and captive populations of
two endangered parrots, the blue-throated macaw, Ara glaucogularis, of Bolivia, and the thick-billed
parrot, Rhynchopsitta pachyrhyncha, of Mexico. In the blue-throated macaw, we found evidence of
weak genetic differentiation between wild northern and southern subpopulations, and between wild
and captive populations. In the thick-billed parrot we found no signal of differentiation between
the Madera and Tutuaca breeding colonies or between wild and captive populations. Similar levels
of genetic diversity were detected in the wild and captive populations of both species, with private
alleles detected in captivity in both, and in the wild in the thick-billed parrot. We found genetic
signatures of a bottleneck in the northern blue-throated macaw subpopulation, but no such signal
was identified in any other subpopulation of either species. Our results suggest both species could
potentially benefit from reintroduction of genetic variation found in captivity, and emphasize the
need for genetic management of captive populations.

Keywords: genetic diversity; demographic history; population structure; captive breeding; blue-
throated macaw; thick-billed parrot

1. Introduction

One important step in designing effective conservation plans for endangered species
is the quantification of genetic diversity and population structure. Underlying genetic
factors can have important ramifications on the susceptibility of wild populations to
extinction [1,2], success or failure of captive breeding programs [3], and reintroductions of
captive individuals to wild populations [4]. Many conservation plans focus on reintroduc-
ing captive individuals back into their native range [5]. Reintroductions can often benefit
wild populations by increasing the amount of breeding individuals and raising the effective
population size [6]. However, the result of reintroductions is not always favorable; such
interventions may be detrimental and cause a reduction in the fitness of the population
through increased inbreeding or introduction of deleterious alleles due to artificial selection
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to the captive environment [6–8]. To better understand whether a reintroduction event will
lead to a desired result, the underlying genetics of both [9] wild and captive populations
should be quantified.

Nearly half of all Neotropical parrots (Order Psittaciformes) are threatened with
some level of extinction [10–12] due in large part to habitat loss and capture for the pet
trade [13–15]. Neotropical parrots represent a special case for conservation because they
are often found in large numbers in captivity due to an intensive pet trade that removes
individuals from the wild and places them in zoos and private homes. As a result of
this trade, captive populations may be as large as wild populations, or even larger, with
the most extreme cases being ones such as the Spix’s macaw, Cyanopsitta spixii, which
is extinct in the wild [16,17]. Properly managed captive populations aim to serve as
a reservoir of genetic diversity or preserve unique genetic variants no longer detected in
wild population(s) through selective breeding [18]. However, captive breeding programs
may face unique challenges such as a reduction in genetic diversity due to small founder
size [19], or increased inbreeding from incomplete pedigree data [20]. This situation makes
it valuable to reconstruct patterns of genetic variation in both captive and wild populations.

One strategy that has often been debated for parrot conservation is the reintroduction
of captive individuals into the wild [21]. One rationale for doing so is to reintroduce
valuable gene variants back into declining populations [22]. However, this does not take
into account some potential risks in doing so, including disease introduction [23] and
behavioral issues affecting successful integration of released individuals [24]. One example
of a successful reintroduction is that of the orange-bellied parrot, Neophema chrysogaster,
in 2010 [25]. In this case reintroductions were deemed to be the best option as captive
populations displayed novel genetic diversity not found in wild populations [26] and
extinction in the wild was thought to be imminent. Alternatively, some reintroductions
fail as was the case for releases of the thick-billed parrot, Rhynchopsitta pachyrhyncha,
from 1986–1992 due to factors including poor condition of released birds that lead to to
increased rates of predation and disease [27]. A metanalysis of parrot reintroductions
showed that high predation rates, longer periods of supplementary food supply, and
selection of high-quality release sites are some of the most important factors affecting
reintroduction success [28].

Two parrot species that have disproportionally large captive populations relative
to their remaining wild populations are the critically endangered blue-throated macaw,
Ara glaucogularis, and the endangered thick-billed parrot. The blue-throated macaw is
endemic to the tropical savannahs of the Beni region of Bolivia and is one of the most
endangered species of macaws still found in the wild [10]. Population estimates over
the last decade had placed an upper limit of 250 individuals in the wild divided into
two subpopulations: a northern subpopulation to the east of the Mamoré river near
Trinidad in the Mamoré province and a southern subpopulation near Loreto in the Marbán
province [29]. With the addition of a recently discovered third subpopulation to the west
of the Mamoré River in Yacuma and José Ballivián provinces, estimates for the global wild
population have risen to 312–455 individuals [30]. The captive population is estimated to
consist of approximately 1000 individuals throughout the private sector and zoos in North
America, as recorded through the Association of Zoos and Aquariums (AZA)-recognized
captive “studbook” (i.e., the official record of the pedigree and demographic history of all
animals managed among AZA member institutions and their partners) [31]. Recent studies
on the persistence of the wild blue-throated macaw population have suggested that the
population is stable, with survival and breeding success of adults being the most influential
aspect affecting population growth [32,33]. Current conservation strategies are aimed at
increasing the long-term persistence of the wild population and include protection from
poaching and predation, installation and monitoring of nest boxes, and the creation of
the private Barba Azul Nature Reserve [29]. Future reintroductions are a goal of private
breeding programs in Bolivia, the United States, Canada, and the United Kingdom.
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The thick-billed parrot is found in the high-elevation forests of the Sierra Madre Occi-
dental mountain range throughout the northern Mexican states of Sonora, Durango, and
Chihuahua [34]. Population numbers for this species vary due to infrequent surveys and
difficulties in accessing remote sites [35], but current estimates suggest between 2000–2800
mature individuals remain [34]. There is also a well-established captive population con-
sisting of some 100 birds held at zoos that are managed as part of an AZA-recognized
studbook, as well as an undetermined number of individuals in private hands [36]. Threats
faced by the thick-billed parrot include habitat loss due to logging operations throughout
its range as well as historical pet trade capture and shooting [37–39]. A recent study dis-
covered evidence of increased rates of predation by bobcats and recommended increased
antipredation methods at nesting sites [40]. Studies have suggested that reduction of
logging and favorable ecological conditions in the thick-billed parrot habitat range are key
to its recovery [41].

Both the blue-throated macaw and thick-billed parrot face similar challenges of low
or declining populations in the wild and sizeable populations in captivity. Direct com-
parisons between the two species can be valuable to elucidate general patterns that other
endangered species may be facing. Small population sizes may influence the long-term
persistence of each species through increased inbreeding and susceptibility to demographic
and environmental stochasticity [42]. Nonetheless, little is known about the underlying
level of genetic diversity and population structure in the wild and captivity as well as
the genetic consequences of recent population declines in both species. Quantifying these
population genetic parameters can help to inform the best plan of action for each species
moving forward.

Our project aims to improve understanding of blue-throated macaw and thick-billed
parrot population genetics for aiding the conservation of these species. To achieve these
goals, we genotyped individuals from wild and captive populations using panels of
polymorphic microsatellite loci. We used these multi-locus genotypes to first test for
the presence of genetic structure in wild and captive populations of each species. We
then quantified the genetic diversity of all populations (wild and captive) and tested
for signatures of a population bottleneck in the wild population of each species. We
subsequently used these results to assess the suitability of reintroductions from the captive
to wild populations from a standpoint of genetic diversity and health.

2. Materials and Methods
2.1. Sample Collection

All procedures were approved by New Mexico State University (NMSU) Institutional
Animal Care and Use Committee (protocols: thick-billed parrot 2007-07 and 2008-028;
blue-throated macaw 2015-033 and 2018-025). Samples were exported under CITES permits
(blue-throated macaw: Bolivian export 001128 and USA import US15671C/9; thick-billed
parrot: Mexico export MX43843 and USA import 06US118407/9).

Blood samples were collected from 60 wild blue-throated macaws from the northern
and southern subpopulations in Bolivia from 2007–2017 (Figure 1, Supplementary Materials
Table S1) and 46 wild thick-billed parrots from three nesting colonies in Mexico from
2007–2009 (Figure 1, Supplementary Materials Table S1). Individuals sampled in the
northern part of the blue-throated macaw range came from the northeastern subpopulation
and not the newly discovered northwestern population; here we refer to these samples
simply as the northern subpopulation. Blood samples were taken from 60 captive blue-
throated macaws held in zoos in the United States, Canada, and Bolivia and 73 captive
thick-billed parrots held in zoos in the United States (Supplementary Materials Table S2).
All Bolivian blood samples were mixed with lysis buffer and stored at room temperature
short-term and at −80 ◦C long-term. All other blood samples were stored on FTA paper
(WhatmanTM) at room temperature.
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= Palma Sola (5), CA = Cantina (5); UR = Urkupina (2). (b) Wild thick-billed parrot sampling sites. MA = Madera (37); TU 
= Tutuaca (8); SJ = San Juanito (1). 
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2.3. Microsatellite Genotyping 
Microsatellite primers developed for the scarlet macaw, Ara macao [44], were tested 
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A panel of 12 of these primers were chosen for use in this study based on consistent am-
plification and presence of multiple alleles. Separately, we tested microsatellites for the 
thick-billed parrot from an array of primers developed for several parrot species including 
the blue-and-yellow macaw, Ara ararauna [45], monk parakeet, Myiopsitta monachus [46], 
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primers for use in this study. 

Each forward primer was labelled with a fluorescent dye and PCR was carried out in 
a 15 µL reaction with the following concentrations: 2.5 mM MgCl, 10 X Gold PCR Buffer, 
0.3 U AmpliTaq GoldTM (ThermoFisher Scientific), 8 mM dNTP’s, 1–3 µL DNA template 
(1:10 dilution of DNA extract), and water to dilute. The reaction was carried out with an 
initial denaturation of 95 °C for 25 s followed by 30 touchdown cycles with annealing 
temperature starting at 60 °C and decreasing 0.5 °C per cycle, the reaction ended with five 
final annealing cycles at 45 °C and an extension at 72 °C for 10 min. PCR products were 
purified using the QIAquick PCR purification kit (Qiagen, Valencia, Santa Clarita, CA, 

Figure 1. (a) Wild blue-throated macaw Bolivian sample sites. Northern subpopulation = blue; southern subpopulation = red.
Sampling sites (individuals sampled): ES = Esperancita (25), BE = Bethel (9), HO = Holanda (8), LV = La Verde (6), PA = Palma
Sola (5), CA = Cantina (5); UR = Urkupina (2). (b) Wild thick-billed parrot sampling sites. MA = Madera (37); TU = Tutuaca (8);
SJ = San Juanito (1).

2.2. DNA Extraction

We used two methods of DNA extraction depending on the sample medium. DNA
was extracted from blood stored in lysis buffer using the Qiagen DNeasy Blood and
Tissue Kit (Qiagen, Valencia, Santa Clarita, CA, USA) following the standard proto-
col for extraction from nucleated erythrocytes (https://www.qiagen.com (accessed on
20 September 2017)). DNA extraction from blood stored on FTA paper was performed
following a standard WhatmanTM elution protocol [43].

2.3. Microsatellite Genotyping

Microsatellite primers developed for the scarlet macaw, Ara macao [44], were tested
for their cross-amplification and variability in a subset of captive blue-throated macaws.
A panel of 12 of these primers were chosen for use in this study based on consistent
amplification and presence of multiple alleles. Separately, we tested microsatellites for the
thick-billed parrot from an array of primers developed for several parrot species including
the blue-and-yellow macaw, Ara ararauna [45], monk parakeet, Myiopsitta monachus [46],
burrowing parrot, Cyanoliseus patagonus [47], and previously unpublished primers for the
thick-billed parrot [48,49] (Supplementary Materials Table S3). We selected 11 of these
primers for use in this study.

Each forward primer was labelled with a fluorescent dye and PCR was carried out in
a 15 µL reaction with the following concentrations: 2.5 mM MgCl, 10× Gold PCR Buffer,
0.3 U AmpliTaq GoldTM (ThermoFisher Scientific), 8 mM dNTP’s, 1–3 µL DNA template
(1:10 dilution of DNA extract), and water to dilute. The reaction was carried out with an
initial denaturation of 95 ◦C for 25 s followed by 30 touchdown cycles with annealing
temperature starting at 60 ◦C and decreasing 0.5 ◦C per cycle, the reaction ended with
five final annealing cycles at 45 ◦C and an extension at 72 ◦C for 10 min. PCR products
were purified using the QIAquick PCR purification kit (Qiagen, Valencia, Santa Clarita, CA,
USA), following the multi-well PCR purification protocol. Purified PCR products from the
blue-throated macaw were sent to the UTEP Genomic Analysis Core Facility for fragment

https://www.qiagen.com
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analysis on an ABI 3500 Genetic Analyzer and allele scoring was performed in Geneious
R8.1.7 (http://www.geneious.com accessed on 24 January 2018). Purified PCR fragments
from the thick-billed parrot were analyzed on an ABI 3100 Genetic Analyzer at NMSU and
allele scoring was performed in GeneMapper v3.5 (ABI). All PCR fragments were analyzed
twice to confirm results obtained from scoring.

For all loci, MICRO-CHECKER v2.2.3 [50] was used to check for the presence of null
alleles, large allele dropout, and scoring errors. Some wild samples were obtained from
different individuals at the same nest. To eliminate bias from the presence of first-order
relatives in the analysis we used data from field observations to identify potential parent–
offspring and full sibling relationships in each species wild sample pool. The associated
studbook for each species’ captive population was used to identify first-order relatives
in the captive population via the construction of a captive pedigree using the R package
kinship2 [51]. We then used ML-RELATE [52] as a secondary measure to confirm that none
of the remaining individuals in any population were first-order relatives. We randomly
removed one of each pair of first-order relatives to create a reduced dataset for each
species. Global deviations from Hardy–Weinberg equilibrium and linkage disequilibrium
between all locus pairs (Markov chain parameters: 1000 randomizations, 100 batches, and
1000 iterations per batch) were tested in Genepop 4.7 [53].

2.4. Population Structure and Genetic Diversity

We used the Bayesian clustering approach implemented in STRUCTURE v2.3 [54]
to infer putative population structure in our wild datasets. Using the admixture model
and the LOCPRIOR option, we tested a range of population numbers (K) from 1 to 10
using 10 independent Markov Chain Monte Carlo (MCMC) runs of 500,000 repetitions and
a burn-in period of 500,000. Results were evaluated using STRUCTURE HARVESTER [55].
To infer the optimal K value, we employed the ∆K method [56] and the plotting of the
log probability of the data [57] to assess where ln Pr(X|K) plateaued (see STRUCTURE
manual). CLUMPP [58] and DISTRUCT [59] were used to create plots of the STRUCTURE
results. Self-assignment rates of individuals to the population from which they were
sampled were determined as implemented in GenAlEx v6.5 [60]. We also used this analysis
to assign captive individuals to the referenced wild subpopulations. We investigated
evidence for first-generation migrants between wild subpopulations using the approach
of [61] as implemented in GENECLASS2 [62]. Principal Coordinates Analysis (PCoA)
plots were generated for each species from genetic distances as implemented in GenAlEx
v6.5. Pairwise Fst values among populations were calculated in GenAlEx v6.5 and p-
values were calculated in Hierfstat [63]. We used GenAlEx v6.5 to calculate the number of
alleles, number of private alleles, observed heterozygosity, and expected heterozygosity
for each locus.

2.5. Demographic History

The presence of a recent population bottleneck in the wild subpopulations was deter-
mined using the heterozygote excess test [64] with significance determined using the Sign
test and the Wilcoxon signed-rank test (1000 iterations) implemented in BOTTLENECK
v1.2.02 [65]. We used the assumptions of a two-phase and stepwise microsatellite mutation
model. For the two-phase model, estimates in birds suggest 60 to 80% of mutations occur
via a stepwise change [66,67]. Therefore, we used the assumption of either 60 or 80%
stepwise mutation for the analysis using this model.

3. Results
3.1. Microsatellite Validation

We genotyped a total of 120 blue-throated macaws at 12 microsatellite loci for this
study. Four individuals did not amplify at any locus and were excluded from further
analysis. For the remaining individuals, amplification success rates per locus varied
from 70 to 97% (Supplementary Materials Table S4). Using field observations, the captive

http://www.geneious.com
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pedigree (Supplementary Materials Figure S1), and ML-Relate, 31 wild and 37 captive
individuals were judged to be first-order relatives of other birds in the study (Supplemen-
tary Materials Table S5a–c) and were removed to create the reduced dataset used in all
remaining analyses. MicroChecker detected no evidence of null alleles in this reduced
dataset. Loci SCMA12 and SCMA34 were removed due to levels of missing data exceeding
24%. There was no evidence of deviation from Hardy–Weinberg or linkage equilibria
for the remaining loci. After the removal of first-order relatives, the dataset included
48 blue-throated macaws (19 wild and 29 captive) genotyped at 10 microsatellite loci with
3.95% missing data.

We genotyped a total of 119 thick-billed parrots at 11 microsatellite loci. Four samples
were deemed to be duplicates of another individual already in the study and two other
samples were removed due to unrecorded sample origin. Only one individual was sampled
from the San Juanito subpopulation; because we could not perform any population-level
comparative analyses with a single individual we excluded this sample from further
analysis. For the remaining individuals, amplification success rate per locus varied from 93
to 99% (Supplementary Materials Table S4). Using field observations, the captive pedigree
(Supplementary Materials Figure S1), and ML-Relate, 31 wild and 39 captive thick-billed
parrots were deemed to be first-order relatives with other birds in the study (Supplementary
Materials Table S6a–c) and were removed to create the reduced dataset which was used
for all remaining analyses. In this reduced dataset there was evidence of null alleles at
locus MmGT090, which was subsequently removed from further analyses. There was no
deviation from Hardy–Weinberg or linkage equilibria for the remaining loci. As a result,
our dataset contained 42 individuals (15 wild and 27 captive) at 10 microsatellite loci with
2.85% missing data.

3.2. Population Structure

We found evidence for weak, but significant, population differentiation between the
northern and southern subpopulations of the wild blue-throated macaw as evidenced
by a pairwise Fst value of 0.048 (p-value < 0.016; Table 1) and significant evidence of
genotypic differentiation (chi2 = infinity, p-value = highly sign.). Likewise, 94% of in-
dividuals self-assigned to the subpopulation in which they were sampled (Supplemen-
tary Materials Table S7), and no first-generation migrants (i.e., individuals not born in
their current subpopulation) were detected. However, Bayesian clustering analysis did
not find evidence for K > 1 based on ∆K or the plot of the log probability of the data
(Supplementary Materials Table S8).

Table 1. Pairwise Fst values for the blue-throated macaw and thick-billed parrot. p-values denoted by: * = p-value < 0.05;
** = p-value < 0.016. NA denotes comparisons that cannot be made between a population and one of the subpopulations
that compose it.

Blue-Throated Macaw Thick-Billed Parrot

Population Captive North Wild South Wild Population Captive Madera Tutuaca

Captive - Captive -
North Wild 0.026 - Madera 0.017 -
South Wild 0.047 ** 0.048 ** - Tutuaca 0.045 0.053 -
Whole Wild 0.025 * NA NA Whole Wild 0.014 NA NA

All individuals in the blue-throated macaw captive population were assigned to either
the northern (n = 22) or southern (n = 7) wild subpopulation. The pairwise Fst value was
significant between the captive population and the southern wild subpopulation but not be-
tween the captive population and the northern wild subpopulation. Approximately 16.3%
of variation in the blue-throated macaw data was explained by the first two coordinates of
the PCoA; the resulting ordination plot suggested that the captive population contained ge-
netic diversity not found in either wild subpopulation (Figure 2). Furthermore, we detected
16 private alleles in the captive population that were not present in either wild population.
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Figure 2. Principal coordinates analysis (PCoA) between genetic distance of captive, northern
wild, and southern wild populations in the (a) blue-throated macaw and whole captive and wild
populations in the (b) thick-billed parrot. Plots based on the reduced datasets with first order relatives
removed (see Methods).

We found no evidence of population differentiation between the Madera and Tutuaca
subpopulations of the thick-billed parrot (Table 1). Similarly, Bayesian clustering analysis
did not find evidence for K > 1 based on ∆K or the plot of the log probability of the
data (Supplementary Materials Table S8). Self-assignment to the subpopulation in which
an individual was sampled was low (74%; Table S7), however, no first-generation migrants
were detected.

All individuals in the thick-billed parrot captive population were assigned to either the
Madera (n = 21) or Tutuaca (n = 6) subpopulation. Pairwise Fst values between the captive
and wild populations were not significant (Table 1). Approximately 21.6% of variation in
the thick-billed parrot data was explained by the first two coordinates of the PCoA; the
resulting ordination plot of these two dimensions revealed little evidence of differentiation
between the wild and captive populations (Figure 2). We did detect eight private alleles in
the captive population and four in the entire wild population.

3.3. Genetic Diversity of Captive and Wild Populations

Mean observed heterozygosity for wild blue-throated macaws was 0.578 and 0.660 for
the northern and southern subpopulations, respectively, while allelic richness ranged from
4.1–4.4 (5.5 combined). Both wild subpopulations exhibited negative inbreeding coefficients,
although the northern population was not significantly different from 0 (Table 2). Mean
observed heterozygosity for the captive population was similar to the wild (0.618), however,
allelic richness was higher (7.0) and the inbreeding coefficient was slightly positive (0.025),
but not significantly different from 0.
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Table 2. Estimates of population genetic parameters for the blue-throated macaw and thick-billed parrot including number of individuals (N), number of alleles (Na), observed
heterozygosity (Ho), expected heterozygosity (He), and inbreeding coefficient (F).

Blue-Throated Macaw
Locus Captive North Wild South Wild Whole Wild

N Na Ho He F N Na Ho He F N Na Ho He F N Na Ho He F
SCMA09 [25] 29 2 0.034 0.034 −0.018 9 1 0 0 NA 10 2 0.200 0.180 −0.111 19 2 0.105 0.100 −0.056
SCMA46 [25] 27 9 0.852 0.846 −0.007 9 7 0.889 0.821 −0.083 10 5 0.700 0.725 −0.034 19 7 0.789 0.812 0.027
SCMA19 [25] 23 9 0.609 0.635 0.026 9 5 0.667 0.728 0.085 10 2 0.500 0.455 −0.099 19 5 0.579 0.614 0.056
SCMA31 [25] 25 8 0.800 0.814 0.017 9 7 0.778 0.815 0.045 10 6 0.800 0.740 −0.081 19 8 0.789 0.812 0.027
SCMA41 [25] 28 10 0.750 0.839 0.106 9 7 0.778 0.765 −0.016 10 8 1.000 0.820 −0.220 19 10 0.895 0.820 −0.091
SCMA27 [25] 29 6 0.759 0.707 −0.072 9 4 0.444 0.648 0.314 10 2 0.700 0.455 −0.538 19 4 0.579 0.611 0.052
SCMA11 [25] 28 2 0.179 0.219 0.184 9 2 0.111 0.105 −0.059 10 2 0.400 0.320 −0.250 19 2 0.263 0.229 −0.152
SCMA22 [25] 28 5 0.679 0.668 −0.015 9 2 0.444 0.444 0.000 10 2 0.500 0.455 −0.099 19 2 0.474 0.450 −0.052
SCMA26 [25] 29 10 0.724 0.825 0.122 9 5 0.889 0.735 −0.210 10 8 0.900 0.805 −0.118 19 9 0.895 0.817 −0.095
SCMA02 [25] 25 7 0.800 0.731 −0.094 9 5 0.778 0.716 0.086 10 4 0.900 0.655 −0.374 19 6 0.842 0.720 −0.169

Mean (SE) 27 7 0.618
(0.089)

0.631
(0.088)

0.025
(0.028) 9 4.5 0.578

(0.100)
0.578

(0.094)
−0.001
(0.046) 10 4.1 0.660

(0.081)
0.561

(0.069)
−0.186
(0.053) 19 5.5 0.621

(0.087)
0.598

(0.082)
−0.045
(0.026)

Thick-billed Parrot
Locus Captive Madera Tutuaca Whole Wild

N Na Ho He F N Na Ho He F N Na Ho He F N Na Ho He F
UnaCT74 [26] 25 3 0.120 0.114 −0.049 10 2 0.100 0.095 −0.053 5 3 0.200 0.460 0.565 15 3 0.133 0.240 0.444
UnaCT21 [26] 26 3 0.500 0.536 0.066 10 3 0.700 0.505 −0.386 5 2 0.400 0.320 −0.250 15 3 0.600 0.464 −0.292
UnaCT55 [26] 27 8 0.815 0.767 −0.063 10 7 0.700 0.700 0.000 5 5 0.800 0.680 −0.176 15 7 0.733 0.702 −0.044
UnaCT43 [26] 25 2 0.120 0.114 −0.064 10 2 0.100 0.095 −0.053 5 1 0.000 0.000 NA 15 2 0.067 0.064 −0.034
TBP2−39 [29] 27 10 0.778 0.684 −0.136 10 7 0.900 0.785 −0.146 5 6 1.000 0.800 −0.250 15 10 0.933 0.856 −0.091
TBP2−61 [29] 25 4 0.640 0.578 −0.107 10 4 0.900 0.625 −0.440 5 3 0.600 0.460 −0.304 15 5 0.800 0.616 −0.300
Rhpac149 [30] 26 5 0.654 0.604 −0.082 10 5 0.600 0.700 0.143 5 4 0.800 0.700 −0.143 15 5 0.667 0.722 0.077
Rhpac074 [30] 25 8 0.800 0.766 −0.044 10 5 0.900 0.690 −0.304 5 5 0.800 0.680 −0.176 15 7 0.867 0.744 −0.164
MmGT057 [27] 26 3 0.500 0.452 −0.106 10 2 0.500 0.495 −0.010 5 2 0.400 0.480 0.167 15 2 0.467 0.491 0.050
CyanP05 [28] 26 7 0.808 0.794 −0.017 10 5 0.700 0.765 0.085 5 5 0.600 0.680 0.118 15 5 0.667 0.771 0.135

Mean (SE) 26 5.3 0.573
(0.084)

0.541
(0.079)

−0.060
(0.018) 10 4.2 0.610

(0.095)
0.546

(0.081)
−0.116
(0.063) 5 3.6 0.560

(0.098)
0.526

(0.075)
−0.050
(0.089) 15 4.9 0.593

(0.092)
0.567

(0.080)
0.022

(0.069)
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Mean observed heterozygosity for wild thick-billed parrots was 0.610 and 0.560
for the Madera and Tutuaca subpopulations, respectively, while allelic richness ranged
from 3.6–4.2 (4.9 combined). Both wild subpopulations exhibited negative inbreeding
coefficients, although that of the Tutuaca subpopulation was not significantly different
from 0 (Table 2). Mean observed heterozygosity (0.573), allelic richness (5.3), and inbreeding
coefficient (−0.060) for the captive population were both similar to values recovered for
the wild subpopulations (Table 2).

3.4. Demographic History

To detect evidence of a recent population bottleneck, we implemented the sign test and
Wilcoxon signed-rank test in the program BOTTLENECK. Both wild subpopulations of the
blue-throated macaw were tested independently. Although BOTTLENECK recommends
population sizes of 10 or greater individuals, we chose to test our northern wild (n = 9)
subpopulation as well. The thick-billed parrot subpopulations were combined into a single
population as no significant evidence of population structure between them was detected.
We found evidence of a recent population bottleneck in the northern subpopulation of the
blue-throated macaw under the 60% stepwise assumption of two-phase model (Wilcoxon
1-tail: p = 0.009; Wilcoxon 2-tail: p = 0.018) and the 80% stepwise assumption of the
two-phase model (Wilcoxon 1-tail: p = 0.016, Wilcoxon 2-tail: 0.032). None of the other tests
revealed evidence of a bottleneck in either species (Table 3).

Table 3. Heterozygote excess test results indicating p-values for the blue-throated macaw and thick-billed parrot
* = p-value < 0.05.

Blue-Throated Macaw: (Left) Southern and (Right) Northern Population

Stepwise Mutation Model Two-Phase Model Stepwise Mutation Model Two-Phase Model
60% Stepwise 80% Stepwise 60% Stepwise 80% Stepwise

Sign test 0.158 0.153 0.176 0.535 0.074 0.092
Wilcoxon signed
rank test (1-tail) 0.285 0.082 0.125 0.161 0.009* 0.016 *

Wilcoxon signed
rank test (2-tail) 0.570 0.164 0.250 0.322 0.018* 0.032 *

Thick-billed parrot: whole wild population

Stepwise Mutation Model Two-Phase Model
60% Stepwise 80% Stepwise

Sign test 0.193 0.449 0.428
Wilcoxon signed
rank test (1-tail) 0.838 0.422 0.577

Wilcoxon signed
rank test (2-tail) 0.375 0.845 0.921

4. Discussion

Here, we investigated the underlying genetic diversity and structure of the critically
endangered blue-throated macaw and endangered thick-billed parrot. Similar levels of
genetic diversity were detected between the wild and captive populations of both species,
with only allelic richness in the wild blue-throated macaw population being measurably
less (5.5) than found in captivity (7.0). Private alleles were detected in captivity for both
species. We found evidence of weak population differentiation both between the two wild
subpopulations of the blue-throated macaw, and among the blue-throated macaw wild
and captive populations. We found no evidence of population differentiation between any
populations of the thick-billed parrot. We recovered weak evidence of a recent population
bottleneck in the northern wild subpopulation of the blue-throated macaw with four of
eight total tests returning significant evidence of a bottleneck and no evidence of a recent
population bottleneck in the thick-billed parrot. Below, we discuss these results in more
depth and their implications for ongoing conservation efforts.
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4.1. Population Structure

We found that the wild subpopulations of blue-throated macaws exhibited a low amount
of genetic distinctiveness as evidenced by significant Fst values, high self-assignment to the
location from which individuals were sampled, and from private allele tests. However,
this level of differentiation was not high enough to be detected by Bayesian clustering
analysis. Thick-billed parrot subpopulations showed no significant evidence of differen-
tiation between any population pair. One of the problems that many parrot species face
is habitat fragmentation [68]. As reviewed in [69], habitat fragmentation caused by hu-
mans has led to population differentiation in several species of parrots while undisturbed
habitat tends to promote gene flow between populations. The presence of population
structure in the blue-throated macaw and not the thick-billed parrot may be indicative of
a stronger effect of human-caused habitat fragmentation in the former species, as well as
its smaller estimated population size. Alternatively, population structure may arise from
social factors promoting high philopatry, as suggested for the cooperatively breeding El Oro
parakeet, Pyrrhura orcesi, of Ecuador [70] and the colonially breeding red-fronted macaw,
Ara rubrogenys, of Bolivia [71]. The lack of population differentiation in the thick-billed
parrot may also be explained by the migratory nature of the species. The thick-billed parrot
undergoes seasonal migration from breeding sites in northern Chihuahua to overwintering
sites in central Mexico. This migration event has been thought to be a contributor to the
lack of geographic variation in vocalizations in thick-billed parrots [37] and could also
promote gene flow among populations. An additional consideration in our findings of
genetic structure is the influence of the extensive time period over which samples were
collected. This is especially important in the blue-throated macaw, where sampling efforts
occurred over the span of ten years. It is possible that the genetic structure of initially
sampled populations in 2007 could be different from that of the most recent efforts in 2017
and this may have influenced our findings.

One limitation in our ability to detect population differentiation may be low sample
size. We sampled over 100 individuals from each species, however, each dataset was
reduced to less than 50 individuals due to relatedness. Further sampling efforts for the
blue-throated macaw could lead to the addition of individuals from the recently discovered
northwestern population in the Yacuma and José Ballivián provinces [30], which may
uncover novel population structure not currently observed in our sample. Likewise, thick-
billed parrot sampling could be expanded to include new individuals from captivity and
other breeding colonies in the wild as our most recent sampling of thick-billed parrots
was in 2008.

The detection of private alleles and the lack of PCoA clustering suggests that the
captive populations contain genetic variation not sampled in the wild populations of
each species. Similarly, private alleles in both captive and wild populations have been
observed in the critically endangered orange-bellied parrot [26]. Novel genetic diversity
in each population can prove critical when extinction appears imminent in the wild. If
absolutely necessary, taking in new individuals as fledglings from declining wild popu-
lations can bolster genetic diversity in captivity which, in turn, may help the success of
captive releases [25]. Conversely, reintroductions of captive-bred individuals into the wild
could potentially reintroduce genetic variants back to locations from which they originally
derived, as seen in the Mauritius parakeet, Psittacula eques, where genetic panmixia was
restored with relatively small-scale reintroductions [72,73].

4.2. Genetic Diversity

Low levels of genetic diversity have long been associated with factors such as increased
inbreeding [74], and fixation of deleterious mutations [75] in small populations. We found
overall levels of genetic diversity within the populations of each species [blue-throated
macaw (mean Ho range: 0.578–0.660) and thick-billed parrot (mean Ho range 0.560–0.610)
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that were comparable to other members of the order Psittaciformes with heightened conser-
vation status, including the critically endangered swift parrot, Lathamus discolor (population
size = ~2400; mean Ho = 0.679; [76,77] and subspecies of the near-threatened Cuban ama-
zon, Amazona leucocephala (population size = ~23,000; mean Ho range 0.64–0.77; [9,78], but
higher than the critically endangered kakapo, Strigops habroptilus (population size = ~116,
mean Ho = 0.489; [79,80]. While heterozygosity values may not be directly comparable
across studies, all of the cited works used microsatellite loci which provide a general
sense of relative levels of genetic variation across a range of threatened and endangered
parrot species.

The similarity in genetic diversity of the blue-throated macaw and thick-billed parrot
raises interesting comparisons of these species’ natural and human-impacted history.
Historically, human-mediated range decline and poaching have been the two major threats
faced by both species. The blue-throated macaw relies on palms as a food source and for
breeding [81], and suffered a drastic population decline during the 1970s and 1980s due to
poaching for the pet trade. The thick-billed parrot also has a specific association with high-
elevation pine forest habitat [39], but the extent of historical poaching is thought to have
been lower. In contrast, the critically endangered kakapo historically faced different threats,
including high rates of predation from cats [82] and introduced rats, Rattus rattus [83].

Our results show that neither the blue-throated macaw nor the thick-billed parrot
are experiencing significant levels of inbreeding with a population average inbreeding
coefficient range of −0.186 to 0.025 and −0.116 to −0.022, respectively, and with the highest
values recorded in the southern population of the blue-throated macaw. It is important
to note that we removed 68 blue-throated macaws and 70 thick-billed parrots from our
study as they were either known to be, or statistically defined as, first-order relatives of
other individuals in the sampling pool. Therefore, true levels of inbreeding in the entire
population may be higher than our estimates and there may be substantial family structure
within each population. High inbreeding levels have been shown to increase deleterious
effects such as reduced clutch size, as seen in the kakapo [84], and hatching failure, as
observed in the Puerto Rican parrot, Amazona vittata [85].

While microsatellites can provide estimates of genetic diversity and population struc-
ture, they are selectively neutral and do not provide information about functional genetic
variation. On the other hand, while the number of individuals sampled in our study was
small, it was likely representative given that it encompassed a sizeable proportion of the
known populations for each parrot species in question.

4.3. Demographic History

We found evidence of a significant population bottleneck in the Northern wild sub-
population of the blue-throated macaw. However, we should note that this result was
detected in a sample of nine individuals, which is less than that recommended (n ≥ 10)
for the heterozygote excess test implemented in BOTTLENECK. Although preliminary,
our finding is still notable, as bottlenecks could potentially have a negative impact on
population fitness through reduced genetic diversity and increased inbreeding [86,87].
Severe inbreeding in the wild could also be a concern if the release of unrelated captive
individuals leads to outbreeding depression [88] which has been found to increase dis-
ease susceptibility in song sparrows, Melospiza melodia [89]. Importantly, no evidence of
increased hatching failure has been detected in the blue-throated macaw [10], suggesting
that while the population size is small, this species may not yet be suffering from detectable
deleterious effects of inbreeding.
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4.4. Conservation Implications

Our estimates of genetic diversity and population structure in wild and captive popu-
lations of the blue-throated macaw and thick-billed parrot should help inform conservation
efforts in both species (but see [90]). While protection of key habitats and resources have
been the primary focus of conservation efforts to date for both species, reintroductions and
translocations have also been considered as approaches for bolstering wild populations [86].
Our genetic findings suggest that introduction of variants currently found in the captive
populations of each species could be beneficial should such reintroductions be deemed
necessary by population managers. For the blue-throated macaw, managers should be
mindful of the limited structure we detected in the wild population and consider the origin
of captive individuals if planning any reintroductions so as to find the best fit population
for release of any given individual. In contrast, we found no differentiation in the wild
population of the thick-billed parrot, suggesting that any reintroductions can be designed
to maximize the enhancement of genetic diversity across the entire wild population.

Although we evaluate the suitability of captive populations for each species for
use in reintroductions, these significant interventions should only be considered after
comprehensive feasibility and risk assessments have been conducted and balanced by
consideration of costs and benefits relative to other conservation actions [91]. In the
meantime, the ex situ management programs of the blue-throated macaw and thick-billed
parrot should strive to maintain genetic diversity and minimize kinship in the captive
populations so as to maximize their current and future value for the conservation of these
two iconic parrot species.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/d13080386/s1, Table S1: Wild sampling information for the blue-throated macaw and thick-
billed parrot, Table S2: Captive sampling information for the blue-throated macaw and thick-billed
parrot, Table S3: Previously unpublished primer sequences developed for the thick-billed parrot,
Table S4: Primer success rate in PCR for blue-throated macaw and thick-billed parrot, Table S5a–c:
Relatedness values of individuals from the blue-throated macaw from MLRelate, Table S6a–c: Re-
latedness values of individuals from the thick-billed parrot from MLRelate Table S7: Proportions
of self-assignment of wild and captive individuals to the wild populations, Table S8: Evanno Table
output from STRUCTURE Harvester based on 10 iterations of STRUCTURE output and number of
clusters (K) ranging from 1 to 10. Figure S1: Captive pedigrees for the blue-throated macaw and
thick-billed parrot.
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