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ABSTRACT. Genetic monogamy, conspecific brood parasitism, and breeding-site fidelity are key components of avian reproductive
strategies but remain poorly documented in parrots. We examined these traits in the Turquoise-fronted Amazon (Amazona aestiva)
using microsatellite-based sibship reconstruction of 35 broods sampled in central Brazil and northern Argentina. Overall, 63% of
sampled broods consisted exclusively of full siblings, 23% included half-siblings, and 17% contained at least one unrelated nestling,
indicating moderate levels of extra-pair paternity and conspecific brood parasitism. Our results demonstrate that the Turquoise-fronted
Amazon is not genetically monogamous, exhibits conspecific brood parasitism, and moderate breeding-site fidelity across seasons.
These findings suggest a complex interplay between social behavior and reproductive strategies, providing new insights into the evolution
of mating systems in socially monogamous, cavity-nesting Neotropical parrots.

RESUMEN. La monogamia genética, el parasitismo de cria entre congéneres y la fidelidad al lugar de cria son componentes clave de
las estrategias reproductivas de las aves, pero siguen estando poco documentados en los loros. Examinado estos rasgos Amazona aestiva
mediante la reconstruccidon de parentesco basada en microsatélites de 35 nidadas muestreadas en el centro de Brasil y el norte de
Argentina. En general, el 63 % de las crias muestreadas estaban compuestas exclusivamente por hermanos plenos, el 23 % incluia medio
hermanos y el 17 % contenia al menos un polluelo no emparentado, lo que indica niveles moderados de paternidad extrapareja y
parasitismo de nido por congéneres. Nuestros resultados demuestran que A. aestiva no es genéticamente mondgama, presenta
parasitismo de nido por congéneres y una fidelidad moderada al lugar de cria a lo largo de las estaciones. Estos hallazgos sugieren una
compleja interaccion entre el comportamiento social y las estrategias reproductivas, lo que aporta nuevos conocimientos sobre la
evoluciodn de los sistemas de apareamiento en los loros neotropicales socialmente mondégamos que anidan en cavidades.
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INTRODUCTION

Beneath the seemingly faithful partnerships of socially
monogamous birds lies a complex web of reproductive strategies
that challenges our understanding of avian mating systems.
Although more than 80% of bird species are socially
monogamous (forming single-pair bonds during the breeding
season and providing care by both parents; Cockburn 2006), the
majority are not genetically monogamous (Griffiths et al. 2002).
A recent review suggests that 76% of 255 socially monogamous
bird species with biparental care exhibited some level of extra-
pair paternity (EPP), with females more frequently engaging in
extra-pair copulations (Brouwer and Griffith 2019). Nevertheless,
the authors emphasize that, despite the relatively large number of
species examined, overall EPP estimates remain strongly shaped
by taxonomic and geographic biases. For instance, although
approximately 400 Psittaciformes species exist, EPP rates had
been examined in only five by the time of the review.

Psittaciformes are generally socially monogamous, forming
strong pair bonds that may last a lifetime (Forshaw 1989, Sick

1997). Moreover, most parrot species exhibit traits hypothesized
to favor genetic monogamy, including high levels of biparental
investment (Forshaw 1989) and long lifespans (Griffiths et al.
2002, Brouwer et al. 2007). These characteristics make parrots a
particularly suitable group for investigating the relationship
between social and genetic monogamy. The limited number of
genetic studies conducted so far has revealed highly variable levels
of EPP among socially monogamous parrot species (Caparroz et
al. 2001, Masello et al. 2002, Beissinger 2008, Taylor and Parkin
2009, da Silva et al. 2010, Caparroz et al. 2011, Martinez et al.
2013, Eastwood et al. 2018, Heinsohn et al. 2019, Stojanovic et
al. 2023). Although no EPP has been detected in species such as
the Crimson Rosella (Eastwood et al. 2018) and the Burrowing
Parrot (Masello et al. 2002), rates as high as 50% have been
reported in a population of Swift Parrots (Heinsohn et al. 2019).
In addition, varying levels of conspecific brood parasitism have
also been reported in some parrot species (Eastwood et al. 2018),
suggesting the presence of complex and diverse reproductive
strategies within this order.
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Psittaciformes also constitute an interesting group for studying
cavity reoccupation and nest-site fidelity, as nearly all species in
this order are obligate secondary cavity nesters (Forshaw 1989).
Several studies have shown that many bird species, including
parrots, tend to reuse nesting sites across successive breeding
seasons (Greenwood 1980, Ingold 1991, Berkunsky and Reboreda
2009, Salinas-Melgoza et al. 2009). In some parrot species with
low reoccupation rates, this behavior appears to be linked to high
predation levels (Brightsmith 2005). In contrast, species with high
reoccupation rates often inhabit areas with scarce suitable cavities
(White et al. 2005, Sanz and Rodriguez-Ferraro 2006). Because
most studies have been conducted on unmarked individuals, they
have generally been unable to determine whether the same or
different pairs reuse a given cavity. However, the few studies that
have tracked marked individuals indicate that populations with
high rates of cavity reoccupation are typically composed of pairs
exhibiting strong nest-site fidelity (Snyder et al. 1987, Waltman
and Beissinger 1992, Berkunsky and Reboreda 2009). Therefore,
further studies of other socially monogamous parrot species are
essential to improve our understanding of reproductive strategies
and nest-site fidelity, both within this group and across birds more
broadly.

One of the main challenges in studying breeding behavior and
breeding-site fidelity in wild populations is establishing kinship
relationships. Genetic mating systems have been successfully
characterized by using microsatellite-based relatedness analyses,
comparing the genotypes of social parents with those of their
offspring within broods (Wang 2004, Jones et al. 2010). However,
obtaining adult samples remains difficult for many wild species,
including parrots, because of difficulty accessing nest cavities and
the high risk of injury to both birds and researchers during
capture. As a result, some studies have relied on genetic sibship
reconstruction among nestlings within broods to infer patterns
of relatedness and mating systems, even in the absence of parental
genotypes (Wang 2004, Miiio et al. 2011).

Under these circumstances, broods composed entirely of full
siblings cannot be unequivocally interpreted as evidence of
genetic monogamy by the social pair, as similar patterns may also
result from extra-pair fertilizations involving non-social males or
from conspecific brood parasitism. In contrast, the presence of
half-siblings or unrelated nestlings within the same brood
provides strong evidence of extra-pair paternity and conspecific
brood parasitism, respectively. When considered alongside
information on cavity reuse across breeding seasons, sibship
patterns among nestlings can help elucidate mating systems and
breeding-site fidelity. However, these interpretations remain
constrained by the absence of parental genetic data.

The Turquoise-fronted Amazon (Amazona aestiva) is a widely
distributed Neotropical parrot inhabiting habitats ranging from
dry tropical forests to subtropical vegetation, primarily within
Argentina’s Chaco province and Brazil’s Cerrado (savanna)
biome (Forshaw 1989, Sick 1997). Like other Amazons, the
species is considered socially monogamous (Forshaw 1989, Sick
1997) and exhibits high nest-site reoccupation rates (Seixas and
Mouriao 2002, Berkunsky and Reboreda 2009). In addition, this
Amazon is a non-excavating cavity species, making cavity
availability a key factor influencing its reproductive success
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(Seixas and Mourdo 2025). However, no genetic studies have
investigated its mating system, and nest-site fidelity has been
evaluated in only a small number of banded females across
successive breeding seasons (Berkunsky and Reboreda 2009),
which limits our ability to determine the rates of cavity reuse by
the same pairs across seasons. Although currently listed as Near
Threatened by the IUCN (BirdLife International 2019) and the
Brazilian Ministry of the Environment (MMA 2022), population
declines have been reported in several regions, primarily because
of habitat loss and the harvesting of chicks for the illegal wildlife
trade (Seixas and Mourdo 2000, Seixas and Mourdo 2002,
Berkunsky etal. 2017). Consequently, gaining detailed knowledge
of its reproductive biology is critical for informing effective
conservation strategies.

In this study, we used multilocus microsatellite genotypes to
reconstruct sibship relationships among nestlings of the
Turquoise-fronted Amazon in order to address two primary
objectives: (1) to characterize the species’ genetic mating system,
and (2) to evaluate patterns of cavity and site fidelity across
breeding seasons in the absence of parental genotypes. To assess
the genetic mating system, we reconstructed sibships within
broods and classified nestlings as full siblings (FS), half-siblings
(HS), or unrelated (UR). We interpreted broods composed
exclusively of full siblings as indicative of genetic monogamy,
while acknowledging that such patterns cannot exclude
alternative reproductive scenarios in the absence of parental
genotypes. In contrast, we interpreted broods with half-siblings
as evidence of extra-pair paternity and the presence of unrelated
nestlings as evidence of conspecific brood parasitism.

To evaluate breeding-site fidelity, we distinguished between cavity
fidelity and broader site fidelity. We interpreted the repeated
occurrence of full-sibling or half-sibling broods in the same cavity
across breeding seasons as evidence of cavity fidelity. Site-level
fidelity was inferred when genetically identified parents were
detected across seasons within the study area but not in the same
cavity. This study provides the first genetic assessment of the
mating system and breeding-site fidelity in the Turquoise-fronted
Amazon, contributing to a clearer understanding of its
reproductive strategies.

METHODS

Study area and data collection

The study was conducted in two natural reserves in the Distrito
Federal (DF), Central Brazil, and one in the Chaco Province (CP),
northern Argentina (Table 1). In the Distrito Federal, the two
study areas consisted of remnants of Cerrado (Brazilian savanna)
embedded within an anthropogenic matrix composed of urban
zones and rural areas extensively modified by agriculture. In total,
14 cavities used by Turquoise-fronted Amazons were monitored
in these reserves for up to six consecutive breeding seasons (2004—
2009). Of these, 11 were located in dead Mauritia flexuosa palms,
one in a Pterodon emarginatus tree, and two in artificial wooden
nest boxes previously installed by our team in live palm trees
(Table A1). In the Chaco Province, Argentina, 14 natural cavities
were monitored during a single breeding season (2004-2005): 12
in Aspidosperma quebracho-blanco and 2 in Schinopsis quebracho-
blanco (Table Al). The breeding season spans from July to
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Table 1. Number of monitored active cavities or nest boxes (N), nesting attempts that contained only eggs and therefore did not result
in broods with nestlings, brood size, and number of wild Amazon nestlings observed and sampled for genetic analysis in the Brazilian
and Argentine populations (see Table A2 for details). The Brazilian population was monitored for up to six consecutive breeding seasons
(2004-2009), whereas the Argentine population was monitored during a single breeding season (2004-2005).

Location N Brood size Total
Only eggs Nestlings Broods
(n=1to3) 1 2 3 4 (nestlings/sampled nestlings)

Distrito Federal/Brazil

APAGCV (15.9290° S, 47.9015° W) 11 9 3 9 7 0 19 (42/39)

EEAE (15.5527° S, 47.5923° W) 3 1 0 1 2 0 3(8/8)

Provincia del Chaco/Argentina’ (25.4681° S, 61.8911° W) 14 0 2 2 9 1 14 (37/37)

Total 28 10 5 12 17 1 36" (87/84)

APAGCYV: Area de Protecio Ambiental Gama Cabega de Veado; EEAE: Estacio Ecoldgica de Aguas Emendadas.
" Blood samples from three hatching females captured inside their nests were also obtained.

¥ One brood of three nestlings was not genetically analyzed.

December in DF/Brazil and from October to February in Chaco
Province. All cavities in both populations were first inspected at
the onset of the breeding season and subsequently revisited at
intervals of fewer than 20 d until a final outcome was determined
(either total brood loss or successful fledging). Some cavities in
Brazil could not be inspected every season for several reasons,
such as unsafe conditions when climbing dead palms (N07 and
NO08), difficulty in reaching the site (N10, N12 and N13), or
restricted access, typically because of flooding (N11). Eggs were
classified as unhatched only after the expected incubation period
had elapsed (more than 30 d). The specific biological causes for
hatching failure (e.g., infertility vs. early embryo death) were not
the primary focus of this study and thus not systematically
investigated.

Cavity occupancy

A cavity was considered occupied when a clutch was initiated and
reoccupied when the same cavity was used for clutch initiation in
more than one breeding season. Clutch and brood loss were
categorized as follows: flooding (eggs or nestlings found
drowned); predation (eggs or nestlings disappeared before the
expected fledging date without signs of nest destruction); and
human interference (cavity contents disappeared and signs of
human disturbance were observed). Throughout the study, when
it was possible, we recorded whether cavities occupied in previous
years remained available in subsequent years. Cavities were
classified as unavailable when the entire tree or the portion
containing the cavity had fallen.

DNA samples

Blood samples (0.1 mL) were collected from the brachial vein of
84 nestlings from 35 different broods using sterile, disposable
syringes (Table 1). Because capturing adults is difficult and
stressful, it was not possible to sample the majority of their
putative parents. Only incubating females captured inside three
cavities in Argentina were sampled. Blood samples were stored in
microtubes containing 100% ethanol at room temperature while
in the field and then kept at 4 °C until DNA isolation.

Total genomic DNA was extracted overnight from incubated
blood samples at 37 °C in a solution containing 0.1% SDS, 100
mM Tris-HCI (pH 8.0), 10 mM NaCl, 10 mM EDTA, and 10 mg/
mL proteinase K, and subsequently purified by using the standard
phenol-chloroform-isoamyl alcohol method (Bruford et al. 1998).

Microsatellite genotyping

Six microsatellite loci (AgGT07, AgGT12, AgGT21, AgGT29,
AgGT72,and AgGT83) described by Russello et al. (2001, 2005)
for the St. Vincent Amazon (Amazona guildingii) and previously
optimized for the Turquoise-fronted Amazon (Caparroz et al.
2007) were used to genotype all individuals. Forward primers were
labeled with a fluorescent dye: 6-FAM, HEX, or NED. The
reactions were performed separately for each locus in a final
volume of 12.5 pL containing 20-50 ng of DNA, 10 mM Tris-
HCI (pH 8.3), 50 mM KClI, 2.5 mM MgCl,, 0.8 mM dNTPs, 0.8
UM of each primer and 0.5 U Taq polymerase (Pharmacia). Each
reaction consisted of an initial step at 95 °C for 10 min, followed
by 35 cycles at 95 °C for 60 s, 48-59 °C (depending on the locus)
for 40 s, and 72 °C for 40 s, and a final step at 72 °C for 10 min.
PCR products were electrophoresed in 5% denaturing acrylamide
gels by usingan ABI 377 DNA automated sequencer and analyzed
with GeneScan and Genotyper, version 2.1 (Perkin-Elmer).

Leite et al. (2008) analyzed the genetic structure of all Turquoise-
fronted Amazon populations studied here and found no evidence
of genetic differentiation among them. Therefore, we considered
all Turquoise-fronted Amazon individuals to belong to a single
panmictic population for the following analyses. To avoid
redundancy in allele frequency estimates, genotypes from only
one nestling per cavity (28 nestlings, 14 from each location) were
used to calculate population allele frequencies. The number of
alleles, observed and expected heterozygosity, polymorphic
information content, probability of identity, and non-exclusion
probability (both parents) were computed by using CERVUS
3.0.7 (Kalinowski et al. 2007). Deviations from Hardy—Weinberg
equilibrium and linkage disequilibrium were tested for all pairs
of loci by using exact tests based on the Markov chain method
(Guo and Thompson 1992), as implemented in Genepop 1.2
(Raymond and Rousset 1995), with 1000 dememorizations, 1000
batches, and 10,000 iterations. To correct for multiple
comparisons, type I error rates for tests of LD and HWE
deviations were adjusted by using the sequential Bonferroni
procedure (Rice 1989). The presence of null alleles, allelic
dropout, and scoring errors was assessed by using Micro-Checker
2.2.3 (Van Oosterhout et al. 2004).

Sibship reconstruction
To reconstruct the sibship relationships among nestlings, we used
two approaches: (1) assessing the maximum-likelihood estimates
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relationship for each pair of nestlings using ML-Relate
(Kalinowski et al. 2006), and (2) searching for the maximum-
likelihood configuration of sibship structures across the entire
sample using Colony 2.0 (Jones and Wang 2010). The former
compares the probabilities of different relationship hypotheses,
full-sibs (FS), half-sibs (HS), unrelated (UR), and parent—
offspring (PO), between two individuals, based on simulations
and population allele frequencies, while correcting for deviations
caused by the presence of null alleles.

In contrast, Colony assigns individuals to full-sib and half-sib
families by inferring the minimum number of parents necessary
to explain the observed genotypes (clusters) when parental
genotypes are unknown. Sampled candidate females and males
may or may not be assigned to these groups. Offspring were
classified as full siblings (FS) when they shared both parents
(sampled or not), half siblings (HS) when they shared only one
parent, and unrelated (UR) when they shared neither parent. The
algorithm assumes that candidate parents are unrelated to each
other. We performed three independent “very long” runs for each
population using the full likelihood method. The dataset was
analyzed under the assumption of male monogamy and female
polygamy, with genotyping error rates set at 0.025 per locus, as
recommended by Wang (2004). Although the approach
implemented in Colony is more powerful than the pairwise
method implemented in ML-Relate for reconstructing family
relationships (Wang and Santure 2009), it does not use a strict
inclusion or exclusion threshold to form family groups. Therefore,
we adopted a conservative criterion and only HS and UR
relationships that represented the maximume-likelihood outcome
in both approaches were considered acceptable, ensuring that only
robust, well-supported relationships were included in the analysis.
Singleton nestlings were not assigned to a sibship category (FS,
HS, or UR) and were excluded from summary statistics requiring
within-brood comparisons. However, they were included in
comparisons among broods from different breeding seasons to
evaluate nest-site fidelity.

For reconstructed broods containing mixed sibship relationships,
any brood including at least one half-sibling relationship was
classified as HS, whereas a brood was designated as UR when at
least one nestling was genetically unrelated to the other within
the same brood. In broods containing three or more nestlings,
cases in which one nestling was unrelated to a group of full siblings
were classified as mixed broods (FS + UR), rather than as purely
UR.

To evaluate potential differences in the distribution of sibship
categories (FS, HS, and UR) between the two populations, we
performed a chi-square test of homogeneity using a contingency
table to assess whether the relative frequency of each category
was independent of population. Because of the small sample size
and the presence of cells with expected counts < 5, we additionally
applied the Freeman—Halton extension of Fisher’s exact test.
Effect size was quantified using Cramér’s V, and standardized
residuals were examined to identify the categories contributing
most to any observed differences. All analyses were conducted in
R (version 4.3.2, R Core Team 2023) by using the functions c/isq.
test and fisher. test.

To specifically assess whether broods classified as unrelated (UR)
tended to be larger, potentially due to CBP, we tested for
differences in brood size among sibship categories (FS, HS, and
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UR) using a Generalized Linear Model (GLM) with a Poisson
error distribution and a log link function (McCullagh and Nelder
1989, Zuur et al. 2009). Analyses were by conducted in R using
the stats package, and statistical significance was assessed by using
likelihood ratio tests.

The nest-site fidelity analysis was based on a subsample of 25
nestlings from four cavities in the DF (N02, N04, NO05, and N06;
see Table A2), for which nestlings were sampled in more than one
breeding season. In addition, we estimated the number of
genetically breeding females and males identified through sibship
reconstruction using Colony across all breeding seasons in the
DF. For each genetically inferred parent, we quantified the
number of breeding seasons in which it contributed to the sampled
nestlings. This approach provides a complementary, site-level
measure of fidelity based on repeated parental occurrence across
seasons, rather than on reuse of a specific cavity.

RESULTS

A total of 32 nesting attempts were monitored across up to six
breeding seasons in Brazil (Table 1 and Table A2). Complete
clutch or brood loss occurred in 13 attempts (41%), including ten
during the egg-laying or incubation stages and three during the
early nestling stage. Most losses were likely attributable to
predation by unidentified species. One cavity (NO5) was flooded
during the 2006 breeding season, causing total brood loss, and
another (N12) was likely poached in both 2005 and 2006 (Table
A2). Four of the previously occupied cavities were subsequently
destroyed by wind or heavy rain. The cavities N05, N13, and B14
previously occupied by Turquoise-fronted Amazons were
subsequently used by Toco Toucans (Ramphastos toco), Barn
Owls (Tyto alba), and Honeybees (Apis mellifera), respectively
(Table A2). Interspecific agonistic interactions were not observed
during the field work.

Among the 14 nesting attempts monitored in Argentina, three
(21.4%) suffered predation or brood loss. In two additional cases,
the incubating females were predated inside the cavity.

All six loci were moderately to highly polymorphic in the
Turquoise-fronted Amazon population of 28 individuals
considered for the allele frequency estimates. The number of
alleles per locus varied from 14 (AgGT29) to 21 (AgGT83), and
the expected heterozygosity ranged from 0.86 to 0.94 (Table A3).
The allele frequencies were within expectations of the Hardy-
Weinberg equilibrium at each locus, and there was no evidence of
linkage disequilibrium for any pair of loci. No loci showed
evidence of significant null allele frequencies, allelic dropout, or
scoring errors. Considering all of the loci analyzed, we found an
extremely low combined probability of genetic identity
(1.58x10"") and a low probability of non-parent exclusion
(3.0x10°%) (Table A3), indicating that the battery of microsatellites
used in this study is a powerful tool to allow the examination of
parentage in the Turquoise-fronted Amazon.

Sibship reconstruction

The two sibship estimation approaches yielded congruent results,
with discrepancies observed only in two sampled broods from
Brazil. In the first case, both methods classified the N04_2007
brood nestlings as UR. However, one of these nestlings was
estimated as HS or FS of the others from the same cavity but
different seasons (2004 and 2008) by ML-Relate, whereas Colony
assigneditas UR (Table A4). In the second case (N10), ML-Relate
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inferred a FS relationship among the nestlings, while Colony
classified them as UR. Following our consistency criterion
between the two approaches, these latter nestlings were ultimately
classified as FS.

The maximum-likelihood analysis by Colony reconstructed 22
and 18 full-sib groups (Gg) in Brazil and Argentina (AR),
respectively (Tables A4 and AS5). Most of these reconstructed
groups (22 of 40, 55%) consisted of nestlings sampled from the
same brood and cavity: 9 of 22 (41%) in DF and 13 of 18 (72%)
in AR. Three full-sib reconstructed groups were formed by
nestlings from different broods, sampled either within the same
breeding season (G 2 and 5 in DF) or across different seasons
(Gpg 7 in DF). The remaining 14 reconstructed groups (10 in DF
and 4 in AR) consisted of a single nestling that was assigned to
a distinct group, rather than clustering with the other nestlings
from the same brood.

Of the 30 sampled broods for which genetic relationships among
nestlings could be estimated (i.e., broods containing two or more
nestlings), 60% (18/30) were classified as FS, 23% (7/30) as HS,
and 10% (3/30) as UR, according to our consistency criterion
(Fig. 1; Table A6). In addition, two FS broods (one in each
population) also contained one unrelated nestling (FS+UR
category), resulting in five broods (17%; 5/30) containing one UR
nestlings. All 12 sampled broods classified as HS or UR consisted
of two nestlings (n = 6) or three nestlings (n = 6). In broods
containing three nestlings, only one nestling was identified as half
sibling (n =4) or unrelated (n =2). The FS, HS, and UR categories
were interpreted as indicative of genetic monogamy, extra-pair
paternity (EPP), and conspecific brood parasitism (CBP),
respectively (Fig. 2). Of the 79 nestlings distributed across 30
sampled broods containing two or more nestlings, seven (8.9%)
were identified as originating from extra-pair copulations,
including four in Brazil and three in Argentina (Tables A4 and
AS5). All three females captured inside their cavities were correctly
identified as the mothers of their respective nestlings (Table AS).

The proportions of sibship categories (ratio of FS to UR) did not
differ significantly between the two populations, (chi-square test,
x> = 1.01, p = 0.60; Cramér’s V test—¢ = 0.18) (Table A6).
Likewise, there was no significant difference in the proportions
of sibship types between populations (Fisher’s exact test, p =
0.76).

Mean brood size tended slightly higher in full-sibling broods (2.79
10.51,n=24)thaninbroods containing half-siblings (2.57 £ 0.54,
n = 7) or unrelated nestlings (2.40 £ 0.55, n = 5). However, these
differences were not statistically significant among sibship
categories (Poisson GLM, x> = 0.29, df = 2, p = 0.865).

Cavity reoccupation and breeding-site fidelity

Ten cavities were successfully monitored for more than one
breeding season in Brazil and eight (80%) were reused at least
once by the Turquoise-fronted Amazons (Table A2). Four were
used in two seasons, one in three seasons, and three in five seasons.
Overall, most cavities were reoccupied in consecutive years and
were only not reused by parrots in subsequent seasons when they
fell down and became unavailable or were taken over by other
species (interspecific competition). Furthermore, five of the six
cavities (83%) that experienced clutch or brood loss in one season
were reoccupied in the following season. No cases of cavity reuse
by Turquoise-fronted Amazons were recorded within the same
breeding season in either population.
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Fig. 1. Proportional distribution of sibship reconstruction
categories among Turquoise-fronted Amazon (Amazona
aestiva) sampled broods (only those containing two or more
nestlings) from two South American populations (Distrito
Federal, Brazil; Provincia del Chaco, Argentina) and for the
total sample. Bars represent the percentage of broods classified
as full siblings (FS), half siblings (HS), unrelated (UR), or
mixed broods containing both full-sibling and unrelated
nestlings (FS+UR).
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Sibship reconstruction indicated that, in the four cavities for which
nestlings from different breeding seasons were genetically
analyzed (N02, N04, NO5, and N06), the same Amazon pair
occupied each cavity at least twice during the monitoring period
(Fig. 3; Table A4). However, the reoccupancy rates may have been
higher, because in all these cavities at least one unsuccessful and
non-genotyped clutch/brood occurred between successful
breeding attempts.

Patterns of cavity use further suggest temporal turnover of
breeding pairs and cavity switching across seasons. In one cavity
(NO05), a pair reused the cavity following a successful breeding
attempt by a different pair in the previous season. In another
cavity (N04), at least two pairs appeared to occupy the cavity
alternately (Fig. 3). However, in the latter, genetic relationships
among nestlings from different seasons were inconsistent, with
discordant sibship assignments between ML-Relate and Colony
for a single nestling from the 2007 brood. This uncertainty
precluded a definitive assessment of whether one nestling from
2007 were related to the pair breeding in 2004 and 2008,
highlighting limitations imposed by incomplete genetic sampling
and methodological differences among sibship inference
approaches. Nevertheless, the nestling consistently assigned as
unrelated to those from 2004 and 2008 was produced by the same
pair that occupied a different cavity (N10) in 2004, indicating
cavity switching by that pair.

At the population level, sibship reconstructions inferred 13
genetically females and 22 males as parents of all genetically
analyzed nestlings (n = 47) across all breeding seasons in the DF.
In addition to the four females that reused the same cavities across
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Fig. 2. Sibship reconstruction of Turquoise-fronted Amazon nestlings from natural (N_) and artificial (B_) nests in two wild
populations: Distrito Federal, Brazil (_DF) and Provincia del Chaco/Argentina (_AR). Genetic relationships within each brood are
classified as full-siblings (FS), half-siblings (HS), or unrelated (UR) and were used to infer breeding behavior, including monogamy,
extra-pair paternity (EPP), and conspecific brood parasitism (CBP). Broods containing at least one half-sibling relationship were
classified as HS, whereas broods containing a mixture of full-sibling and unrelated nestlings were assigned to both FS and UR

categories.
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different seasons, three additional females produced offspring in
different cavities in two breeding seasons. In contrast, only one
male produced offspring in different cavities across two breeding
seasons. Overall, 54% (7/13) of genetically inferred females and
23% (5/22) of males returned at least once to the same site for
reproduction (Fig. Al).

DISCUSSION

Using genetic sibship reconstruction, we provide the first evidence
of extra-pair paternity in an Amazona species, with a moderate
rate (23%) detected among sampled broods of Turquoise-fronted
Amazon. We also found a moderate incidence of conspecific
brood parasitism (17%), as well as repeated use of the same or
different cavities within the study site by some individuals during
the monitoring period. Specifically, 54% of genetically inferred
females and 23% of males reused cavities, either the same cavity
(31% of females; 18% of males) or different cavities within the
site, indicating some degree of breeding-site fidelity in this species.

Turquoise-fronted Amazons form strong, year-round pair bonds
and are considered socially monogamous (Forshaw 1989, Sick
1997). They are long-lived tropical parrots (Young et al. 2012),
with documented lifespans of at least 49 years in captivity
(Brouwer et al. 2007). Field observations made by the authors
suggest that Turquoise-fronted Amazon males exhibit strong
parental care, feeding females and chicks during the breeding
season (R.C. and L.B., personal observations). In addition,

apparent mate guarding is commonly observed, as most
individuals are usually seen flying in pairs or family groups during
the breeding season, except when females are incubating or
brooding (Seixas and Mourao 2018).

These behavioral traits are generally associated with genetic
monogamy and low rates of extrapair fertilization in birds
(Birkhead and Moller 1996, Wink and Dyrcz 1999, Arnold and
Owens 2002, Griffth et al. 2002). Contrary to these expectations,
our sibship reconstruction revealed that the Turquoise-fronted
Amazon is not genetically monogamous, with approximately 23%
of broods containing one nestling likely sired by an extra-pair
male. This frequency is relatively high for parrots, though lower
than the rates reported for other socially monogamous species,
such as the Monk Parakeet (40%, Martinez et al. 2013) and the
Swift Parrot (50%, Heinsohn et al. 2019).

Extra-pair paternity (EPP) has been definitively reported in only
four species of socially monogamous parrots: the Green-rumped
Parrotlet (Melland 2000), Monk Parakeet (Martinez et al. 2013),
Swift Parrot (Heinsohn et al. 2019), and Superb Parrot
(Stojanovic et al. 2023). In three additional species, studies have
identified broods containing nestlings that were not full siblings:
the Red-and-green Macaw (Caparroz et al. 2001), Blue-and-
yellow Macaw (Caparroz et al. 2001, 2011), and Echo Parakeet
(Taylor and Parkin 2009). However, in these cases, it was not
possible to determine whether these patterns resulted from EPP
or conspecific brood parasitism.
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Fig. 3. Scheme of cavity reoccupation based on reconstructed
genetic relationships among nestlings from the same cavity
across different breeding seasons in the Distrito Federal (DF),
Brazil. Identical colors indicate reoccupation by the same
Amazon parrot pair (full siblings), whereas different colors
indicate different pairs (unrelated nestlings). “?” denotes cases
in which relatedness to the pair occupying the cavity in 2004
and 2008 could not be clearly determined (see Results). NA =
not analyzed; T = predated, flooded, or poached; ® = nest fell;
© = cavity occupied by another species (interspecific
competion).
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Variation in EPP among birds has been attributed to several
adaptive and non-adaptive factors (Brouwer and Griffith 2019),
and population and nest density have been proposed as potential
correlates in parrots (Masello et al. 2002, da Silva et al. 2010,
Caparroz et al. 2011, Martinez et al. 2013). However, empirical
support for this association remains limited. For example,
Martinez et al. (2013) provided indirect evidence, showing that
EPP rate in Monk Parakeets reached 40% in dense native
populations in Argentina but was absent in an expanding
introduced population in the United States (da Silva 2010).
Higher densities may increase encounter rates, including
encounters with mature single males, and reduce the effectiveness
of male mate guarding, thereby favoring extra-pair paternity
(Westneat et al. 1990).

The Monk Parakeet is an exception among parrots, as it is the
only species that builds large, conspicuous colonial nests
composed of dozens of chambers shared by multiple breeding
pairs (Burgio et al. 2025). In contrast, the Burrowing Parrot also
breeds colonially, excavating dense clusters of burrows in sand
cliffs, yet no cases of EPP have been observed for this species
(Masello et al. 2002). Differences in EPP rates between these two
colony nesters may be associated with differences in their breeding
strategies. Monk Parakeets occasionally exhibit cooperative
breeding (Martinez et al. 2013), whereas Burrowing Parrots breed
in socially monogamous pairs (Masello et al. 2002).

Like other parrot species, particularly congeners in Amazona
(Martinez and Prestes 2002, Pizo 2002, Cougil and Marsden
2004), Turquoise-fronted Amazons form large communal roosts
in patches of native and exotic trees (Carrara et al. 2007, Seixas
and Mourao 2018). Roost density varies markedly throughout
the year, primarily in response to the breeding cycle: during
incubation, pairs remain near their nests, with some individuals
(presumably the females) sleeping in the nests, while other
individuals return to the communal roosts to spend the night
(Carrara et al. 2007, Martinez and Prestes 2008, Seixas and
Mourdo 2018). Seixas and Mourdo (2018) systematically
monitored five roosts in the southern Pantanal, Brazil, over a
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four-year period and found that roost maximum counts (median
from 110 to 2896 Amazons) occurred during the pre-breeding
period (June—July) and declined sharply (median from 100 to 940
Amazons) during incubation (August-October). These
communal roosts represent major aggregation events in Amazons.

Extra-pair copulations may also occur away from communal
roosts, possibly near the nests or even inside them, during periods
of reduced mate guarding. Although males tend to remain close
to their pair-bonded mate during the breeding season (Seixas and
Mourdo 2018), brief absences related foraging or nest activities
could create opportunities for extra-pair interactions.

Nest density has also been hypothesized to influence EPP (Moller
and Birkhead 1993). Although nest density was not quantified in
our study, several nests were located in spatial proximity. In the
monitored Brazilian population, most nests occurred in Mauritia
flexuosa palms (Table A2), a species that naturally occurs in
aggregated patches (veredas) and along rivers in gallery forests
(Oliveira-Filho and Ratter 2002). In one of the areas studied, 82%
(9/11) of nests were situated along the same gallery forest within
a linear distance of less than 1 km. Nevertheless, because density
metrics were not systematically measured, any association
between aggregation patterns and EPP in this population remains
speculative. Overall, although variation in population and nest
density may contribute to differences in EPP levels across species,
we did not directly assess these variables. Therefore, their potential
influence on the moderate EPP rate observed here should be
interpreted cautiously and evaluated in future studies.

Conspecific brood parasitism

We identified 22% (4/18) and 8% (1/12) of sampled broods
composed of unrelated nestlings in the Brazil and Argentina
populations, respectively (Fig. 1). Broods comprising nestlings
from different parental pairs have been reported in few socially
monogamous parrot species (Caparroz et al. 2001, Masello et al.
2002, Taylor and Parkin 2009, Caparroz et al. 2011, Martinez et
al. 2013, Eastwood et al. 2018). In those studies, such patterns
were generally interpreted as intra- or conspecific brood
parasitism, in which a female lays eggs in the nest of another
conspecific and provides no parental care to her own offspring
(Yom-Tov 1980, Lyon and Eadie 2008). However, alternative
processes, such as brood mixing between adjacent nest chambers,
may generate similar genetic patterns, as reported for the
colonially nesting Burrowing Parrot (Masello et al. 2002).

The level of CBP estimated for the Turquoise-fronted Amazon
appears higher than previously reported values for parrots, even
when compared with colonially nesting species, such as 4% in the
Burrowing Parrot (Masello et al. 2002) and 3% in the Monk
Parakeet (Martinez et al. 2013). However, comparisons among
species should be made cautiously, as methodologies, sampling
intensity, and ecological contexts differ among studies. Colonially
nesting species are often expected to show higher CBP rates
because of nest proximity (Rohwer and Freeman 1989). In our
study populations, some nests were spatially clustered, potentially
increasing opportunities for conspecific brood parasitism (CBP).
However, because nest density was not systematically quantified,
any relationship between nest proximity and CBP in this species
requires further investigation.
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CBP is unlikely to be explained by a single factor and may instead
result from multiple interacting ecological and life-history
variables (Semel and Sherman 2001). For example, Masello et al.
(2002) suggested that CBP levels observed in the Burrowing Parrot
may reflect a trade-off between increasing brood size at a relatively
low additional parental cost and seasonal declines in chick
survival, as hypothesized by Lyon (1993). In that species, a
prolonged egg-laying period (approximately 32 d) may facilitate
the production of additional eggs beyond a female’s own clutch.
A long-term study in northern Argentina reported that the egg-
laying period in the Turquoise-fronted Amazon may extend from
six to eight wk and that clutch size and nestling survival decline
over the breeding season (Berkunsky et al. 2017). These
parameters are consistent with conditions under which CBP could
occur, although direct evidence linking these traits to parasitic
laying in this species is lacking.

Nonetheless, part of this behavior may also occur because of
intraspecific competition for nesting cavities. Disputes between
pairs over nest sites could result in situations in which the
“winning” pair incubates eggs laid by the “losing” pair. Field
observations in our study areas documented agonistic
interactions between pairs near active cavities and at least two
cavities containing unusually high numbers of eggs (R.C. and L.
B., personal observations), suggesting the possibility of multiple
laying females. However, such observations do not allow us to
determine whether these events reflect adaptive parasitism, nest
takeover, or other processes. Limited availability of suitable
cavities, indicated by rapid occupation of artificial nest boxes (R.
C., personal observations) and instances of interspecific cavity
competition, may intensify these interactions, but this hypothesis
requires systematic evaluation.

Clutch and brood loss in our study was moderate (32%),
comparable to values reported for other Turquoise-fronted
Amazon populations: approximately 40% in Pantanal (Seixas and
Mourio 2002) and 49% in northern Argentina (Berkunsky et al.
2016). Nest predation risk has been identified as a potential driver
of CBP in other cavity-nesting birds (Poysd and Paasivaara 2015),
but its role in shaping CBP patterns in this species remains
unknown.

Finally, although broods classified as full siblings tended to be
slightly larger than those containing half-siblings or unrelated
nestlings, differences in brood size were small and statistically
non-significant.

Cavity occupation and breeding-site fidelity

Among birds, cavity reoccupation varies widely and is influenced
by factors such as nest-site fidelity, interspecific competition, and
the availability of alternative sites (Ingold 1991). Although several
studies have examined this behavior in Amazons, only one has
tracked banded individuals (Berkunsky and Reboreda 2009),
reporting that 68% of ringed Turquoise-fronted Amazon females
reused the same cavity in the following year or two years later.

In our study, sibship reconstruction revealed repeated use of the
same cavities by the same pairs across breeding seasons. The four
cavities we monitored for more than one breeding season all were
reused by the same genetically inferred pair for at least two
breeding seasons (Fig. 3; Table A2). Although this pattern
indicates cavity reuse by the same pair, we also detected one case
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of cavity switching for a pair across seasons. At a broader spatial
scale, 54% of genetically inferred females and 23% of genetically
inferred males reproduced at the same study site across multiple
seasons. However, the small number of genetically monitored
cavities and incomplete sampling of unsuccessful broods limit
broader population-level inference.

Taken together, our findings are compatible with moderate
breeding-site fidelity contributing to cavity reoccupation patterns
in this species, as reported for other parrots (Snyder et al. 1987,
Waltman and Beissinger 1992). However, longer-term monitoring
combined with more comprehensive genetic sampling would be
necessary to distinguish fidelity to specific cavities from broader
site-level reuse and to quantify pair persistence more precisely
across breeding seasons.

Breeding success in the previous season has been reported as a
predictor of cavity reuse in some parrots species (Brightsmith
2005, Berkunsky et al. 2009, Olah et al. 2014), with pairs that fail
to produce offspring or fledge fewer young are often more likely
to switch cavities (Hoover 2003, Mazgajski 2007). In contrast, all
cases in which the same genetically inferred pair reused a cavity
in our study were preceded by at least one predation event or
breeding failure (Table A2). This pattern does not align with
expectations based solely on prior breeding success. However,
because failed clutches were not genetically analyzed, it is not
possible to confirm whether the same pairs were involved across
consecutive seasons. In addition, limited availability of suitable
cavities could potentially constrain cavity switching, although this
hypothesis was not directly evaluated in our study.

CONCLUSIONS

Our findings align with the limited number of studies reporting
extra-pair mating in socially monogamous parrot species and
indicate that both extra-pair paternity and conspecific brood
parasitism occur in the Turquoise-fronted Amazon. Although
many parrot species exhibit life-history and behavior traits
commonly associated with genetic monogamy, our results add to
growing evidence that extra-pair paternity may occur more
frequently in this group than previously recognized. Communal
roosting represents a plausible context for extra-pair interactions,
particularly among Amazona species; however, its role in
facilitating extra-pair mating remains to be explicitly evaluated.
Additionally, our results are consistent with previous reports of
frequent cavity reoccupation in parrots. Although the available
data remain limited, the observed patterns are compatible with
the occurrence of nest-site fidelity and broader site-level reuse.
Long-term monitoring combined with more comprehensive
genetic sampling will be necessary to clarify the relative
contribution of these processes and to better understand the
dynamics of pair persistence across breeding seasons.
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Genetic evaluation of reproductive strategies and breeding-site fidelity in the socially monogamous
Turquoise-fronted Amazon (4dmazona aestiva, Psittaciformes: Aves)

Table A1. Description of the nests used by Turquoise-fronted Amazons (Amazona aestiva) monitored during this study.

Location

Distrito Federal/Brazil Nest ID  Description
BO1 Wooden artificial nest box installed in a Mauritia flexuosa palm
NO02

NO03 Natural nest found in a dead Mauritia flexuosa palm
NO4

. NO5 Natural nest found in a Pterodon emarginatus tree
Area de Prote¢cao Ambiental Gama

Cabega de Veado - APAGCV NO6
(15.9290°, 47.9015°W)

NO7
NO8
Natural nest found in a dead Mauritia flexuosa palm
NO09
N10

N11

Estagdo Ecoldgica de Aguas Emendadas - N12
EEAE



(15.5527°S, 47.5923°W)

N13

B14

Wooden artificial nest box installed in a Mauritia flexuosa palm

Provincia del Chaco/Argentina
(25.4681°S, 61.8911°W)

NO1
NO2
NO03
NO04
NO5
NO06
NO7
NO8
NO09
N10
N11
NI12
N13

N14

Natural nest found in an Aspidosperma quebracho-blanco

Natural nest found in a Schinopsis quebracho-blanco

Natural nest found in an Aspidosperma quebracho-blanco

Natural nest found in a Schinopsis quebracho-blanco




Table A2. Number of eggs (Eg) and nestlings (Nt) found in natural (N ) and artificial (B_) cavities of the Turquoise-fronted Amazon
during monitoring in the Distrito Federal, Brazil. Cavities used in more than one breeding season are shown in bold. Blood samples
were collected from all nestlings except the three marked with an asterisk (*).

Breedi Cavity

ng

season  BO01 NO02 NO3 N04 NOS NO06 NO7 NO8 N09 N10 N11 N12 N13 B14
EgiNt:EgiNtiEgi NtiEgiNti:EgiNtiEgiNtiEgiNt:EgiNtiEgiNtiEgiNtiEg:NtiEgiNtiEg:iNt:Eg:Nt

2004 i1t 3 2 2:2

2005 3 1 13" ? 3t S

2006 3 27 3 3 ? 1:2 37 ?

2007 23 2 2 3t ® 27 2 ? ? ? ? 3

2008 17 I :1:1 3:1+2 ? ? 2 ? ? ? ? C)

2000 0 01 i3 e ® ® ? ? 2 ? ? ? ? ®

Gray cells indicate cavities not yet included in the monitoring period; " brood was predated, flooded or poaching; 0 - non occupied nest; ? - nest was not

monitoring; ® - nest fell down; ® occupied by other species (toucan, owl or bees).



Table A3. Genetic diversity at six microsatellite loci used to estimate allele frequencies in 28 unrelated nestlings of the
Turquoise-fronted Amazon.

Locus k H, Hg PIC Pp Prx HWE F(Null)
AgGTO07 15 0.857 0.864 0.837 0.034 0.107 ND -0.0029
AgGTI12 19 0.857 0.942 0.920 0.010 0.038 ND 0.0385
AgGT21 17 0.893 0.931 0.909 0.013 0.047 ND 0.0138
AgGT29 14 0.893 0.901 0.875 0.024 0.082 ND -0.0028
AgGT72 15 0.964 0.932 0.909 0.014 0.049 ND -0.0276
AgGTS83 21 0.964 0.943 0.921 0.010 0.037 ND -0.0213
All 16.8 0.905 0.919 0.895 1.578E ™" 3.0E™® - -

K - number of alleles; H - observed heterozygosity; Hg, - expected heterozygosity. (PIC) - Polymorphic Information Content; Py, - Probability
of identity; Py - non-exclusion probability (parent pair); HWE - Hardy-Weinberg Equilibrium test: ND = no deviation; F(Null) - Null Allele
Frequency.



Table A4. Full-sib groups (Ggg) inferred by Colony for Turquoise-fronted Amazon nestlings sampled in natural (N ) and artificial (B )
nests in the Distrito Federal, Brazil, assuming a mating system with female polygamy and male monogamy (see Methods for details).
Samples were collected over five breeding seasons (2004-2008), with the collection year indicated below each nestling number.
Nestlings likely resulting from extra-pair paternity are shown in bold.

Grs P (inc) P (exc) Nestlings Nest
1 1.00 0.16 Bz})OF; 501
2 0.99 0.30 ]32%0}:72 3218‘61;1 BOL/B14
Cemem WDOMRoWRownouR gR wn
4 1.00 0.70 1;.3571 NO3
5 0.64 0.62 1\;?)01;2 1\;%-01;2 NO3/NOS
6 1.00 0.40 1;4(1)01?71 N04
7 0.46 0.46 1\;(1)01?72 Nzlg(;il NO4/N10
Coe e WMDouR o
9 1.00 0.83 D -
o enen W wmowmown
o 09w s w4 206 2006 2006 oo
12 0.48 0.47 1\;?);)1:71 1‘;)'01:72 -~
13 1.00 0.70 W NOS

2007



14

15

16

17

18

19

20

21

22

1.00

0.99

1.00

1.00

1.00

0.66

1.00

0.97

0.25

0.72

0.99

0.83

0.70

0.58

0.62

0.56

0.97

0.25

N9-F1
2008
N9-F2
2008
N10-F2
2004
N11-F1
2006
N11-F2
2006
N12-F1
2006
N12-F3
2006
N13-F1
2004
B14-F2
2007

N12-F2
2006

N13-F2
2004
B14-F3
2007

NO09

NO09

N10

N1l

N1l

N12

N12

N13

B14

Pine) - the probability that all nestlings are fullsibs; P, - the probability that all nestlings are fullsibs, and no other nestlings are fullsibs with this group.



Table AS. Full-sib groups (Ggsg) inferred by Colony for turquoise-fronted amazon nestlings sampled in Provincia del
Chaco/Argentina, assuming a mating system with female polygamy and male monogamy (see Methods for details). All
samples were collected in the breeding season of 2004. Nestlings likely resulting from extra-pair paternity are shown in bold.

Grs Pine) P ex) Nestlings Mother Nest
1 1 1 NI1-F1 N1-F2 M1 1
2 0.61 0.61 N2-F1 N2-F2 M2 2
3 0.88 0.88 N3-F1 N3-F2 N3-F3 M3 3
4 1.00 0.95 N4-F1 4
5 1.00 0.97 N5-F1 5
6 0.68 0.68 N6-F1 N6-F2 N6-F3 6
7 1.00 0.31 N7-F1 7
8 0.52 0.27 N7-F2 N7-F3 7
9 0.52 0.52 NS8-F1 N8-F2 NS8-F3 8

10 0.71 0.71 N9-F1 N9-F2 N9-F3 N9-F4 9
11 0.74 0.74 N10-F1 N10-F2 N10-F3 10
12 0.85 0.82 NI11-F1 NI11-F2 11
13 1.00 0.57 N11-F3 11

14 0.97 0.97 N12-F1 N12-F3 12

15 1.00 0.49 NI12-F2 12

16 0.85 0.85 N13-F1 N13-F2 N13-F3 13

17 1.00 0.34 N14-F1 14

18 0.56 0.44 N14-F2 N14-F3 14

P ine) - the probability that all nestlings are fullsibs; P, - the probability that all nestlings are fullsibs, and no other nestlings are fullsibs with this group.



Table A6. Summary of sibship reconstruction of Turquoise-fronted Amazon (Amazona aestiva)
broods from two South American populations based on six microsatellite loci. Singleton nestlings
(Sg) were not assigned to any sibship category (FS, HS, or UR), and broods containing both
full-sibling and unrelated nestlings were classified as FS and UR (indicated with an asterisk).The
distribution of sibship categories did not differ significantly between populations (chi-square test -
> =1.01, p=0.60; Cramér's V test - ¢.= 0.18).

Location Year  Broods FS HS UR Sg
2004 4 3 0 0 1
2005 2 1 0 0 1
2006 5 3 2 0 0
Distrito Federal (DF)/Brazil
2007 6 2 1 3 0
2008 4 2 1 0 1
All 21 11 4 3+ 1% 3
Provincia del Chaco (AR) /Argentina 2004 14 9 3 1* 2
Total 35 20 7 3+2% 5

FS - Full-siblings; HS - Half-siblings; UR - unrelated.
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Figure Al. Number of breeding seasons in which genetically inferred males and females using Colony produced offspring over five

breeding seasons (2004—2008) in the Distrito Federal (DF), Brazil.
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