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ABSTRACT.—Age at first breeding is a key demographic trait with implications for life history strategy,
conservation, and population modeling. We conducted a systematic review of published literature, spe-
cies accounts, and gray literature sources to summarize the minimum and typical ages at first breeding
for 31 species of diurnal raptors that regularly breed in the United States and Canada. Structured key-
word searches in Google Scholar and PubMed yielded 319 results, supplemented by manual review of
Birds of the World (Billerman et al. 2025; https://birdsoftheworld.org) species accounts and Johnsgard
(1990; Hawks, Eagles, and Falcons of North America, Smithsonian Institution Press). Minimum age at first
breeding was reported for 25 species, with smaller species (e.g., small falcons) typically breeding earlier
than larger, long-lived species (e.g., eagles and buteos). Females often initiated breeding earlier than
males, particularly in the genera Falco and Astur. Typical age data were reported for 18 species, though
most estimates lacked regional or sex-specific detail. Six species lacked reliable age data. These results
highlight significant gaps in our understanding of reproductive timing and underscore the need for
more comprehensive demographic monitoring to support effective management decisions, especially for
threatened or recovering populations. In addition, this work provides a methodological framework that
can be applied to reviews of age at first breeding in other bird families.

KEY WORDS: Age at first breeding ; demography; diurnal raptors ; life history traits ; reproductive ecology;
systematic review.

REVISIÓN SISTEMÁTICA DE LA EDAD DE LA PRIMERA REPRODUCCIÓN EN RAPACES DIURNAS
DE ESTADOS UNIDOS Y CANADÁ

RESUMEN.—La edad de la primera reproducción es un rasgo demográfico clave con implicaciones para
la estrategia de la historia de vida, la conservación y la modelización poblacional. Realizamos una
revisión sistemática de la literatura publicada, de los registros de las especies y de fuentes de literatura
gris para resumir las edades mínimas y típicas de la primera reproducción en 31 especies de rapaces diur-
nas que se reproducen regularmente en Estados Unidos y Canadá. Las búsquedas estructuradas con pala-
bras clave en Google Académico y PubMed arrojaron 319 resultados, complementados con una revisión
manual de los registros de las especies de la publicación Birds of the World (Billerman et al. 2025;
https://birdsoftheworld.org) y de Johnsgard (1990; Hawks, Eagles, and Falcons of North America,
Smithsonian Institution Press). Se reportó la edad mínima de la primera reproducción para 25 especies,
con especies más pequeñas (e.g., halcones pequeños) reproduciéndose típicamente antes que las espe-
cies más grandes y longevas (e.g., águilas y buteos). Las hembras a menudo iniciaron la reproducción
antes que los machos, particularmente en especies de los géneros Falco y Astur. Los datos de la edad
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típica se reportaron para 18 especies, aunque la mayoría de las estimaciones carecieron de detalle a nivel
regional o específico por sexo. Seis especies carecieron de datos confiables sobre la edad. Estos resultados
destacan vacíos significativos en nuestra comprensión de la cronología reproductiva y subrayan la necesi-
dad de un monitoreo demográfico más integral para apoyar decisiones de manejo efectivas, especialmente
en poblaciones amenazadas o en recuperación. Además, este trabajo proporciona un marco metodológico
que puede aplicarse a revisiones de la edad de la primera reproducción en otras familias de aves.

[Traducción del equipo editorial]

INTRODUCTION

Raptors, as apex avian predators, play a crucial
role in maintaining ecological balance and biodi-
versity. Their presence can regulate prey popula-
tions and influence trophic cascades, contributing
to ecosystem structure and function (Sergio et al.
2006, Estes et al. 2011). Many species also serve as
indicators of environmental health due to their sensi-
tivity to contaminants and habitat changes (Newton
et al. 1979, Donázar et al. 2016). They inhabit a wide
range of ecosystems globally and face numerous
threats, including habitat loss and fragmentation,
persecution, exposure to environmental contam-
inants, collisions with and electrocution from
power lines, and the effects of climate change
(Carrete et al. 2009, O’Bryan et al. 2022). With
more than half of raptor species worldwide expe-
riencing population declines as a result of these
threats (McClure et al. 2018), understanding key
life history traits—such as age at first breeding—
is critical for assessing population dynamics and
informing conservation strategies.

Age at first breeding influences the intrinsic rate
of population growth and is a fundamental compo-
nent of species resilience (Whitfield et al. 2022). In
this review, we define age at first breeding as the
youngest age at which a bird initiates a nesting
attempt, as defined by Steenhof et al. (2017),
regardless of whether that attempt results in suc-
cessful reproduction. Earlier breeding—including
breeding before acquiring definitive appearance—
can stabilize or accelerate population growth and
amplify reproductive output across generations
(Hunt and Law 2023). Cole’s (1954) foundational
model demonstrated that even modest reductions
in age at first reproduction—that is, the age of suc-
cessful offspring production—can substantially
enhance population growth rates.

Beyond these demographic effects, the age
structure of breeders can also serve as a sensitive
indicator of population health. The increased fre-
quency of subadult Peregrine Falcons (Falco peregri-
nus) occupying territories was an early signal of
population expansion during post-DDT recovery

in North America (Tordoff and Redig 1997). Mon-
itoring the age of breeders, though often more
challenging than measuring occupancy or produc-
tivity, can therefore provide valuable insights into
population resilience.

However, early breeding is not without cost.
Delaying breeding may allow individuals to improve
foraging skills, reduce mortality risk, or secure
higher-quality territories (Newton 1979, Forslund
and Pärt 1995). In contrast, earlier breeding may
lead to reduced survival, lower breeding success,
and a shorter overall reproductive lifespan—particu-
larly for males (Newton 1979), though such costs may
not apply universally, as shown in female Eurasian
Sparrowhawks (Accipiter nisus; Newton 1985). This has
been documented in male Cooper’s Hawks (Astur
cooperii), where early breeders often experienced
reduced longevity and lifetime reproductive output
(Millsap et al. 2019). Thus, early breeding represents
a gamble: although it can yield large demographic
returns at the population level, it may come at the
cost of reduced individual fitness and longevity.

Age at first breeding in raptors is shaped by mul-
tiple ecological and evolutionary factors, including
sexual maturity, competitive hierarchies, and habi-
tat saturation (Newton 1979, Hunt 1998). Density-
dependence plays a major role, as competition for
high-quality territories tends to favor older, more
experienced individuals (Steenhof et al. 1983, Fer-
rer et al. 2004, Pyle et al. 2020). In this context,
younger breeders may be relegated to suboptimal
nesting areas or face displacement. Reproductive
scheduling also reflects sex-specific strategies—
females often breed earlier than males, possibly due
to differing energetic costs or, as noted above, dif-
fering costs to survival (Reynolds 1972, Newton
1979). These pressures interact with physiological
readiness and social structure to shape the timing
of reproductive onset. Notably, age at first breeding
may decrease in declining populations where terri-
tory availability increases, or increase when resource
limitations constrain recruitment (Pyle 2001, Ferrer
et al. 2004).

Yet for many raptor species, detailed data on
reproductive initiation are still lacking. Johnsgard
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(1990) provided a broad summary of reproductive
parameters, but did not consistently include primary
sources or region-specific information. Although some
recent demographic studies and species accounts pro-
vide updated breeding age information (e.g., detailed
work on Red Kites [Milvus milvus] in central Europe;
Dostál et al. 2025), those contributions are taxonomi-
cally and geographically scattered. Few synthesize data
systematically, and even fewer focus on species that reg-
ularly breed in the United States and Canada. Inconsis-
tencies in terminology and reliance on disparate aging
criteria further complicate cross-species comparisons.
These gaps limit the ability to model population trajec-
tories, assess reproductive output, and evaluate conser-
vation status at regional scales.

This review synthesizes current knowledge of age
at first breeding for 31 species of diurnal raptors
that regularly breed in the United States and Can-
ada. Here, we follow McClure et al. (2019) in defin-
ing raptors (or birds of prey) as members of the
orders Accipitriformes, Cathartiformes, and Falco-
niformes, which descended from a raptorial land-
bird ancestor and have retained that ecological
role. Consistent with this framework, our review
focuses on diurnal raptors within these groups but
excludes owls (Strigiformes), New World vultures
(Cathartidae), the California Condor (Gymnogyps
californianus), and vagrant or nonbreeding species.
We focus on this regional subset both to provide
continuity with Johnsgard’s (1990) synthesis and
because raptor management in the United States
and Canada occurs under broadly similar legal
frameworks (e.g., Migratory Bird Treaty Act, Bald
and Golden Eagle Protection Act). Restricting our
scope to these 31 species thus ensures consistency,
comparability, and direct relevance for conserva-
tion and policy.

We aim to (1) compile minimum and typical
ages at first breeding from primary sources, species
accounts, and gray literature; (2) standardize plum-
age definitions for comparability across species with
differing molt strategies; and (3) identify major
gaps to guide future monitoring and research. In
doing so, we provide an updated, regionally focused
reference that supports demographic modeling and
conservation planning across taxa.

To ensure consistency across taxa, we adopted
the standardized terminology of pre-definitive and
definitive appearance stages to describe age classes
at first breeding, as recommended by Clark and
Pyle (2015). This approach provides a biologically
meaningful and morphologically grounded frame-
work for comparing breeding age across species
globally and with differing molt strategies. In doing

so, we promote standardized terminology and age
classification approaches that enhance comparabil-
ity across taxa with variable molt timing and plum-
age development.

Age of first breeding in raptor studies has relied
both on marked birds of known age and on inferred
age based on plumage appearance. In particular,
many studies have focused on observations of birds
that breed in pre-definitive plumage (e.g., Henny
et al. 1985, Millsap et al. 2019). Many smaller raptors
in our study acquire definitive appearance—mature
plumage that does not change markedly with further
aging—by 2 yr of age. In some cases, yearlings in
juvenile or formative plumage (cf. Pyle 2005a) have
been observed breeding at 1 yr of age. Larger species
may require four or more years to reach definitive
appearance.

To best incorporate plumage into studies of
breeding age, it is imperative to use accurate aging
techniques based on both body feather appearance
and flight feather molt patterns. Many species may
retain juvenile primaries and/or secondaries despite
showing definitive appearance of body plumage. In
larger species, Staffelmauser (or stepwise) molt pat-
terns can allow age estimation up to 3 or 4 yr (Pyle
2005b, 2008). Here we define definitive appearance
as that in which both body feathering has fully
matured and all juvenile flight feathers have been
replaced. It is important to note that both the acqui-
sition of definitive appearance and the timing of
feather replacement can vary among individuals. For
example, the fastest molting and maturing 3-yr-old
birds might overlap with, and be indistinguishable
from, the slowest molting and maturing 4-yr-old
birds (cf. Bloom and Clark 2001). We accommo-
dated this variation by accepting a reasonable range
of ages when definitive appearance could not be pre-
cisely assigned, based on reported plumage and molt
characteristics.

METHODS

We conducted a systematic literature review to
compile data on the age at first breeding for 31
diurnal raptor species that regularly breed in the
continental United States and Canada. Species
names and taxonomic assignments follow the Clem-
ents Checklist v2024 (Clements et al. 2024). Species
selection was based on regular breeding occurrence
according to regional avifaunal checklists (Cornell
Lab of Ornithology 2025) and authoritative refer-
ences such as Birds of the World (Billerman et al.
2025; https://birdsoftheworld.org). Our goal was
to consolidate known breeding-age information
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and identify knowledge gaps across this well-defined
subset of raptor species. This review was not regis-
tered and no protocol was prepared. We note that
some of the youngest breeding ages were docu-
mented through intensive monitoring efforts—
such as reintroduction projects, telemetry studies,
or urban nest monitoring—which may increase the
likelihood of detecting early nesting attempts.

On 28 March 2025, we performed structured
keyword searches in Google Scholar and PubMed
using R (R Core Team 2024) within the RStudio
integrated development environment (Posit Soft-
ware 2024). The searches were executed via the
packages rentrez (Winter 2017) and rvest (Wickham
2022), which allowed for automated scraping and
retrieval of search results. We paired reproductive
terms (e.g., “age at first breeding,” “breeding initia-
tion,” “sexual maturity”) with both common and sci-
entific names of each focal species. Boolean operators
(“AND,” “OR”) were used to refine and broaden the
search queries. See Supplemental Material (Appen-
dix 1) for the full search strategy, including R code
used for search automation and the de-duplicated list
of retrieved results.

To supplement database results, we manually
reviewed the Birds of the World species accounts
(Billerman et al. 2025) for all target raptors. These
accounts served as foundational compilations of
natural history information and often cited key pri-
mary studies, and review of them helped ensure cov-
erage of references and personal communications
not indexed in academic databases, particularly for
older or regionally specific information. When rele-
vant data were available, we consulted and cited the
original primary sources referenced in those
accounts. Primary studies not included in Birds of
the World (Billerman et al. 2025) but identified
through database searches or independent review
were incorporated as well. We also included gray litera-
ture, such as master’s theses and doctoral dissertations,
if they provided original, age-specific data on wild
breeding populations and met basic methodological
standards. Information from Johnsgard (1990) was
used only when it provided relevant observations not
clearly documented elsewhere.

We excluded sources if they lacked data on age at
first breeding, involved captive individuals, or focused
on populations outside the geographic scope of the
United States and Canada. Studies with ambiguous or
anecdotal evidence were omitted unless supported
by additional citations or clear, methodologically
sound observational data. One author (MTS) con-
ducted the initial screening and full-text reviews,
and unclear cases were resolved in consultation

with coauthors to maintain consistency and objectiv-
ity in data inclusion. For each species, we recorded
the minimum age at first documented breeding (the
youngest observed breeder) and, when available, the
typical age at first breeding (the age most individuals
first initiate breeding), noting any distinctions by sex
or region. In cases of multiple or conflicting reports,
we favored the most recent or comprehensive studies
and noted any biologically meaningful variation.

To increase transparency and align with best
practices in evidence synthesis, this review followed
guidelines adapted from the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses
(PRISMA) framework (Page et al. 2021), with addi-
tional consideration of PRISMA-EcoEvo adaptations
for ecology and evolutionary biology (O’Dea et al.
2021). These included the incorporation of gray lit-
erature, targeted species-level searches, and flexible
inclusion criteria to reflect the observational and
ecological nature of raptor life history data. A flow
diagram summarizing the literature selection pro-
cess is provided in Figure 1.

By combining automated database searches with
manual reviews of species accounts, we aimed to build
a robust and inclusive dataset. This dual strategy
allowed us to synthesize both widely known and
underreported cases of early breeding across the diur-
nal raptor species that compose the breeding avifauna
of the United States and Canada. The resulting com-
pilation provides a foundation for identifying demo-
graphic patterns, informing conservation efforts, and
guiding future research on the life histories of raptors
and other bird species.

We did not perform statistical testing of sex dif-
ferences in age at first breeding, as the purpose of
this review was to compile and summarize reported
values rather than to reanalyze raw data. In many
cases, sex-based differences were drawn directly
from the literature and reported descriptively or
anecdotally, often without formal testing or large
sample sizes. When sources noted distinctions by
sex, we included them, while recognizing the
potential for sampling limitations and methodo-
logical variability. Our intention was to summarize
the available evidence while acknowledging its
limitations, not to evaluate the statistical robust-
ness of each individual study.

RESULTS

Our keyword search returned 319 results, 279 of
which were excluded during title and abstract screen-
ing. An additional 106 records were included after
reviewing species accounts from Birds of the World
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(Billerman et al. 2025) and other gray literature
sources (Fig. 1). In total, we compiled information on
age at first breeding for 25 of the 31 species of diurnal
raptors that regularly breed in the United States and
Canada (Table 1). Minimum age at first breeding was
documented for these 25 species, while for the remain-
ing six—White-tailed Kite (Elanus leucurus), Hook-
billed Kite (Chondrohierax uncinatus), Zone-tailed Hawk
(Buteo albonotatus), Short-tailed Hawk (Buteo brachyu-
rus), Common Black Hawk (Buteogallus anthracinus),
and Gyrfalcon (Falco rusticolus)—age at first breeding
remains unknown within the United States and Can-
ada due to insufficient data. Typical age at first breed-
ing was reported for 18 species, often with distinctions
by sex or region. Species with well-studied populations,
such as the Peregrine Falcon and Cooper’s Hawk,
offered the most detailed estimates.

Falcons (Falconidae) generally exhibited earlier
ages at first breeding than eagles or large buteos.
For example, species such as the American Kestrel
(Falco sparverius) and most female Merlins (Falco
columbarius) commonly breed while still in pre-
definitive plumage—typically within their first year.
In the kestrel, although the preformative molt of
body feathers can make them visually similar to

those in definitive plumage, formative plumage can
be identified by retained juvenile remiges and rec-
trices (Pyle 2008). In contrast, most male Merlins
delayed breeding until their second cycle (Lieske
et al. 1997, Smallwood and Bird 2020).

Large-bodied species like the Bald Eagle (Hal-
iaeetus leucocephalus) and Golden Eagle (Aquila chrys-
aetos) typically defer breeding until reaching
definitive appearance, often at 4–5 yr of age or later
(Steenhof et al. 1983, Gerrard et al. 1992, Pyle
2008). Sex-based differences in age at first breeding
were also reported in some species, such as Cooper’s
Hawks, where 1-yr-old females were more frequently
observed breeding in pre-definitive plumage than
males (Millsap et al. 2019), and Broad-winged Hawks
(Buteo platypterus), where young males more fre-
quently bred than females (Crocoll and Parker 1989).

DISCUSSION

Understanding when raptors begin breeding is
essential for interpreting reproductive output, forecast-
ing population dynamics, and informing conservation
strategies—especially for species facing environmental
pressures or ongoing recovery. Our review highlights

Figure 1. PRISMA 2020 flow diagram showing the literature selection process for sources reporting age at first breeding in
North American diurnal raptors. The diagram summarizes all sources assessed, excluded, and the number excluded for spe-
cific reasons (e.g., outside the area of interest (AOI) or focused on captive populations). Birds of the World sources refer to
species accounts accessed manually. Johnsgard (1990) refers to Hawks, Eagles, and Falcons of North America, which provided
natural history summaries for the 31 focal species. Figure adapted from Page et al. (2021), licensed under CC BY 4.0.
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substantial variation in the age at first breeding among
diurnal raptors that breed in the United States and
Canada, both across species and between sexes. Breed-
ing prior to attainment of definitive appearance was
more common in small-bodied species—especially
falcons and forest hawks—and particularly among
females. In contrast, large-bodied, long-lived species
typically initiated breeding later, often several years
post-fledging. Sex differences were also common,
with females often recruiting earlier than males.
Breeding in a pre-definitive stage was also more
common in expanding or recovering populations, as
seen in Prairie Falcons (Falco mexicanus) and Pere-
grine Falcons during post-DDT recovery (Platt 1977,
Wendt and Septon 1991, Tordoff and Redig 1997),
and in some urban populations such as Cooper’s
Hawks, where relaxed territorial competition may
facilitate earlier recruitment (Stout and Rosenfield
2010, Millsap 2018).

These patterns reflect the evolutionary trade-offs
between reproductive timing, survival, and social
constraints discussed previously. While early breed-
ing may boost lifetime reproductive output (Sibly
and Calow 1986), it can also come at the cost of
reduced survival or lower breeding success—especially
for males that must secure and defend territories and
provision their mates and broods (Forslund and Pärt
1995, Rosenfield et al. 2013, Millsap et al. 2019).
Delayed breeding in larger raptors may also be shaped
by social dynamics such as territory saturation, domi-
nance hierarchies, and cooperative behaviors (Newton
1979). In populations where all suitable breeding sites
are occupied it is reasonable to expect age at first
breeding to average higher—and exceed the age at
which definitive plumage is acquired—because some
individuals are relegated to floating until suitable
breeding sites become available (Hunt 1998).
Comparable delays have also been documented
in White-tailed Eagles (Haliaeetus albicilla), where
individuals in a reintroduced Scottish population
initiated breeding at about 5 yr of age, despite
being physiologically capable of reproducing ear-
lier (Evans et al. 2009). This pattern mirrors that
of Bald Eagles, where social and ecological con-
straints often postpone breeding beyond the age
of sexual maturity.

Some species demonstrated flexibility in breed-
ing age under specific demographic or environ-
mental conditions. For instance, Golden Eagles
have bred earlier in low-density areas (Steenhof et al.
1983), whereas Snail Kites (Rostrhamus sociabilis)
showed variation tied to food availability and drought
cycles (Beissinger 1986). Younger individuals were
more likely to breed in low-density or recovering

populations where competition is reduced (Ferrer
et al. 2004). Variation in urban environments may
also promote earlier breeding by increasing prey
availability and reducing predation risk (Boal and
Dykstra 2018), though these mechanisms warrant fur-
ther study across species and regions. Recent observa-
tions also suggest that emerging threats, such as
disease outbreaks, may influence breeder age struc-
ture. Following highly pathogenic avian influenza
outbreaks in Scotland, an unusually high proportion
of Peregrine Falcon territories were occupied by sub-
adult birds. This pattern is consistent with a possible
reduction in adult survival (Smith et al. 2025).
Although causation remains difficult to establish,
such shifts highlight the potential for breeder age to
serve as an indicator of population stress.

Despite several consistent trends, our synthesis
reveals notable gaps in current knowledge. Six species
in our review lacked reliable data on age at first breed-
ing, and many others were missing sex-specific or
regionally nuanced estimates. For three species, no
data exist, while for two others only anecdotal observa-
tions suggest pre-definitive birds pairing or displaying
but not nesting (e.g., Short-tailed Hawk: Miller and
Meyer 2020; Common Black Hawk: Boal and Mannan
1996). Gyrfalcons provide a partial exception, with
breeding recorded in captivity and in Palearctic popu-
lations as early as 2 yr old for females and 3–4 yr old
for males (Booms et al. 2020), though such data are
lacking for North America. Even in well-studied spe-
cies, age estimates were sometimes based on captive
birds or isolated populations, limiting their broader
applicability. Few studies addressed interannual
variation or long-term trends, which could provide
insight into the effects of habitat change, popula-
tion instability, or food resource availability on age
of first breeding.

Finally, the propensity for early breeding based
on the proportion of birds observed in pre-defini-
tive plumage at nesting sites may not be representa-
tive of the actual frequency of early breeding. For
example, Millsap (2018) estimated that 96% of 1-yr-
old female Cooper’s Hawks in an urban study popu-
lation acquired a breeding territory and attempted
to breed, yet only 11% of breeding females on the
study area were first-year birds (many of the early
breeders emigrated and bred elsewhere). Although
our review compiles available evidence of sex-based
variation in age at first breeding, the underlying
data were often limited or descriptive and should
be interpreted cautiously. Few studies conducted
formal statistical comparisons, particularly for large-
bodied raptors where sample sizes are typically
small. This underscores a clear need for more
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rigorous, sex-specific demographic studies to clarify
when and how males and females begin breeding
across species.

Although our review focused solely on age at first
breeding, it highlighted several broader research
needs. Long-term demographic monitoring, includ-
ing individual banding and resighting, remains
essential for tracking reproductive onset across
life stages. Telemetry and emerging tools such as
remote cameras could be particularly valuable for
detecting breeding behavior of younger individu-
als, especially in remote or low-density popula-
tions where such events may be underreported.
Future studies should aim to include sex-specific
and regionally stratified data, as gaps remain for
many species—particularly kites and Neotropical
migrants. Finally, a more mechanistic understanding
of reproductive timing could be gained by assessing
how ecological factors such as prey availability, den-
sity dependence, or habitat quality influence the age
of first breeding.

An especially promising tool for future research is
the Cornell Lab of Ornithology’s Macaulay Library
(https://media.ebird.org/catalog), which currently
hosts more than 70 million images of birds world-
wide. This resource has been used to study molt pat-
terns and age in birds (cf. Pyle 2022). Researchers
can filter images by species, age class, nest, and other
breeding parameters to search for breeding individu-
als in pre-definitive plumages. Many of these birds
can then be aged precisely by molt-related informa-
tion (Pyle 2005b, 2008). Pre-definitive birds showing
“suspension limits” indicating molt was suspended
due to breeding during the previous season can also
be investigated (Pyle 2005b).

To support future syntheses, we strongly recom-
mend that researchers use consistent and searchable
terminology—such as “age at first breeding,” “breed-
ing age,” or “reproductive maturity”—in titles,
abstracts, and keywords. Standardized terminology
and age classification frameworks are especially
important for ensuring comparability across studies
and taxa, particularly in species with differing molt
strategies and plumage development timelines.
Clear, consistent definitions help unify disparate
data sources and allow findings to be meaningfully
compared across populations, regions, and species.
In addition, we emphasize the importance of edito-
rial willingness to publish rigorous natural history
studies—including foundational demographic traits
like age at first breeding—that are essential for long-
term conservation planning. Despite their importance,
such studies are often underrepresented in the litera-
ture, and greater editorial support could help ensure

that basic but vital biological data are more widely
accessible.

Our automated searches queried both titles/
abstracts and, in the case of Google Scholar, much
of the full text. Thus, mentions of age at first breed-
ing in discussions could have been retrieved if con-
sistent terminology had been used. However, in
practice, many papers reported these data only inci-
dentally—for example, in the discussion of broader
breeding ecology studies—without using standard-
ized terms in searchable fields. This pattern limited
the effectiveness of automated searches. Our review
process revealed that a substantial portion of rele-
vant data (more than 100 sources) was therefore
absent from automated search results and only
uncovered through manual review of species
accounts and gray literature. Similarly, inconsistent
or incorrect use of terminology—such as referring
to, alternatively, formative or second basic plumage
as the “first prebasic plumage,” despite proposed
revisions to the Humphrey-Parkes system—hinders
accurate age determination (Howell et al. 2003,
Pyle 2005a, Clark and Pyle 2015). This underscores
how use of differing terminology can obscure homol-
ogies, complicate age-class identification, and limit
integration of existing knowledge into broader syn-
theses. An understanding of variation in the acquisi-
tion of definitive plumage appearance among species
is poorly known, especially for larger species that take
.2 yr to reach this definitive appearance and where
pre-definitive appearance can overlap in different
cohorts. This can be investigated by comparing plum-
age appearances among marked known-age birds or
with those in which age can be more accurately deter-
mined by remigial molt patterns (Pyle 2005b, 2008).

Although our synthesis focuses on diurnal rap-
tors that breed in the United States and Canada, we
recognize that age at first breeding has also been
studied in populations elsewhere. For widely distrib-
uted species such as Peregrine Falcons, Golden
Eagles, and Bald Eagles, international comparisons
may reveal differences in breeding age associated
with climate, density, or management context.
Although we restricted our review to a well-defined
regional subset to ensure consistency and feasibility,
future syntheses could build on this foundation by
incorporating global data to assess the generality of
these patterns across the broader ranges of shared
or closely related species. Available evidence from
outside North America suggests that such patterns
are broadly consistent, indicating they are unlikely
to reflect geographic peculiarity.

Understanding when individuals enter the breed-
ing population is critical for estimating reproductive
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rates, forecasting population growth, and identify-
ing demographic bottlenecks. In threatened or
recovering species, early breeding may buffer pop-
ulations during periods of high adult mortality or
habitat loss (Cole 1954). By clarifying the timing
and variability of the onset of breeding, this syn-
thesis provides a foundation for improved popula-
tion modeling and conservation planning across a
diverse guild of avian predators, and we provide a
methodological roadmap for the review of age at
first breeding in other bird families.

SUPPLEMENTAL MATERIAL (available online):
Appendix 1: Literature search protocol and code:
Systematic literature search for age at first breeding
in diurnal raptors.
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