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ABSTRACT.—The Broad-winged Hawk (Buteo platypterus) is an obligate long-distance migrant that breeds in
deciduous and mixed forests of North America and migrates to Neotropical regions to overwinter. Despite
advances in understanding the breeding ecology and migration of this species, the overwintering period and
associated threats remain understudied. We used telemetry data to quantify land cover composition and
threats during the overwintering period of seven females affixed with Argos solar-powered transmitters
between 2014 and 2018. Broad-winged Hawks in our study nested in Pennsylvania, USA, and overwintered in
Colombia, Brazil, and Peru. Overwintering areas varied in size (x=243.6 = 101.2 km2) and were composed
of evergreen sub-montane forests, lowland non-flooded forests, and lowland flooded evergreen forest. In
general, the loss of forest cover in all areas used by Broad-winged Hawks in our study did not exceed 10% of
the total overwintering area used, suggesting Broad-winged Hawks may select wintering areas with little forest
disturbance. Illegal mining was a common disturbance in areas used by Broad-winged Hawks overwintering
in southern Peru, and forest fires were the prevalent disturbance in the overwintering area of Mato Grosso in
western Brazil. These results provide the first analysis of land cover composition and threats of Broad-winged
Hawks during the overwintering period. Although more data are needed to determine specific habitat
selection for this species, our study suggests large forested areas in the Neotropics are key to ensure the
conservation of the Broad-winged Hawk during the overwintering period, an understudied stage of its
annual cycle.

Key WORDS: Broad-winged Hawk; Buteo platypterus; Amazon forest; Neotropical; raptor; satellite telemetry; winter
habitat.

INDIVIDUOS INVERNANTES DE BUTEO PLATYPTERUS EN EL NEOTROPICO: COMPOSICION DEL
PAISAJE Y AMENAZAS EN AREAS DE INVERNADA DE UN MIGRANTE DE LARGA DISTANCIA

RESUMEN.— Buteo platypterus es un migrante de larga distancia obligado que cria en bosques deciduos y mixtos
de Norteamérica y que migra a regiones neotropicales para invernar. A pesar de los avances para entender la
ecologia reproductiva y la migraciéon de esta especie, el periodo de invernada y las amenazas asociadas
durante este periodo no han sido suficientemente estudiadas. Entre 2014 y 2018 usamos datos de telemetria
para cuantificar la composiciéon de la cobertura del suelo y las amenazas durante el periodo de invernada en
siete hembras de B. platypterus provistas con transmisores solares Argos. En nuestro estudio, B. platypterus
anid6 en Pensilvania, EEUU, e invern6 en Colombia, Brasil y Pera. Las areas de invernada variaron en
tamano (¥ = 243.6 = 101.2 km?) y estuvieron compuestas por bosques sub-montanos siempre-~verdes,
bosques no inundables de tierras bajas y bosques siempre-verdes inundables de tierras bajas. En general, la
pérdida de cobertura boscosa en todas las areas usadas por B. platypterus en nuestro estudio no excedio el
10% del area total de invernada usada, sugiriendo que B. platypterus puede seleccionar areas de invernada en
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bosques poco perturbados. LLa mineria ilegal fue un disturbio comiin en las areas usadas por los individuos
de B. platypterus invernando en el sur de Per, y los fuegos del bosque fue el disturbio predominante en el

area de invernada de Mato Grosso, en el oeste de Brasil. Estos resultados brindan el primer analisis de la
composicion de la cobertura del suelo y de las amenazas de B. platypterus durante el periodo de invernada.

Aunque se necesitan mas datos para determinar la seleccion especifica de habitat para esta especie, nuestro
estudio sugiere que grandes areas de bosque en el Neotrépico son clave para asegurar la conservacion de B.

platypterus durante el periodo de invernada, una etapa poco estudiada de su ciclo anual.

INTRODUCTION

The complexity of migration and the variety of
areas occupied during the full annual cycle of
migrating birds pose a challenge in the conservation
of raptor populations (Céspedes and Bayly 2018). At
least 60% of all raptors undergo a biannual
migration (Bildstein 2006), with 32 species of
raptors migrating from North to Central and South
America (e.g., Swainson’s Hawks [Buteo swainsoni],
Ospreys [ Pandion haliaetus], Peregrine Falcons [Falco
peregrinus], Swallow-tailed Kites [Elanoides forticatus],
Mississippi Kites [Ictinia mississippiensis]; Bildstein
2006). These long-distance Neotropical migrants are
exposed to many threats throughout their annual
cycle such as hunting, pollution in stopover and
overwintering sites, and habitat destruction and
fragmentation in their breeding and overwintering
areas (Newton 2004, Sanderson et al. 2006, Klaassen
et al. 2014). Historically, research on migratory
species focused on population dynamics of the
breeding season and habitat use in temperate and
boreal regions (Faaborg et al. 2010a, 2010b).
Therefore, our understanding of the overwintering
period, especially for long-distance migrants over-
wintering in the Neotropics, remains limited (Marra
et al. 2015, Bayly et al. 2017, Wilson et al. 2018).

Recent research has shown that land-use changes
in tropical regions (e.g., expansion of agriculture
and cattle ranching) may contribute to the global
declines of Neotropical migrants (Taylor and Stutch-
bury 2016, Kramer et al. 2018, Wilson et al. 2018).
Habitat conversion and fragmentation due to
human disturbances in the overwintering habitat
of Neotropical migrants can reduce overwinter
survival or potentially reduce breeding success of
surviving individuals (Rockwell et al. 2017). An
increasing number of studies of songbirds have
addressed the importance of the wintering grounds
for survival of migrant bird populations. For
example, Wilson et al. (2018) concluded landscape
disturbances in the overwintering areas are a
limiting factor contributing to population declines
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of the Canada Warbler ( Cardellina canadensis). Other
studies in songbirds have identified lower survival
rates related to availability of quality habitat during
the overwintering period (Marra and Holmes 2001,
Sillett and Holmes 2002, Martin et al. 2007, Paxton
et al. 2017). Studies of raptors breeding in Europe
have also suggested the importance of resource
availability in their overwintering areas. For exam-
ple, Lesser Kestrels (Falco naumanni) overwintering
in the Sahel region showed a strong correlation
between first-year survival and rainfall in the
overwintering area, due to the increase in prey
availability (Mihoub et al. 2010). Other studies in
grassland ecosystems show the importance of prey
availability (i.e., Wuczynski 2003, Baltag et al. 2013,
Limana et al. 2015) and human disturbance (Wood-
bridge et al. 1995, Goldstein et al. 1997, Goldstein et
al. 1999a, 1999b) in overwintering areas for survival
of raptor populations. For example, Swainson’s
Hawks overwintering in agricultural lands in the
Pampas of Argentina were incidentally poisoned
with the insecticide Monocrotophos, which killed
more than 6000 individuals (Woodbridge et al. 1995,
Goldstein et al. 1997, Goldstein et al. 1999a, 1999b).
This finding led to a successful agreement banning
this insecticide in the region, resulting in reduced
overwinter mortality. Unfortunately, studies of win-
ter habitat use by Neotropical migratory raptors
remain limited, especially for forest-dwelling species.

The Broad-winged Hawk (Buteo platypterus) is a
long-distance migrant that breeds across central and
eastern North America and nests in continuous
mixed deciduous forests (Goodrich et al. 2014).
Broad-winged Hawks migrate to the Neotropics and
overwinter in Central and South America, with many
individuals overwintering in the Amazon basin
(Haines et al. 2003, Goodrich et al. 2014, McCabe
et al. 2020). Information (e.g., survival, foraging
ecology, resource selection) on the overwintering
period of the Broad-winged Hawk annual cycle is
limited (Thiollay 2007, Goodrich et al. 2014). Broad-

winged Hawk populations have undergone declines



JunNE 2021

in the northeast and mid-Atlantic United States
(Farmer et al. 2008, Wilson et al. 2012); therefore, it
is important to identify factors limiting populations
across their geographic distribution to develop
reliable range-wide conservation strategies. Some
Broad-winged Hawks overwinter in forested regions
of the Amazon basin, an area recognized as a global
reservoir of biodiversity (Stotz et al. 1996, Steege et
al. 2003). However, the Amazon basin has experi-
enced increased anthropogenic disturbance during
past decades, including conversion of primary forest
to crop production and pasture, resulting in
widespread loss of forest cover (Curtis et al. 2018,
Carvalho et al. 2019).

In this study, our goals were to: (1) characterize
land cover of overwintering areas of Broad-winged
Hawks, (2) identify land cover availability and
anthropogenic disturbance (i.e., deforestation, ille-
gal mining, forest fires) within the immediate
available landscape surrounding Broad-winged
Hawk overwintering areas, and (3) summarize the
conservation implications of our results. We predict-
ed Broad-winged Hawks would use large, contiguous
forest during the winter period, similar to what they
use during the breeding season (Goodrich et al.
2014). We expected wintering areas used by Broad-
winged Hawks to have low levels of anthropogenic
disturbance and include areas with some level of
legal protection (i.e., protected areas or indigenous
territories) compared to the available landscape.

METHODS

Capture and Telemetry. Adult Broad-winged
Hawks were captured and equipped with satellite
transmitters during the nesting period in three
forested regions of Pennsylvania, United States
(40°77'N, 75°59'W; 41°14'N, 75°9'W; and 41°39'N,
79°2’W) from June to July 2014-2018. Nest sites were
predominantly found in forest that comprised oaks
(Quercus rubra, Q. alba, Q. velutina, and Q. prinus), red
maple (Acer rubrum), hickories (Carya spp.), white
pine (Pinus strobus), and eastern hemlock (7Tsuga
canadensis; McCabe et al. 2019). We used mist nets,
and a mechanical Great Horned Owl (Bubo virgin-
ianus) with playback calls as a lure (Jacobs 1996,
McCloskey and Dewey 1999) to trap adult females
near nests at least 1-2 wk after young hatched. Sex of
individuals was determined based on nesting behav-
ior and weight (Mosher and Matray 1974). All birds
received a US Geological Survey aluminum leg band
and two plastic color leg bands for individual
identification. We attached solar-powered Argos
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satellite 9.5-g platform transmitter terminals (PTTs;
Microwave Telemetry, Inc., Columbia, MD, USA)
using the backpack harness method (Steenhof et al.
2006) and 4-6 mm Teflon ribbon (Bally Ribbon
Mills, Bally, PA, USA). We deployed satellite tags on
individuals with a body weight of >380 g to ensure
the combined tag and harness weight (approximate-
ly 11.5 g) did not exceed 3% of the bird’s mass
(Murray and Fuller 2000, Barron et al. 2010). For
this study, we only included females with one
complete annual cycle of data, and with known
arrival and departure dates from overwintering
areas, resulting in a sample size of seven females.

We defined the start and end of the overwintering
period following methods in McCabe et al. (2020),
with the start of the overwintering periods as the
farthest southern location after which all subsequent
locations were localized (nondirectional move-
ments) and once no further migration movement
occurred. We defined the end of the overwintering
period, and the start of spring migration, as the last
location prior to northward migration that was <32
km from the overwintering area. We filtered
overwintering location estimates to include only
the most accurate location classes of 3, 2, and 1
(<250 m, <500 m, and <1500 m error, respectively;
ARGOS 2017).

Overwintering Areas and Land Cover Composi-
tion. We first determined the 95% occurrence
distribution for each female’s overwintering area
using continuous-time movement models in the
ctmm package (Fleming et al. 2017) in R 3.5.2 (R
Core Team 2018). The occurrence distribution uses
locations and the error to estimate where the animal
was located over a distribution of times during the
sampling period (Fleming et al. 2015, Fleming et al.
2016). This approach is sampling dependent, so it is
based on where the animal was located during the
study period, and does not require a minimum
sample of locations, as opposed to home range
estimates based on location probability (Fleming et
al. 2015). This method leverages autocorrelation
because it reflects where the animal was located and
does not interpolate the data to estimate a range
(Fleming et al. 2016) and allows for model selection
prior to analysis (Fleming et al. 2017). Model
selection was based on the Akaike Information
Criteria (AIC; Akaike 1974) following Fleming et
al. (2017). For each bird, we calculated the error
model which then was fitted into the occurrence
distribution. Further, we exported the occurrence
distributions as shape files in ArcGIS 10.3 (Esri
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Overwintering areas (occurrence distributions) of adult female Broad-winged Hawks in South America from

20142018 (n="7). Number of locations represents the total number of locations for the entire overwintering period from

October—February.

Birp ID YEAR LocatioNn OVERWINTERING AREA (km?) No. oF LOCATIONS
135760 2014 Mato Grosso, Brazil 10.2 17
146904 2015 Amazonas, Brazil 23.7 34
146902 2015 Boyaca, Colombia 23.7 18
146905 2015 Madre de Dios, Peru 651.8 17
2016 Madre de Dios, Peru 348.0 13
161202 2016 Madre de Dios, Peru 303.4 16
146909 2016 Amazonas, Peru 442.9 105
2017 Amazonas, Peru 4.1 128
2018 Amazonas, Peru 7.2 21
146907 2016 Madre de Dios, Peru 16.3 12
2017 Madre de Dios, Peru 6.1 21
2018 Madre de Dios, Peru 3256.9 26

2019) and calculated total area (km?) of the
occurrence distribution for each individual using
the Calculate Geometry tool.

For all seven individuals, we used the first year of
data to calculate average occurrence distribution (*
SE) for the overwintering areas using InfoStat 5.13
(Di Rienzo etal. 2001). We estimated the correlation
between the number of locations used and the area
of the occurrence distribution modeled using the
Spearman’s rank correlation index between size of
the occurrence distribution and the number of
locations.

To calculate land cover composition of overwin-
tering areas, we intersected each individual’s occur-
rence distribution polygons with major vegetation
types from the Terrestrial Ecoregions (1:7,500,000)
shape file product by The Nature Conservancy
(TNC; Olson and Dinerstein 2002) in ArcGIS. The
TNC layer was used because it standardized eco-
regions for all of South America, allowing for
comparison among different countries. We grouped
land cover types into categories using information
on their physiography, phenology, and flood regime
(see Supplemental Materials Table S1). The result-
ing categories included: (1) Yungas montane ever-
green rainforest, (2) Sub-montane evergreen
rainforest, (3) Lowland non-flooded evergreen rain-
forest, (4) Lowland flooded evergreen rainforest,
(5) Dry Andean scrub and shrub, (6) Other natural
vegetation, and (7) Human-altered landscape. Per-
cent cover was calculated for each category listed
above, within individual occurrence distributions
(hereafter, overwintering area).

Landscape Composition and Threats. To estimate
land cover and anthropogenic disturbance sur-
rounding Broad-winged Hawk overwintering areas
we calculated the centroid of each bird’s occurrence
distribution using the Spatial Statistics tool (Esri
2019) in ArcGIS. We then created a 32-km radius
buffer (area = 3217 km?) around each centroid, a
measure based on the radius obtained from the
largest overwintering area used by a Broad-winged
Hawk in our study (area = 3256.9 km®, radius = 32
km). Due to the small number of location fixes for
some individuals (Table 1), we decided to use the 32-
km radius buffer to estimate percent of protected
areas and anthropogenic disturbances surrounding
(i.e., available landscape) Broad-winged Hawk over-
wintering areas as opposed to using the overwinter-
ing areas themselves. Given the significant
correlation between the number of locations per
bird and the size of overwintering areas (Spearman
0.6, P=0.04), using the overwintering areas might
have underestimated the percent of protected area
and anthropogenic disturbances for individuals with
a small number of locations. Hence, using the 32-km
radius provides a more comprehensive and standard
approach to assess the disturbances in the landscape.
Because we aimed to assess the land cover as a
percentage in the overwintering areas, this correla-
tion does not interfere with our results.

We used the 32-km radius buffer to calculate the
percentage of areas with: (a) some degree of
protection (i.e., legally designated areas by govern-
ments and indigenous reserves [United Nations
Environment Programme-World Conservation
Monitoring Centre 2020]), (b) areas impacted by
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Table 2. Major land cover types and the percent used by Broad-winged Hawks (n=7) in their overwintering areas in
South America from 2014-2018.

LowLAND LowLAND
YUNGAS MONTANE ~ SUB-MONTANE ~ NON-FLOODED  FLOODED  DRY ANDEAN OTHER HumaN-
EVERGREEN EVERGREEN EVERGREEN EVERGREEN ~ SCRUB AND NATURAL ALTERED
BIRD ID  YEAR RAINFOREST RAINFOREST RAINFOREST ~ RAINFOREST SHRUB VEGETATION  LLANDSCAPES
135760 2014 - 76.7 - - - 23.3 -
146904 2015 - 100 - - - - -
146902 2015 56.4 36.2 - - - - 7.43
146905 2015 - - 66.6 25.2 - - 8.2
2016 - - 89.2 4.2 - - 6.6
161202 2016 - - 82.3 - - - 17.7
146909 2016 29.4 - - 48.1 12.5 10 -
2017 29.9 - - - - - 70.1
2018 51.4 - - - - 3.6 45
146907 2016 - 68.7 - 29.3 - - 2
2017 - 61.8 28 9.6 - - 0.6
2018 - 72.9 0.9 6.6 - - 19.6

illegal mining (Red Amazoénica de Informacion
Socioambiental Georreferenciada [RAISG] 2019),
(c) forest fires (RAISG 2019), and (d) loss of forest
cover greater than 30% during 2014-2018 per Forest
Global Watch (Hansen et al. 2013). We were not able
to assess illegal mining and fire impact assessment
for Colombia as this information was only available
for the Amazon basin. Finally, we compared land
cover composition in the surrounding available
landscape (i.e., at 32-km radius) to land cover
composition within overwintering areas as derived
from telemetry data (using a Pearson’s chi-square
test in R 3.5.2 (Patefield 1981).

REsULTS

Overwintering Areas and Land Cover Composi-
tion. Overwintering areas of Broad-winged Hawks
ranged from 10.2 km® to 651.8 km? (% = 243.6 =
101.2 km2; n="17 birds [first year of data]; Table 1).
All birds overwintered in areas dominated by forests
(x=88.5 = 3.6%), including sub-montane evergreen
rainforests (¥ = 40.2 * 15.9%) and lowland non-
flooded evergreen rainforests (x=21.3 * 13.8%),
followed by lowland flooded evergreen rainforest (x
= 14.6 £ 7.4%) and Yungas montane evergreen
forests (x=12.3 * 8.4%). Human-altered landscapes
made up only 5% of the land cover (¥=5.0 = 2.5%),
and other natural vegetation contributed to the
remaining 6.5% (Table 2, Fig. 1).

Landscape Composition and Threats. The most
common available land cover type surrounding
overwintering areas was sub-montane evergreen

rainforest (x= 38.7 = 14.1%), followed by human-
altered landscapes (x=18.6 = 7.9%) and lowland
non-flooded evergreen rainforest (x=17.4 = 8.4%).
Other land cover in the area included lowland
flooded evergreen rainforest (10%), Yungas mon-
tane evergreen forest (7.1%), and dry Andean scrub
and shrub, and other natural vegetation accounted
for <4%. Total forest available composed 74.8% of
the surrounding landscape. We found no difference
between available forest in the surrounding land-
scape and forest within Broad-winged Hawk over-
wintering areas (74.8% available vs. 89.7%
overwintering areas, chi-square, P=0.14).

Protected areas. The amount of protected areas in
the available landscape surrounding overwintering
areas of Broad-winged Hawks varied from 0% to
100% (x=35.8 = 13.4%). Two of the seven females
had wintering ranges outside of protected areas or
indigenous territories. Four females wintered in
areas containing more than 20% protected areas,
and one female stayed almost exclusively (92-100%)
in a protected area (Tambopata National Reserve,
Peru; Table 3).

Anthropogenic disturbances. Of the six overwintering
areas analyzed for illegal mining, four had available
landscapes that overlapped with illegal mining areas,
two of which had illegal mining disturbances in
<20% of the available landscape (Fig. 1). Broad-
winged Hawks wintering in Peru (n=4) showed the
greatest percentage of overwintering areas impacted
by illegal mining (x=12.3 = 7.1%), especially within
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Table 3. Percent of protected areas and habitat disturbance within Broad-winged Hawk (n="7) overwintering areas and
the surrounding available landscape (32-km radius buffer) in South America from 2014-2018.

PROTECTED AREAS AND AREAS AFFECTED AREAS AFFECTED TREE COVER LOSS
BirD ID YEAR INDIGENOUS TERRITORIES BY ILLEGAL MINING BY FOREST FIRES (>30%)
135760 2014 0.0 0.0 38.2 7.0
146904 2015 45.1 0.0 0.0 0.0
146902 2015 22.0 - - 1.9
146905 2015 58.0 27.4 2.2 3.0
2016 6.5 6.9 2.4 3.2
161202 2016 25.2 21.6 1.0 4.5
146909 2016 0.0 0.4 1.0 0.9
2017 0.0 0.0 1.3 0.8
2018 0.0 0.1 1.2 0.8
146907 2016 100.0 0.0 0.0 0.3
2017 92.1 2.4 0.0 0.4
2018 100.0 0.0 0.0 0.3

the southern region of Madre de Dios. Broad-winged
Hawks overwintering in Brazil (n=2) did not appear
to use areas affected by illegal mining. Available
landscape affected by forest fires represented <5%
for five females, while one individual (Bird ID
#135760) in 2014 overwintered in an area progres-
sively impacted by forest fire (38% of the area
affected from 2000 to 2017; Table 3). Deforestation
occurred in all Broad-winged Hawk overwintering
areas in our study (x=2.5 £ 0.9%), with the greatest
forest cover loss occurring in Mato Grosso, Brazil
(Bird ID #135760; Table 3). Conversely, the other
bird overwintering in Brazil (Bird ID # 146904) had
the lowest value of tree cover loss (0.01%).
DiscussION

Broad-winged Hawks remained in discrete areas
throughout the overwintering period and as pre-
dicted, wintered predominantly in large continuous
evergreen forests in the Amazon basin. Overwinter-
ing areas were dominated by two forest types, sub-
montane and lowland non-flooded rainforests.
These land cover types are widely found throughout
the Amazon rainforest and are a component of the
habitat of many other congeneric year-round resi-
dent raptors (e.g., Short-tailed Hawk [Buteo brachyu-
rus], Roadside Hawk [Rupornis magnirostris], Gray-
lined Hawk [B. nitidus], and White-throated Hawk
[B. albigula]; Schulenberg et al. 2010). Meller and
Bencke (2012) recorded Broad-winged Hawks in
Brazil using terra firme forests (e.g., lowland non-
flooded evergreen rainforests). Interestingly, these
types of forest were the second most common forest
type in our study. Other authors have reported the

species in similar montane humid well-preserved
forests of Argentina (Roesler and Mazar Barnett
2004, Klavins et al. 2012). In addition, Kilpp et al.
(2018) reported records of Broad-winged Hawks in
Andean forests based on eBird records and other
unpublished data. EBird data may not be represen-
tative of the entire winter range due to the site bias
inherent in birdwatching proximity to roads and
edges. Vilella and Hengstenberg (2006) found
similar vegetation types used by radio-tagged Broad-
winged Hawks of the nonmigratory subspecies in
Puerto Rico (B. platypterus brunnescens), although
their study concluded adult Broad-winged Hawks
mostly used closed sub-montane evergreen forests,
while inexperienced juveniles preferred areas with
easily accessible prey (e.g., open areas, roads).

In this study, we only report on landscape
composition of overwintering areas for adult females
wintering in South America; landscape use could
vary by age, sex, and region. For example, Meller and
Bencke (2012) recorded two immature Broad-
winged Hawks in southern Brazil, which represented
the southernmost published records of the winter-
ing areas known for the species. As discussed by
Farmer et al. (2008), there is a tendency in some
raptors for juveniles to overwinter farther south than
adults. However, this hypothesis remains to be tested
as recent documented records in eBird (2020) show
adults in locations farther south than the ones
reported by Meller and Bencke (2012). Whether
these records correspond to overwintering areas
regularly used by the species, as suggested by Kilpp et
al. (2018), or to cases of vagrancy will require further
research.
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Furthermore, observations made by Thiollay
(2007) in the French Guianas indicate Broad-winged
Hawks rarely use interior primary forests and are
more common in coastal areas and forest edges.
Although the results from our study do not exclude
the use of secondary forests and human-disturbed
areas, the most common land cover types observed
in this study are less-disturbed interior forests. This
finding was consistent with the records compiled by
other authors (e.g., Roesler and Mazar Barnett 2004,
Meller and Bencke 2012), who conclude that the
species is primarily associated with dense primary
forests. Our findings suggest Broad-winged Hawks
avoid urban and open areas during the winter
period, consistent with behavior during the breed-
ing period (Goodrich et al. 2014, McCabe 2016).

Many studies analyzing overwintering areas in
raptors use the home range approach (e.g., Higuchi
et al. 2006, Washburn et al. 2014, Domenech et al.
2015, Hadjikyriakou et al. 2020). However, we were
unable to use home range analyses given the limited
number of location fixes per bird. Our inability to
obtain daily fixes was likely due to feathers covering
the solar panels on the transmitters, or the lack of
sunlight reaching the solar panels due to dense
forest canopy and the below-canopy foraging behav-
ior of Broad-winged Hawks (Titus and Mosher 1987,
Thiollay 2007, Goodrich et al. 2014). Thus, we were
unable to compare the size of Broad-winged Hawk
overwintering areas to home ranges of other raptors
wintering in the tropics. The low detectability of
Broad-winged Hawks within more contiguous forest
areas could diminish our ability to use anecdotal or
observation-only data sources; thus, further research
using satellite telemetry may be needed. Alternatives
including road surveys, ground surveys in already
known overwintering areas (derived from telemetry
data), the use of camera traps, drones or other
autonomous recording units may be useful to
provide reliable information on overwintering be-
havior in remote areas.

Overwintering areas of Broad-winged Hawks over-
lapped to some degree with protected lands.
Unfortunately, protected areas may not alleviate
the degree of threats experienced because lack of
law enforcement may fail to provide sufficient
protection. For example, one individual (Bird ID
#135760) was potentially displaced by wide-scale
forest fires and logging in the Brazilian Amazon
during the winter of 2014-2015 (Hansen et al. 2013,
NASA Earth Observations 2014), and displayed a
more erratic pattern of winter movements compared
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to the other six birds. However, the lack of multiple
years of data limits the analysis of long-term
consequences of these disturbances. Given the vast
diversity of raptors in the Neotropics, displaced
individuals could be moving to potentially occupied
territories and thus forced into lower quality
habitats, or forced to move continually, possibly
affecting their survival (Rockwell et al. 2017).

Most Broad-winged Hawks in our study (86%)
overwintered in areas affected by forest fires and
deforestation. Deforestation is a key threat to wildlife
in all countries within the Amazon basin (Laurance
et al. 2002). In particular, illegal logging occurs
within indigenous territories mainly due to the lack
of law enforcement and the difficulty in accessing
these areas (Finer et al. 2015a). Legal expansion of
agriculture (e.g., commodity-driven plantations of
soy and corn in Brazil and Bolivia, slash-and-burn
agriculture in Peru and Colombia) also remains a
threat in the region (Curtis et al. 2018). Recent
political decisions in the Amazon regions are
promoting continued deforestation through the
conversion of forest to agriculture and cattle
ranching (Carvalho et al. 2019). These policies are
especially worrisome in light of the recent forest fires
that ravaged the Amazon in 2019, with drastic effects
on the landscape further reducing tree cover (Finer
and Mamani 2019, Lovejoy and Nobre 2019).

Additionally, in the southern Peruvian Amazon,
illegal gold mining may pose a threat to overwinter-
ing areas used by Broad-winged Hawks. This activity
has been occurring inside the Tambopata National
Reserve (Asner and Tupayachi 2017), a key protected
area of Peru that was used by three of the seven birds
in our study. Unfortunately, poor law enforcement
and lack of sufficient resources has allowed the
expansion of illegal mining in the area, and is
beginning to affect core areas of the reserve (Finer
et al. 2015b, 2016). This is an important, yet
understudied, threat as top predators are especially
vulnerable to biomagnification of non-biodegradable
substances (Eisler 1987, Barnes et al. 2019). Shrum
(2009) assessed the concentration of mercury in
various resident and overwintering raptors in the
Tambopata National Reserve and found that some
individuals of Roadside Hawks (Rupornis magnirostris),
Barred Forest Falcons (Micrastur ruficollis), and
Broad-winged Hawks had values of mercury (i.e.,
>9 mg/kg) in their feathers that suggested chronic
exposure. Exposure to mercury can result in de-
creased reproductive success, abnormal behavior,
reduced survival, and other neurological functions in
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birds (Whitney and Cristol 2017). Furthermore,
mercury may affect migration, although this remains
under studied (Seewagen 2010).

The role of disturbance in the overwintering range
as a population limiting factor for the Broad-winged
Hawk and other migrant raptors is of paramount
importance for long-term conservation, especially
given the winter site fidelity of many raptors
(Plumpton and Andersen 1997, Shiu et al. 2006,
McKinley and Mattox 2010, Rozhon 2018). At least
three Broad-winged Hawks in our study overwin-
tered in the same general area in subsequent years
(within 16-80 km). Although some studies have
reported plasticity in habitat use by raptors during
the overwintering period (Plumpton and Andersen
1997), in this study all birds showed affinity to largely
intact, less-disturbed forest. The recent declines in
many Neotropical migratory species have led to
increased efforts to improve conservation strategies
across the species’ range (Mehlman et al. 2005,
North American Bird Conservation Initiative Cana-
da 2016); however, the reliance of Broad-winged
Hawks on large areas of forest and the continued
threats to these habitats within the Amazon basin
suggest further conservation attention is needed.

SUPPLEMENTAL MATERIAL (available online). Figure
S1: Major land cover types and specific land cover/
vegetation types from the Terrestrial Ecoregions
layer by The Nature Conservancy (Olson and
Dinerstein 2002) used for the overwintering areas
of Broad-winged Hawks.
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