
i 

 

MIGRATION ECOLOGY, STOPOVER AND WINTER HABITATS, AND MERCURY 

CONCENTRATIONS OF RED-SHOULDERED HAWKS (BUTEO LINEATUS) BREEDING 

IN CENTRAL AND NORTHEASTERN WISCONSIN 

 

 

By 

Matthew James Hanneman 

 

 

A Thesis 

Submitted in partial fulfillment of requirements for the degree: 

MASTER OF SCIENCE IN NATURAL RESOURCES (WILDLIFE) 

College of Natural Resources 

UNIVERSITY OF WISCONSIN-STEVENS POINT 

Stevens Point, Wisconsin 

 

 

May 2021 

  



ii 

 

APPROVED BY THE GRADUATE COMMITTEE OF:  

   

  

 



iii 

 

ABSTRACT 

 

Red-shouldered Hawks (Buteo lineatus) are forest-dwelling raptors that are designated as 

a threatened species in Wisconsin and a species of conservation concern throughout much of the 

Great Lakes region. While many studies have focused on their breeding ecology, little is known 

regarding their migration ecology and winter habitats. Furthermore, as top predators that forage 

on semi-aquatic prey, Red-shouldered Hawks may be at an elevated risk of mercury (Hg) 

contamination, however, little is known about mercury concentrations in the species.  

I used Global Positioning System (GPS) transmitters to describe the migration ecology, 

identify stopovers and winter habitats, and assess transmitter performance of adult Red-

shouldered Hawks that bred in central and northeastern Wisconsin, USA. I also analyzed blood 

and feather samples to report total mercury (THg) concentrations in adults and nestlings, tested 

for differences in adult feather THg concentrations between study sites and between sexes, 

compared inter- and intra-nest blood THg concentrations of nestlings, and compared adult inter- 

and intra-tract feather THg concentrations of Red-shouldered Hawks in central and northeastern 

Wisconsin, USA. 

From 2018-2021, I observed migration routes and wintering territories for five adult Red-

shouldered Hawks that bred in Wisconsin with GPS transmitters. On average, Red-shouldered 

Hawks migrated 919.7 km over 29.8 days at a rate of 30.9 km/day to their wintering territories. 

Red-shouldered Hawks wintered in Wisconsin, Illinois, Kentucky, Alabama, and Louisiana and 

spent an average 91.4 days on their wintering territories. In spring, Red-shouldered Hawks 

migrated on average 920.2 km over 11.4 days at a rate of 77.4 km/day to return to their breeding 

territories. During migration stopover events, Red-shouldered Hawks were primarily observed in 

deciduous (55%) and mixed forests (13%), and woody wetlands (12%). On average, during 
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winter, Red-shouldered Hawks were primarily observed in deciduous (29%) and mixed forests 

(20%), and woody wetlands (26%). These results show that some Red-shouldered Hawks that 

breed in central and northeastern Wisconsin will undergo migration and winter in states south of 

Wisconsin, while others will over-winter in Wisconsin. These results also show that, in general, 

Red-shouldered Hawks in central and northeastern Wisconsin primarily use deciduous and 

mixed forest and woody wetlands during the breeding season, migration, and in wintering areas. 

In June 2020, we also collected blood and feather samples to investigate Hg 

concentrations in nestling and adult Red-shouldered Hawks. The average (± SE) total mercury 

(THg) concentration (blood) in adult Red-shouldered Hawks (n = 4) was 0.43 ± 0.05 µg/g and 

was 0.02 ± 0.003 µg/g in nestlings (n = 17). The average THg concentrations (feathers) for adult 

Red-shouldered Hawks were 1.88 ± 0.21 µg/g (breast, n = 10), 2.21 ± 0.22 µg/g (back, n = 8), 

and 3.81 ± 0.70 µg/g (s1, n = 8). THg concentrations (breast) did not differ significantly between 

sexes (t0.05(2), 8= 1.03, p = 0.34), or between study sites (t0.05(2), 8= -0.32, p = 0.76). Average blood 

THg concentrations across nests ranged from 0.003-0.042 µg/g. Inter- and intra-tract feather THg 

concentrations were highly variable with the highest concentrations and variability found in s1 

(3.81 µg/g, range: 1.57-7.48 µg/g). Percentage of inter-tract THg variability ranged from 16 – 

86% across individuals. The concentrations I reported may reflect average concentrations in 

Red-shouldered Hawks within central and northeastern Wisconsin, USA. Furthermore, 

concentrations may be directly related to diet and Hg intake from prey items. Nestlings exhibited 

very low blood THg concentrations likely due to the dilution effect and excretion of Hg into 

feathers during feather growth. Inter-nest variability suggests that Hg concentrations may be 

related to specific nest-site habitat characteristics or simply the byproduct of a limited sample 

size. The inter- and intra-tract variability may reflect THg concentrations at the time of feather 
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growth. Due to the high inter-tract variability and the wide acceptance for using breast feathers, I 

suggest continuing to sample breast feathers, but collect multiple feathers in order to provide a 

more representative sample of the bird. 

This is the first study to use GPS transmitters to track movements of Red-shouldered 

Hawks. Understanding the migration ecology and winter habitats is critical for management due 

to the species’ secretive nature and specific habitat preferences. Additionally, to the best of my 

knowledge, this is the first study to report Hg concentrations in Red-shouldered Hawks in 

Wisconsin. Reporting these concentrations is important for evaluating the toxicological risks for 

a threatened species associated with floodplain forests and riparian areas. 
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CHAPTER I: INTRODUCTION AND LITERATURE REVIEW 

 

INTRODUCTION 

 

 Birds of prey, or raptors, are iconic predators in North America that have had a turbulent 

history due to anthropogenic expansion, environmental contamination, and persecution. Many 

species experienced sharp declines in their global populations, and some were even on the brink 

of extinction. However, due to legislation such as the Endangered Species Act (1973) and the 

Migratory Bird Treaty Act (1918), as well as the banning of harmful environmental 

contaminants, many raptor populations have increased and stabilized over the past several 

decades.   

 Despite these recoveries, some North American raptors, including Red-shouldered 

Hawks (Buteo lineatus), are still of conservation concern at local and regional levels. While the 

global population of Red-shouldered Hawks is stable and increasing (Birdlife International 

2016), several Midwestern states list the species as state-threatened or a species of special 

concern (Jacobs and Jacobs 2002). In Wisconsin, Red-shouldered Hawks have been threatened 

since 1979, primarily due to breeding habitat loss and fragmentation leading to local population 

declines (King 2008). Knowledge gaps related to population trends, behavior, migration, winter 

habitat preferences, and exposure to toxins and contaminants remain (Dykstra et al. 2020) 

despite many breeding ecology studies focused on improving our knowledge of their habitat 

requirements in this state (Bednarz and Dinsmore 1982, McLeod et al. 2000, Strobel and Boal 

2010). 



2 

 

 

 The scope of this thesis is to fill several critical knowledge gaps about this species, 

including their migration ecology, winter range and habitat, and mercury (Hg) contamination.  

 

LITERATURE REVIEW 

 

Physical Description. The Red-shouldered Hawk is a medium-sized forest-dwelling 

raptor in the genus Buteo. This genus also includes the Rough-legged Hawk (B. lagopus), the 

Red-tailed Hawk (B. jamaicensis) and the Broad-winged Hawk (B. platypterus), all of which can 

be found in Wisconsin during either the breeding or non-breeding season. Hawks in this genus 

are generally described as having relatively long, broad wings and a relatively short, rounded 

tail.  

Red-shouldered Hawks, like other raptors, exhibit reverse-size dimorphism (RSD) which 

means that the females of the species are overall larger than the males (Jacobs and Jacobs 2002). 

In general, however, hawks in the genus Buteo exhibit RSD to a lesser extent than some other 

groups of raptors such as those in the genus Accipiter. Female Red-shouldered Hawks are 

between 48cm and 61cm long and weigh between 593g and 744g. Male Red-shouldered Hawks 

are between 43cm and 58 cm long and weigh between 486g and 582g (Jacobs and Jacobs 2002). 

For comparison, Red-shouldered Hawks are larger than Broad-winged Hawks, but smaller than 

Red-tailed Hawks.  

Unlike other groups of birds, most raptors do not exhibit sexual dichromatism; meaning 

the plumage does not differ between males and females. Both adult male and adult female Red-

shouldered Hawks are dark brown dorsally and have rusty-red horizontal barring ventrally. The 

primary and secondary flight feathers and the tail feathers all have distinct black and white 
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barring. Their eyes are dark brown in color and their legs, toes and cere are all yellow (Jacobs 

and Jacobs 2002). 

Distribution. Red-shouldered Hawks are endemic to North America and are separated 

into eastern and western populations. The range of the eastern population extends east from the 

Mississippi River to the East Coast of the United States. The northern edge of the range extends 

into southern Ontario, Quebec, and New Brunswick, and the southern edge of the range borders 

the Gulf Coast. The western population is distributed along the west coast of California with the 

northern edge of the range extending into southern Oregon and the southern edge of the range 

extending into the Baja Peninsula (Dykstra et al. 2020). 

Conservation Status and Threats. Historically, Red-shouldered Hawk population 

declines were primarily due to shooting and the widespread use of pesticides such as DDT 

(Broun 1949, Jacobs and Jacobs 2002). One of the most notable effects of these pesticides was 

the thinning of eggshells, which would result in the eggs being crushed under the weight of the 

incubating adult (Wiley 1975). Currently, the International Union for Conservation of Nature 

lists the Red-shouldered Hawk as a species of least concern with an increasing global population 

(Birdlife International 2016). However, at the state level they are listed as Endangered, 

Threatened, or of Special Concern in Iowa, Indiana, Michigan, Minnesota, New Jersey, New 

York, and Wisconsin (Dykstra et al. 2020). Current hypotheses suggest recent population 

declines are due to low nest productivity resulting from fragmentation and loss of nesting and 

foraging habitat from timber harvests, human development, wetland draining, displacement by 

Red-tailed Hawks, and nest depredations by Great-horned Owls (Bubo virginianus), raccoons 

(Procyon lotor), and fishers (Martes pennanti) (Bednarz and Dinsmore 1982, McLeod et al. 

2000, Jacobs and Jacobs 2002).  
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Breeding Habitat. Red-shouldered Hawks in the eastern United States select for nesting 

habitat that includes large tracts of mature floodplain forests, upland forests, and forested 

wetlands (Bednarz and Dinsmore 1982, McLeod et al. 2000, King et al. 2011). Forests are 

generally deciduous or mixed deciduous-coniferous forests where nests have been observed in 

paper birch (Betula papyrifera), yellow birch (Betula alleghaniensis), quaking aspen (Populus 

tremuloides), sugar maple (Acer rubrum), red oak (Quercus rubra), bur oak (Quercus 

macrocarpa), and balsam poplar (Populus balsamifera) (McLeod et al. 2000) all of which tend 

to form crotches from the main trunk that can support the nests. Jacobs and Jacobs (2002) noted 

in their review that other studies have observed water or wetlands as an important breeding 

habitat component for this species (King et al. 2011). 

Diet. In general, prey items include amphibians, small mammals, reptiles, and 

occasionally birds and invertebrates (Jacobs and Jacobs 2002, Dykstra et al. 2020). Some of the 

most common prey items delivered to nests include eastern chipmunk (Tamias striatus), meadow 

vole (Microtus pennsylvanicus), deer mouse (Peromyscus maniculatus), eastern garter snake 

(Thamnophis sirtailis), American toad (Bufo americanus), wood frog (Rana sylvatica), green 

frog (Rana clamitans), and northern leopard frog (Rana pipiens) (Jacobs and Jacobs 2002). 

However, prey items have been noted to vary by region, nest location, and year (Jacobs and 

Jacobs 2002, Strobel and Boal 2010, Dykstra et al. 2020). During a drought year in Iowa, Red-

shouldered Hawks were observed delivering more mammalian prey to nests than in the following 

non-drought year where more amphibians were delivered (Bednarz and Dinsmore 1985). Strobel 

and Boal (2010) documented regional dietary flexibility with Red-shouldered Hawks breeding at 

northern latitudes taking more mammalian prey and Red-shouldered Hawks breeding at southern 

latitudes taking more amphibian prey.  
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Migration. Red-shouldered Hawks are considered partial migrants with only the 

northernmost populations migrating south each fall (Dykstra et al. 2020). Red-shouldered Hawk 

migration is suggested to be driven by seasonal prey availability (Kerlinger 1989, Dykstra et al. 

2020), although this needs further study. Migratory populations typically begin their southward 

migration between September and December, with adults migrating later than immature birds 

(Mueller et al. 2000, Jacobs and Jacobs 2002, Hull et al. 2012, Dykstra et al. 2020). Banding 

recoveries and observations from migration count stations are currently the only sources of 

migration data for Red-shouldered Hawks. Data from banding studies show that Red-shouldered 

Hawks originally banded in Wisconsin migrated to 8 different states, including Illinois, Indiana, 

Kentucky, Tennessee, Missouri, Arkansas, Mississippi, and Alabama (Jacobs and Jacobs 2002). 

These migrants will then typically begin their northward migration in February and March to 

return to their breeding grounds. Further exploring migration rates, timing, stopovers, routes, 

factors driving migration, and winter habitat preferences have been noted as research priorities 

for this species (Dykstra et al. 2020). To the best of our knowledge our study is the first to use 

Global Positioning Systems (GPS) transmitters to observe migratory movements of Red-

shouldered Hawks. 

Mercury. Mercury (Hg) is a global contaminant that originates from both natural 

(volcanic eruptions) and anthropogenic (fossil fuel use, mining, industrial runoff) sources, and 

poses threats to both human and environmental health (UNEP 2019). During the last century, it 

is estimated that anthropogenic activities have increased atmospheric Hg by up to 500% (UNEP 

2019). In North America, fossil fuel combustion and industrial emissions are the primary 

anthropogenic sources of atmospheric Hg deposition and accounts for approximately 2% of 

global anthropogenic Hg emissions (UNEP 2019). Once inorganic Hg enters aquatic 
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environments, through either direct deposition or precipitation, anerobic bacteria convert it into a 

toxin called methylmercury (MeHg) through microbial methylation (Benoit et al. 2003). MeHg is 

a highly toxic compound that can bioaccumulate in fish and wildlife and can biomagnify through 

food webs. 

 MeHg can biomagnify within food webs in both aquatic and terrestrial environments and 

cause negative effects in many wildlife species including mammals and birds (Scheuhammer et 

al. 2007, Ackerman et al. 2016). Birds are considered top predators in both aquatic and terrestrial 

environments and cases of high blood MeHg concentrations have been documented in several 

species (Cristol et al. 2008). In a study evaluating MeHg exposure of several aquatic and 

terrestrial foraging birds, Cristol et al. (2008) concluded that the risk of Hg exposure is equally 

shared between aquatic-foraging birds and birds foraging in adjacent terrestrial habitats. 

Ackerman et al. (2016) noted that piscivorous and carnivorous birds had the highest total 

mercury (THg) concentrations in an evaluation of Hg exposure in 225 bird species.  

 Several negative effects due to high Hg exposure have been noted, including decreased 

reproductive success, abnormal behavior, and compromised immune and nervous systems and 

related functions (Wolfe et al. 1998, Albers et al. 2007). In a comprehensive review, Wolfe et al. 

(1998) noted that reproduction in birds was most sensitive to toxicological effects of Hg and that 

dietary selection was the cause of those effects. Furthermore, Hg concentrations within eggs 

were the best predictor for decreased reproduction and notable effects included thin eggshells, 

embryo mortality, and abnormal juvenile behavior. Albers et al. (2007) found similar results 

related to reproduction in a study on captive American Kestrels (Falco sparverius). They found 

that food items with high MeHg concentrations caused a significant decline in clutch size, 

number of eggs hatched, and fledgling success.  
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 Wildlife at higher trophic levels, like raptors, are at increased risk from environmental 

contaminants, like Hg, due to biomagnification in food webs (Ackerman et al. 2019). A review 

of studies across western North America noted piscivorous and carnivorous birds associated with 

aquatic environments have some of the highest Hg concentrations (Ackerman et al. 2016). In 

North America, many studies investigated Hg in piscivorous birds, including- Common Loons 

(Gavia immer), Osprey (Pandion haliaetus), and Bald Eagles (Haliaeetus leucocephalus) (Evers 

et al. 1998, Hopkins et al. 2007, Harmata 2011). Some studies also have investigated Hg in 

raptors that consume primarily terrestrial or semi-aquatic prey (Bourbour et al. 2019, Keyel et al. 

2020). 

 Red-shouldered Hawks are known to nest in floodplain forests, riparian areas, and near 

wetlands (Bednarz and Dinsmore 1982, McLeod et al. 2000, King et al. 2011). Semi-aquatic 

prey, like frogs, toads, snakes, and salamanders, comprise a significant portion of their diet 

which can vary based on multiple factors (Jacobs and Jacobs 2002, Strobel and Boal 2010, 

Dykstra et al. 2020). However, data on Hg concentrations in Red-shouldered Hawks is severely 

limited (Bourbour et al. 2019). 

 

OBJECTIVES 

 

The objective for Chapter 2, Migration Ecology of Adult Red-shouldered Hawks (Buteo 

lineatus) Breeding in Central and Northeastern Wisconsin, was to fill the knowledge gap in our 

understanding of Red-shouldered Hawk migration ecology. Using GPS-enabled Global System 

for Mobile Communications (GSM) and Ultra-High Frequency (UHF) transmitters, I: 
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1. Described the migration ecology of adult Red-shouldered Hawks breeding in central 

and northeastern Wisconsin, including migratory paths, migration rates, and 

migration timing. 

2. Identified migration stopover habitats used by adult Red-shouldered Hawks breeding 

in central and northeastern Wisconsin. 

3. Identified wintering habitats used by adult Red-shouldered Hawks breeding in central 

and northeastern Wisconsin. 

4. Assessed solar-powered transmitter performance for a forest-dwelling raptor. 

The objectives for chapter 3, Mercury (Hg) Concentrations of Adult and Nestling Red-

shouldered Hawks in Central and Northeastern Wisconsin, were to: 

1. Quantify Hg exposure in adult and nestling Red-shouldered Hawks that bred in 

central and northeastern Wisconsin. 

2. Determine differences in adult Hg exposure between sexes and study sites. 

3. Determine nestling Hg variability within and among nests. 

4. Determine Hg variability within and among feather tracts of adults. 
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ABSTRACT. – Red-shouldered Hawks (Buteo lineatus) are forest-dwelling raptors that are 

threatened in Wisconsin and are of conservation concern throughout much of the Great Lakes 

region. While many studies have focused on their breeding ecology, little is known about their 

migration ecology and winter habitats. From 2018-2021 I used Global Positioning System (GPS) 
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transmitters to track migration and identify wintering territories for five adult Red-shouldered 

Hawks that bred in Wisconsin. Additionally, I observed GPS transmitter performance on this 

forest dwelling species. Red-shouldered Hawks wintered in Wisconsin, Illinois, Kentucky, 

Alabama, and Louisiana and spent an average 91.4 days on their wintering territories. On 

average, Red-shouldered Hawks migrated 919.7 km over 29.8 days at a rate of 30.9 km/day to 

their wintering territories. In spring, Red-shouldered Hawks migrated on average 920.2 km over 

11.4 days at a rate of 77.4 km/day to return to their breeding territories. During migration 

stopover events, Red-shouldered Hawks were primarily observed in deciduous (55%) and mixed 

forests (13%), and woody wetlands (12%). On average, during winter, Red-shouldered Hawks 

were primarily observed in deciduous (29%) and mixed forests (20%), and woody wetlands 

(26%).  χ2 tests for heterogeneity determining relationships between land-cover types and season 

for each hawk were statistically significant (α= 0.05). Transmitter performance was variable with 

five transmitters providing an average 23%, 35%, and 15% of expected breeding, migration, and 

wintering locations, respectively. Six transmitters failed from unknown causes shortly after 

deployment. One transmitter provided only partial fall and spring migration data, one hawk was 

killed on its breeding territory, and one transmitter was damaged and failed shortly after 

deployment. Filling in these knowledge gaps is critical to our understanding of the species life-

history as well as its management and conservation.  

KEY WORDS: Red-shouldered Hawk; Buteo lineatus; migration; stopover; transmitters; 

winter; Wisconsin. 
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INTRODUCTION 

 

Migration is a significant event in the life history of many birds including raptors; 

however, not all raptors migrate. Many factors may influence whether a raptor migrates such as 

breeding location, prey availability, and climate (Bildstein 2017). In North America, raptors that 

breed at higher latitudes are more likely to migrate than those at lower latitudes due to harsher 

winters in more northern climates; likewise, raptors that breed at higher latitudes and consume 

cold-blooded prey items that are not active during the winter are more likely to migrate than 

those that consume warm-blooded prey items (Bildstein 2017). 

Migration distances vary by species. Some species, like Broad-winged Hawks (Buteo 

platypterus), undergo complete migrations in which all members of the species migrate from 

their breeding territories to their wintering territories (Kerlinger 1989). Some raptors, like Red-

tailed Hawks (Buteo jamaicensis) exhibit partial migrations in which less than 90% of the 

individuals migrate (Preston and Beane 2009, Bildstein 2017). Other species only exhibit 

irruptive migrations which are sporadic and are typically over shorter distances than those of 

partial or complete migrants (Bildstein 2017). 

During migration, some raptors, including Swainson’s Hawks (Buteo swainsoni) and 

Red-tailed Hawks (Kochert et al. 2011, Craighead et al. 2016, Airola et al. 2019), exhibit 

stopover movements; these movements are characterized as shorter, localized movements for 24 

hours or more preceded and succeeded by longer migratory movements (Kochert et al. 2011, 

Craighead et al. 2016). These stopovers likely coincide with inclement weather conditions that 

prevent efficient migration and also are likely used to hunt and feed (Bildstein 2017).  
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Wintering territories of migratory raptors have not been well studied. Migrant raptors are 

less predictable in their winter movements since they are not defending a nest site, and local 

studies are generally more focused on resident species rather than overwintering birds (Bildstein 

2017).  Most migration and overwintering data for migratory raptors are limited to banding 

encounters reported to the United States Geological Survey (USGS) Bird Banding Lab (BBL) by 

migratory count and trapping stations (Mueller et al. 2000, Jacobs and Jacobs 2002); however, 

with advancements in Global Positioning Systems (GPS) and wildlife tracking technology, 

researchers can monitor raptor movements, in near real-time throughout their life cycle. 

Red-shouldered Hawks (Buteo lineatus) are considered partial, medium-distance (300-

1,700 km) migrants with only the northernmost populations migrating each fall and spring 

(Jacobs and Jacobs 2002, Dykstra et al. 2020). Red-shouldered Hawks breeding in the northern 

extent of their range typically make their southward migration between September and 

December and will make their northward spring migration in February and March (Mueller et al. 

2000, Jacobs and Jacobs 2002, Hull et al. 2012, Dykstra et al. 2020). Similar to most other raptor 

species, Red-shouldered Hawk migration and wintering data have been limited to banding 

recoveries, personal observations, and observations at migration count stations. Data from 24 fall 

and winter banding recoveries between 1943 and 1997 showed that Red-shouldered Hawks that 

were banded in Wisconsin were found in Illinois, Indiana, Kentucky, Tennessee, Missouri, 

Arkansas, Mississippi, and Alabama, with several birds also remaining in Wisconsin to 

overwinter (Jacobs and Jacobs 2002, Dykstra et al. 2020).  

 GPS transmitters have been used to observe migratory and overwintering 

movements of raptors including Swainson’s Hawks, Red-tailed Hawks, and Broad-winged 

Hawks (Haines et al. 2003, Kochert et al. 2011, Craighead et al. 2016). Using this technology, 
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these studies successfully determined migration rates, distances, duration, stopovers, and 

wintering territories of individual hawks. Advancements in GPS technology coupled with 

decreased unit size and cost have allowed researchers to track raptor movements much more 

accurately (Kochert et al. 2011, Bildstein and Peterjohn 2012, Craighead et al. 2016, Byrne et al. 

2017, Airola et al. 2019). Remote data transmission and retrieval through Global System for 

Mobile Communications (GSM) networks has further improved the ability to track highly mobile 

and migratory species (Byrne et al. 2017). Some tracking units also utilize solar power to re-

charge the battery and extend the life of the transmitter. However, solar-powered transmitters 

may experience variable performance based on weather conditions, land cover, and animal 

behavior (Byrne et al. 2017). Most studies utilizing this technology have focused on larger, 

soaring raptors that are exposed to higher amounts of solar radiation (Kochert et al. 2011, Bloom 

et al. 2015, Airola et al. 2019, McCrary et al. 2019). Studies utilizing this technology for smaller, 

forest-dwelling raptors and information on transmitter performance for these species is limited 

(Haines et al. 2003). 

 I used GPS-capable GSM and Ultra High Frequency (UHF) transmitters to describe the 

migration ecology, and stopover and wintering habitats of adult Red-shouldered Hawks that bred 

in central and northeastern Wisconsin. Additionally, I assessed transmitter performance for a 

forest-dwelling raptor. I hypothesized that, based on previous data, adult Red-shouldered Hawks 

that bred in central and northeastern Wisconsin would undergo migration each fall in late 

October and winter in states south of Wisconsin until March when they would migrate north 

back to their breeding territories. I also hypothesized that these same individuals would use 

primarily mature deciduous forests and wooded wetlands during migration stopover and on their 

wintering territories. Additionally, I hypothesized that transmitter performance would be limited 



18 

 

 

due to Red-shouldered Hawks occupying primarily forest habitats with significant canopy cover 

which may render solar-powered transmitters less effective.  

 

METHODS 

 

Study Sites. I captured adult Red-shouldered Hawks at their nest sites at two study areas 

in Wisconsin (Fig. 2.1). The central Wisconsin study area encompassed Wood and Portage 

Counties and included the city of Stevens Point (44°31’N, 89°34’W), the city of Wisconsin 

Rapids (44°22’N, 89°49’W), and the surrounding rural townships. Wood and Portage Counties 

are within the Central Sand Plains of Wisconsin. The Central Sand Plains has approximately 

221,000 hectares (ha) of wetlands which is the fourth largest concentration of wetlands in the 

state (WDNR 2015). The Central Sand Plains is 46% upland forests and 10% wetlands (WDNR 

2015). The northeastern Wisconsin study area was within Oconto County and nests were located 

primarily in the Nicolet National Forest (45°33’N, 88°39’W). The Nicolet National Forest is 

94% forested with approximately 172,000 ha of deciduous forests with the remaining 6% 

comprised mainly of lowland and wetlands (Haugen et al. 1998). 
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Figure 2.1. Central and northeastern Wisconsin study areas where breeding adult Red-shouldered 

Hawks were captured. 
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In both study areas, nest sites were typically found in mature deciduous forests that were 

comprised mainly of oak (Quercus) and maple (Acer) and were near wooded wetlands (Jacobs 

and Jacobs 2002). However, a few nests in central Wisconsin were in suburban areas with 

adjacent mature forests and wooded wetlands nearby. 

Field Methods and Telemetry. During June 2018, 2019, and 2020, I captured adult Red-

shouldered Hawks at their nest sites. This time period is when adults are highly protective of the 

nest and are more susceptible to trapping. Hawks were trapped using a mist net with either a live 

Great-horned Owl (Bubo virginianus) (Hamerstrom 1963, Kochert et al. 2011, Airola et al. 

2019), or a mechanical Great-horned Owl (Jacobs 1996, Jensen et al. 2019) as a lure. I 

determined age using plumage characteristics and sex by observing the presence of a brood patch 

along with morphometrics such as wing chord, tail length, and mass (Pyle 2008). Each hawk was 

banded with a standard USGS leg band and hawks in central Wisconsin additionally received an 

alpha-numeric colored leg band (Varland et al. 2007, Pyle 2008). Male hawks were equipped 

with a Milsar solar 10-g GPS UHF RadioTag-14 (Milsar Technologies, Romania), and female 

hawks were equipped with either Milsar solar 12-g GPS GSM RadioTag-S9, Milsar solar 16-g 

GPS GSM RadioTag-M9, Ecotone solar 19-g GPS GSM Kite-M, or Ecotone solar 14-g GPS 

GSM Crex (Ecotone Telemetry, Gdynia, Poland). Each transmitter was secured using a 

backpack-style harness with Teflon ribbon. Per the USGS BBL auxiliary marking requirements, 

the bands, transmitter, and attachment materials did not exceed 3% of an individual bird’s body 

mass (USGS 2020).  

All transmitters had an internal GPS unit to collect geolocation data. The GSM or UHF 

component of the transmitter refers to the method for which the data were downloaded from the 

transmitter. The UHF transmitters required the use of a base station unit and antenna to 
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download the data. The GSM transmitters automatically downloaded data to an online server 

whenever the transmitters were within range of a cellular communications tower. Each 

transmitter was manually programmed to log a specific number of locations ranging from 3-24 

locations within a 24-h period. The range of locations per day varied to manage and limit battery 

consumption.  

Analysis. We determined fall and spring migration routes, fall and spring migration 

distances, total migration distance, migration timing, and fall and spring migration rates for each 

hawk with complete migration data. Analysis of migration and habitat data was done in ArcGIS 

Pro (ESRI 2020). Location records were assigned to one of five seasonal movement categories: 

breeding, southward migration, stopover, wintering, or northward migration. I defined the onset 

and end of fall and spring migration similar to Craighead et al. (2016) and Haines et al. (2003); 

migration started when hawks began consecutive southward (fall) or northward (spring) 

movements away from their breeding or wintering territories, and migration concluded when all 

subsequent points became localized (≤ 3 km apart). Stopovers were defined similar to Craighead 

et al. (2016); clusters of two or more consecutive points ≤ 3 km apart between breeding and 

wintering area ≥ 24 h in duration preceded and followed by consecutive southward (fall) or 

northward (spring) movements > 3 km apart.  Fall and spring migration distances were 

calculated by summing the length of segments between each location record. Fall and spring 

migration rates were calculated similar to Haines et al. (2003); migration distance was divided by 

the number of migration days. 

One individual, female 012, that bred in northeastern Wisconsin did not exhibit typical 

migratory movements. As such, I categorized her movements as either breeding or nonbreeding. 

To categorize her movements, I determined cutoff dates between the breeding and nonbreeding 
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movements by averaging the earliest and latest fall migration start dates and earliest and latest 

spring migration end dates of our other hawks that exhibited typical migratory movements. 

Breeding, stopover, and wintering habitats were identified using the Multi-Resolution 

Land Characteristics Consortium 2016 (MRLC 2016) National Land Cover Database (NLCD) 

layer in ArcGIS Pro. Each location record was associated with a specific land cover type. Three 

primary cover types were observed: deciduous forest, mixed forests, and woody wetlands. 

Deciduous forests were defined as areas where > 75% of all trees were deciduous, trees were > 5 

m tall, and accounted for > 20% of all vegetation cover (MRLC 2016). Mixed forests were 

defined as areas where trees were > 5 m tall, trees accounted for > 20% of all vegetation cover, 

and neither deciduous nor evergreen trees accounted for > 75% of the total tree cover (MRLC 

2016). Woody wetlands were defined as areas where forests or shrub vegetation accounted for > 

20% of all vegetation cover and had soil that was periodically saturated or covered by water 

(MRLC 2016). Other land cover types with location records included: developed open spaces, 

developed areas of low, medium, and high intensities, open water, evergreen forests, shrub/scrub, 

herbaceous, hay/pasture, cultivated crops, and emergent herbaceous wetlands. These land cover 

types were collectively associated as “Other” for the purpose of analysis. Percentages of location 

records in each land cover type were calculated in Microsoft Excel. 

Chi square (χ2) tests for heterogeneity were run (α=0.05) for each migrant hawk to 

determine relationships between land-cover types used and season. In order to meet the 

assumptions of the test, each hawk included in the analysis must have had ≥ 5 points for ≥ 80% 

of the cover-type/season categories. Any hawks that did not meet these assumptions were 

excluded from analysis. 
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Transmitter performance was reported as a percentage of expected locations by dividing 

the observed number of locations by the expected number of locations for each season for each 

transmitter based on transmitter programming. A transmitter failure was defined as any 

transmitter that intermittently or prematurely stopped recording data, whether it was animal-

related, transmitter-related, or unknown (Hofman et al. 2019).  

 

RESULTS 

 

Migration. I captured and equipped 14 adult (After Second Year [ASY]) Red-shouldered 

Hawks (nine females, five males) with GPS-GSM and GPS-UHF transmitters between 2018 and 

2020. Transmission periods for each hawk range between 1 and 24 months. Of those 14 hawks, I 

received fall and spring migration data and wintering data from five individuals (four females, 

one male) with one individual providing two years’ worth of migration data (Table 2.1, Fig. 2.2, 

Appendix A). Of the other nine hawks, seven transmitters failed while the hawks were still on 

their breeding territories; one hawk only provided partial fall and spring migration data; and one 

hawk was killed on its breeding territory, possibly by a Great-horned Owl. 

Table 2.1. Summary of migration dates, distances, and rates between 2018 and 2021 of adult 

Red-shouldered Hawks equipped with solar-powered GPS transmitters that bred in central and 

northeastern Wisconsin, USA. 
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Red-shouldered Hawks that bred in central and northeastern Wisconsin migrated to 

Illinois (005), Kentucky (004), Alabama (004), and Louisiana (U03). 004’s transmitter recorded 

two migration cycles. During the 2018-2019 migration, 004 wintered in northwestern Alabama. 

During the 2019-2020 migration, 004 wintered in western Kentucky. Two hawks remained in 

Wisconsin to overwinter. 003 remained in Wisconsin, one migrated a relatively short distance 

south (132.6 km), and 012 remained on or near its breeding territory throughout the winter. On 

average, Red-shouldered Hawks began their fall migration on 5 November (range: 18 October – 

6 December) and arrived on their wintering territories on 4 December (range: 11 November – 19 

January). During fall migrations, Red-shouldered Hawks migrated an average of 919.7 km (SD = 

552.3) over 29.8 days (SD = 15.3) at a rate of 30.9 km/day (SD = 18.9). Red-shouldered Hawks 

spent an average 91.4 days (SD = 35.5) on their wintering territories. On average, Red-

shouldered Hawks began their spring migration on 4 March (range: 26 February – 15 March) and 

arrived back on their breeding territories on 15 March (range: 9 March – 19 March). During 

spring migrations, Red-shouldered Hawks migrated an average of 920.2 km (SD = 560.6) over 

11.4 days (SD = 6.4) at a rate of 77.4 km/day (SD = 33.1). Due to only having migration data for 

one male, I could not compare variation in migration based on sex. 

 Of the four hawks that migrated, I observed fall and spring stopovers from two 

individuals, only spring stopovers from one individual, and neither fall nor spring stopovers from 

one individual. However, the lack of stopovers from two individuals was possibly due to the 

transmitter failing to report locations since there were several timeframes where no data were 

recorded. In total, I observed 19 stopovers (12 fall and 7 spring) from three individuals. During 

fall migrations, Red-shouldered Hawks used an average 2.4 stopovers (SD = 2.9) for an average 
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2.2 days (SD = 1.4). During spring migrations Red-shouldered Hawks used an average 1.4 

stopovers (SD = 0.9) for an average 2.4 days (SD = 3.1).  

One individual, female 012, that bred in northeastern Wisconsin did not exhibit typical 

migratory movements (Fig. 2.3). 012’s collective movements included an area of 268 km2, and 

she never travelled more than 23.1 km in any direction from her nest site.  
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Figure 2.2. 2018-2021 Fall (southward) and spring (northward) migration routes of adult Red-

shouldered Hawks that bred in central and northeastern Wisconsin, USA. 
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Figure 2.3. 2019-2020 locations indicating breeding and nonbreeding movements of female Red-

shouldered Hawk 012 that bred in northeastern Wisconsin, USA and did not exhibit typical 

migratory movements. 

Stopover and Wintering Habitat. I received stopover and/or wintering habitat data from 

five individual hawks; four hawks provided one year of data (003, 005, 012, U03) and one hawk 

provided two years of data (004) (Appendix B). Land-cover types used on breeding, stopover, 

and wintering areas were primarily deciduous forests, mixed forests, and woody wetlands (Fig. 

2.4). However, other land-cover types were used in greater percentages during migration and on 

wintering territories (Fig. 2.4). 
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Figure 2.4. Land-cover types by season used by adult Red-shouldered Hawks that bred in central 

and northeastern Wisconsin, USA. 

On average across all hawks, the three primary cover types made up 91%, 80%, and 76% 

of all location records (n = 3202) during breeding, stopovers, and winter, respectively. Woody 

wetlands accounted for 32%, 12%, and 26% of all location records during breeding, stopovers, 

and winter, respectively, and deciduous forests accounted for 45%, 55%, and 29% of all location 

records during breeding, stopovers, and winter, respectively. All χ2 tests of heterogeneity were 

significant at α = 0.05 (Table 2.2). Therefore, I rejected the null hypotheses that the observed and 

expected values for each combination of land-cover type and season were independent of each 

other. This means that there were relationships between land-cover types used and season for 

each hawk (Appendix C). 
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Table 2.2. Chi Square (χ2) Test for Heterogeneity results (α = 0.05, critical value= 12.592) for 

relationships between land-cover types used and season of migrant adult Red-shouldered Hawks 

that bred in central and northeastern Wisconsin, USA. One hawk, 012, was excluded from the 

analysis due to not meeting all assumptions of the test. 

 

Transmitter Performance. Five transmitters provided an average 23%, 35%, and 15% 

of expected breeding, migration, and wintering locations, respectively (Fig. 2.5). Average 

voltage across all five transmitters ranged from 3.74 – 3.90 (Table 2.3, Appendix D). Six 

transmitters (001, 006, 007, 009, 011, 013) failed from unknown causes while the hawks were 

still on their breeding territories, one provided only partial fall and spring migration data but no 

wintering data (U05), one hawk was killed while it was still on its breeding territory (008), and 

one hawk possibly bit and punctured the transmitter causing it to fail while the hawk was still on 

its breeding territory (010). Of the five transmitters that provided sufficient data, three 

transmitters (003, 005, 012) failed shortly after the hawks returned to their breeding territories 

the following spring. One transmitter (004) stayed active and provided a second year of breeding, 

migration, and wintering data. As of June 2021, two transmitters (U03, U05) remain active. 
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Table 2.3. Performance summary of five transmitters equipped to adult Red-shouldered Hawks 

in central and northeastern Wisconsin, USA. Expected and observed values reflect the number of 

locations recorded by the transmitter.  

 

 

 

Figure 2.5. Percent (%) of total expected locations recorded by solar-powered transmitters 

equipped to adult Red-shouldered Hawks that bred in central and northeastern Wisconsin, USA. 

012 did not migrate, therefore, all locations were categorized as either breeding or wintering. 

 

DISCUSSION 

 

Migration. I observed variable migration distances and wintering territories across a 

large geographic range. Adult Red-shouldered Hawks that bred in central and northeastern 

Wisconsin commenced fall migration from October – December and migrated 132-1577 km 

through the Mississippi flyway to winter in Wisconsin, Illinois, Kentucky, Alabama, and 
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Louisiana. My observations of Red-shouldered Hawk migration are consistent with published 

studies and unpublished bird banding data (BBL and U.S. Fish and Wildlife Service [USFWS] 

unpublished data 1934-1997, Kerlinger 1989, Mueller et al. 2000, Jacobs and Jacobs 2002). 

Specifically, Jacobs and Jacobs (2002) stated that ~95% of Red-shouldered Hawks that summer 

in Wisconsin will migrate and winter in states farther south, while few individuals will remain in 

Wisconsin over the winter. Unpublished data from both the BBL and USFWS recorded Red-

shouldered Hawks, banded in Wisconsin, migrating through or wintering in the same states I 

observed except for Louisiana. My observations support the idea that Red-shouldered Hawks are 

partial, medium-distance migrants and exhibit a migration strategy similar to Red-tailed Hawks 

which are also partial, short to medium distance migrants (Preston and Beane 2020). 

Furthermore, some Red-tailed Hawks will remain on or near their breeding territories during the 

winter (Lowe 1978). The migration strategy exhibited by Red-shouldered Hawks and Red-tailed 

Hawks is in stark contrast to that of Broad-winged Hawks, Rough-legged Hawks, and 

Swainson’s Hawks which exhibit complete migrations (Kerlinger 1989, Bechard et al. 2020a, 

Bechard et al. 2020b).    

The timing of migration for adult Red-shouldered Hawks in this study was similar to that 

found by Mueller et al. (2000), who observed adult Red-shouldered Hawks and adult Red-tailed 

Hawks migrating through Cedar Grove, Wisconsin from middle October through early 

December and peaking early November. The average fall migration start date in my study was 5 

November, which would likely coincide with hawks from my study sites moving through 

southern areas of Wisconsin, such as Cedar Grove. The timing of migration for Red-shouldered 

Hawks and Red-tailed Hawks contrasts with that of Broad-winged Hawks, which are long-

distance migrants, that begin their fall migration in August and peak in mid-September 
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(Goodrich et al. 2020). Factors influencing migration and wintering locations that I observed are 

unknown. While it is suggested that Red-shouldered Hawk migration is likely driven by food 

availability, this also needs more study (Dykstra et al. 2020).  

In our study, only one individual (004), provided us with > 1 year of migration and 

wintering data. During the 2018-2019 migration cycle, 004 wintered in the northwest corner of 

Alabama. During the following migration cycle, 004 wintered in western Kentucky; a difference 

of approximately 290 km. This suggests that Red-shouldered Hawks that undergo migration may 

not use the same wintering territories in subsequent years. However, more data are needed. 

We observed Red-shouldered Hawks migrating at faster rates in the spring than in the fall 

and using fewer stopovers on average in the spring than in the fall. Three out of the four hawks 

that migrated used at least one stopover during migration. The hawk that did not use stopovers 

(003) migrated the shortest distance (132.6 km), suggesting that stopovers may be an important 

component of migration for Red-shouldered Hawks that migrate farther distances. The average 

migration rates I observed for Red-shouldered Hawks were slower than those of Broad-winged 

Hawks in Haines et al.’s (2003) study (Fall: 100 km/day, Spring: 105 km/day). This difference is 

possibly due to Broad-winged Hawks migrating much farther to their wintering territories. 

However, both Red-shouldered Hawks and Broad-winged Hawks migrated at faster rates in the 

spring, lending support for the hypothesis that birds are competing to arrive early and obtain an 

optimal breeding territory (Nilsson et al. 2013). 

Stopover and Wintering Habitat Use. During the breeding season, Red-shouldered 

Hawk habitat has been characterized as mature deciduous forests in or near woody wetlands 

(Bednarz and Dinsmore 1982, McLeod et al. 2000, King et al. 2011). Red-shouldered Hawks in 

my study primarily occupied deciduous forests, mixed forests, and woody wetlands during 
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breeding, stopovers, and winter. However, on average, Red-shouldered Hawks used those three 

land-cover types in different percentages during different seasons. In general, Red-shouldered 

Hawks in my study used deciduous and mixed forests, woody wetlands, and other land-cover 

types more evenly on their wintering territories; this suggests that Red-shouldered Hawks may 

be more general in their habitat preferences during the winter than during the breeding season. 

Based on the χ2 tests for each hawk, there was a relationship between land-cover types used and 

season (Appendix C). My results suggest that migrant Red-shouldered Hawks appear to use 

similar land-cover types during stopovers and on wintering territories but use them in different 

percentages depending on season. Furthermore, percentages of cover types used were much more 

evenly distributed in the winter (Fig. 2.4) suggesting that migrant Red-shouldered Hawks may be 

more habitat-generalists during the winter, and more habitat-specialists during the breeding 

season.  

Transmitter Performance. Five transmitters provided us with 3804 location records, out 

of an expected 18431 location records based on transmitter schedules (Table 2.3, Fig. 2.5). From 

these locations, I was able to determine breeding territories, migration timing and routes, 

stopovers, and wintering territories for five adult Red-shouldered Hawks. However, I observed 

several instances of transmitters failing to record locations, sometimes across multiple days. 

While I am confident that I determined wintering territories, there may have been more stopovers 

that were not observed due to gaps in data. For example, U03 did not transmit a location during 

migration for 50 hours. Three out of the four transmitters equipped to hawks that migrated 

recorded the greatest percentage of locations during migration. The remaining transmitter was 

equipped to the hawk that migrated the shortest distance. This information suggests that solar-
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powered transmitters may perform better on forest-dwelling raptors during migration because 

they are exposed to more solar radiation. 

Most transmitter failures or gaps in data seemed to be related to battery voltage. I was 

able to observe voltage fluctuations over time for each transmitter. Anecdotally, the threshold I 

observed for transmitter failure from to low voltage was < 3.70 v. Once a transmitter fell below 

this threshold it was more likely to fail to record locations. The transmitter would continue to 

record locations if it was undamaged and received enough solar radiation to recharge the battery 

above that threshold. There were also instances where the transmitter would timeout when 

searching for enough satellites during the triangulation process which also contributed to gaps in 

location data.  

Of the nine transmitters that did not provide sufficient data, I was able to recover two. 

One hawk was recaptured the following year and the transmitter was removed; upon inspection 

of the transmitter, I observed a puncture hole in the housing which was likely the cause of the 

failure. I also was able to recover the transmitter from the hawk that was killed on its breeding 

territory. The transmitter continued recording location data over several days from the same 

location until the battery drained prior to recovery. 

Other studies that have tracked North American Buteos also noted transmitter failures 

and gaps in data. However, the causes of failure were unknown, and transmitter performance was 

not assessed (Haines et al. 2003, Kochert et al. 2011, Craighead et al. 2016). Craighead et al. 

(2016) noted that transmitter failures in their study of Red-tailed Hawk movements occurred 

while the hawks were still on their breeding territories; Similarly, most of my transmitter failures 

also occurred while the hawks were still on their breeding territories. A transmitter on a Broad-

winged Hawk tracked in Haines et al.’s (2003) study recorded data until the hawk began 
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migrating; the hawk did not report any data until it returned to its breeding territory the following 

spring. I experienced something similar with a transmitter equipped to one hawk in my study; the 

transmitter stopped recording data during migration and did not provide any more location data 

until the following spring when the hawk was migrating north once again. Airola et al. (2019) 

specified that two transmitters equipped to Swainson’s Hawks experienced equipment-related 

failures but did not give any more detail. From what has been reported in the literature thus far, 

transmitter failures seem common in these types of studies. However, without additional 

information related to why or how the transmitters failed, it is difficult to compare transmitter 

performance across studies. 

Despite the issues related to transmitter performance, solar-powered GPS transmitters 

have been used to successfully track movements of some raptors including Swainson’s Hawks, 

Red-tailed Hawks, and Broad-winged Hawks (Haines et al. 2003, Kochert et al. 2011, Craighead 

et al. 2016). Swainson’s Hawks and Broad-winged Hawks are complete, long-distance migrants 

that typically winter in Central and South America; these studies show that this technology is 

effective for describing the movements of hawks even over great distances and across continents. 

I also was able to successfully track the movements and identify stopover and winter habitats of 

several Red-shouldered Hawks using this technology. However, this technology is still relatively 

expensive, and the transmitters are susceptible to damage from the hawk. Additionally, forest-

dwelling raptors, like Red-shouldered Hawks, spend much of their time below the forest canopy 

which limits the amount of solar-radiation the transmitter receives and, in turn, limits the ability 

of the battery to remain sufficiently charged to record data. It is likely that my data represent 

minimum observations and are not complete accounts of the movements and habitats of these 
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hawks. While this technology is a useful tool for tracking movements of migratory raptors, 

limitations should be considered when formulating hypotheses.  

A common issue that raptor biologists face when studying Red-shouldered Hawks is the 

lack of a large sample size. Hull et al. (2012) and Mueller et al. (2000) both note that they did not 

have sufficient sample sizes of adult Red-shouldered Hawks to conduct their respective analyses. 

Furthermore, Jacobs and Jacobs (2002) stated that Red-shouldered Hawks are widespread in 

their distribution, but uncommon in abundance, making it difficult to compile a large sample size 

to study. Our study encountered similar issues; a combination of small sample sizes and 

transmitter failures limited our ability to draw strong conclusions. 

To the best of our knowledge, this was the first study to use GPS transmitters to track 

Red-shouldered Hawks. While our data were limited, I was able to determine migration timing, 

migration routes, migration rates, stopover locations and habitat, stopover durations, wintering 

locations and habitat, and wintering durations of five breeding Red-shouldered Hawks in 

Wisconsin. However, more GPS tracking studies are needed in other areas of the species’ range 

to provide a more complete understanding of Red-shouldered Hawk movements and habitats. 
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ABSTRACT. – Red-shouldered Hawks (Buteo lineatus) are forest-dwelling raptors that are 

threatened in Wisconsin and a species of conservation concern throughout much of the Great 

Lakes region. As top predators that forage on semi-aquatic prey, Red-shouldered Hawks may be 
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at an elevated risk of mercury (Hg) contamination. However, little is known about mercury 

exposure in the species. In June 2020, we collected blood and feather samples to investigate Hg 

concentrations in adult and nestling Red-shouldered Hawks in central and northeastern 

Wisconsin. The average raw (± SE) total mercury (THg) concentration (blood) in adults (n = 4) 

was 0.43 ± 0.05 µg/g and was 0.02 ± 0.003 µg/g in nestlings (n = 17). The average THg 

concentrations (feathers) for adults were 1.88 ± 0.21 µg/g (breast, n = 10), 2.21 ± 0.22 µg/g 

(back, n = 8), and 3.81 ± 0.70 µg/g (secondary 1 [s1], n = 8). THg concentrations (breast) did not 

differ significantly between sexes (t0.05(2), 8= 1.03, p = 0.34), or between study sites (t0.05(2), 8= -

0.32, p = 0.76). Nestlings exhibited very low THg concentrations likely due to the dilution effect. 

Average inter-nest blood THg concentrations in nestlings ranged from 0.003-0.042 µg/g. Inter- 

and intra-tract feather THg concentrations were highly variable with the highest concentrations 

and variability found in s1 (3.81 µg/g, range: 1.57-7.48 µg/g). Percentage of inter-tract feather 

THg variability ranged from 16 – 86% across individuals. Based on these results and previous 

research, it is difficult to conclude whether Hg is adversely affecting Red-shouldered Hawks in 

Wisconsin. 

KEY WORDS: Red-shouldered Hawk; Buteo lineatus; blood; contaminant; feathers; mercury; 

Wisconsin. 

INTRODUCTION 

 

Mercury (Hg) is a heavy metal contaminant that threatens both human and environmental 

health (UNEP 2019). Mercury deposition occurs naturally through processes like volcanic 

eruptions and rock weathering but is magnified through anthropogenic activities such as fossil 

fuel use, mining, industrial emissions, and waste disposal (UNEP 2019). Inorganic Hg deposited 
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on the landscape can be transformed into methylmercury (MeHg) through microbial methylation 

in aquatic ecosystems (Benoit et al. 2003). Wetlands are strongly associated with high 

concentrations of MeHg due to anaerobic conditions and increased organic matter in the soils 

(Grigal 2003).  

MeHg is highly toxic and can be harmful to wildlife through bioaccumulation and 

biomagnification (Wolfe et al. 1998, Cristol et al. 2008). Birds in particular are useful for 

studying Hg concentrations because they often represent higher trophic levels and, therefore, can 

act as bioindicators for ecosystems (Evers et al. 1998, Ackerman et al. 2016). Birds at the highest 

trophic levels and those often associated with aquatic environments are at the greatest risk from 

the effects of MeHg due to biomagnification within food webs (Evers et al. 1998, Ackerman et 

al. 2016, Barnes et al. 2019). 

Diurnal raptors (Accipitridae and Falconidae) are top predators that occupy terrestrial 

ecosystems but also are associated with aquatic and semi-aquatic environments. Studies in North 

America have investigated Hg concentrations in piscivorous raptors like osprey (Pandion 

haliaetus) and bald eagles (Haliaeetus leucocephalus) (Hopkins et al. 2007, Harmata 2011), but 

data on Hg concentrations for most other North American raptors are lacking. One of the few 

North American studies investigating Hg concentrations in non-piscivorous raptors found that 

raptors that consumed more avian prey had higher Hg concentrations than those with more non-

avian diets except for Red-shouldered Hawks (Bourbour et al. 2019). 

Red-shouldered Hawks typically nest in mature deciduous forests near riparian areas 

where they primarily consume amphibians, small mammals, and reptiles (Jacobs and Jacobs 

2002, Strobel and Boal 2010, Dykstra et al. 2020). Furthermore, studies have noted that water is 

an important component of Red-shouldered Hawk nest sites (McLeod et al. 2000, King et al. 
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2011). Red-shouldered Hawks are threatened in Wisconsin and Michigan (Michigan DNR 2015, 

Wisconsin DNR 2015) and a species of special concern in Minnesota (Minnesota DNR 2013). 

Historically, Red-shouldered Hawk population declines were due to the widespread use of 

pesticides such as DDT (Jacobs and Jacobs 2002). Recent declines have been attributed to the 

loss or fragmentation of breeding habitat from timber harvests and human development (Bednarz 

and Dinsmore 1982, Jacobs and Jacobs 2002). However, increases in Hg bioaccumulation on the 

landscape and biomagnification within food webs may contribute to the decline of this state-

threatened species. 

Blood has been accepted as a reliable indicator for THg concentrations in internal tissues 

(Eagles-Smith et al. 2008) and represents recent MeHg intake from prey (Bearhop et al. 2000). 

However, blood THg concentrations in nestlings are highly variable due to the dilution effect, 

whereby concentrations are diluted from rapid body growth and excretion into growing feathers 

(Akerman et al. 2011), and THg concentrations in tissues of nestling birds are diluted due to a 

10-fold size increase between hatching and fledging (Ackerman et al. 2011).  

Feathers have been accepted as reliable indicators for Hg concentrations (Lodenius and 

Solonen 2013). However, THg concentrations in feathers can vary significantly between feathers 

due to feather molt (Hartman et al. 2017, Peterson et al. 2019). Feather THg concentrations are 

thought to be influenced by blood THg concentrations at the time of feather growth as well as 

THg concentrations in prey items (Bearhop et al. 2000, Lodenius and Solonen 2013). To account 

for this variability, previous research suggests sampling multiple feathers (Bond and Diamond 

2008, Cristol et al. 2012). Sampling and analyzing multiple feathers from multiple feather tracts 

can provide a more accurate estimate of the bird’s overall Hg concentration and long-term 

exposure (Peterson et al. 2019). Few studies have investigated feather Hg concentrations in Red-
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shouldered Hawks, and those have only sampled breast feathers (Bourbour et al. 2019, Peterson 

et al. 2019).  

My objectives were to determine Hg exposure in adult and nestling Red-shouldered 

Hawks that bred in central and northeastern Wisconsin, determine differences in adult Hg 

exposure between sexes and study sites, determine nestling Hg variability within and among 

nests, and determine variability within and among feather tracts of adults. I hypothesized that 

adult Red-shouldered Hawks in my study areas would have concentrations of Hg exposure 

similar to those of other studies across the species’ range. I also hypothesized that there will not 

be differences in exposure between sexes, but that there may be differences in exposure between 

study sites. I hypothesized that nestling Hg exposure will be variable within and among nests, 

and I hypothesized that Hg exposure will be variable within and among adult feather tracts. 

METHODS 

 

Study Sites. I captured adult Red-shouldered Hawks at their nest sites at two study areas 

in Wisconsin (Fig. 3.1). The central Wisconsin study area lies within Wood and Portage counties 

and included the city of Stevens Point (44°31’N, 89°34’W), the city of Wisconsin Rapids 

(44°22’N, 89°49’W) and the surrounding rural townships. Wood and Portage Counties are 

within the Central Sand Plains of Wisconsin. The Central Sand Plains has approximately 

221,000 ha of wetlands and is considered the fourth largest concentration of wetlands in the state 

(WDNR 2015). In the Central Sand Plains, 46% is comprised of upland forests and 10% is 

comprised of wetlands (WDNR 2015). The northeastern Wisconsin study area is within Brown, 

Forest, and Oconto Counties. Nests were primarily located in the Nicolet National Forest 

(45°33’N, 88°39’W). The Nicolet National Forest is 94% forested with approximately 172,000 
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ha of deciduous forests with the remaining 6% comprised mainly of lowland and wetlands 

(Haugen et al. 1998). 
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Figure 3.1. Central and northeastern Wisconsin study areas where adult and nestling Red-

shouldered Hawks were sampled for total mercury THg concentrations in May and June 2020. 
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In both study areas, nest sites were typically found in mature deciduous forests with 

>70% canopy closure, were comprised mainly of oak (Quercus) and maple (Acer) and were near 

wooded wetlands (Bednarz and Dinsmore 1982, McLeod et al. 2000, Jacobs and Jacobs 2002, 

King et al. 2011). However, a few nests in central Wisconsin were in suburban areas with 

suitable habitat. 

Field Methods. During June 2020, I captured adult Red-shouldered Hawks at their nest 

sites. This time period is when adults are highly protective of the nest and are more susceptible to 

trapping. Adult hawks were trapped using a mist net with a live or mechanical Great-horned Owl 

(Bubo virginiaus) as a lure (Hamerstrom 1963, Jacobs 1996, Kochert et al. 2011, Airola et al. 

2019, Jensen et al. 2019). For adults, I determined age using plumage characteristics and sex by 

observing the presence of a brood patch along with morphometrics such as wing chord, tail 

length, and mass (Pyle 2008). Nest trees were climbed to gain access to the nest and sample 

nestlings that were approximately 3 weeks old (Jacobs and Jacobs 2002). I determined age of 

nestlings by measuring the length of the first secondary (Penak et al. 2013). Each hawk was 

banded with a standard USGS leg band and adult hawks in central Wisconsin additionally 

received an alpha-numeric colored leg band (Varland et al. 2007, Pyle 2008).  

Blood samples from adults and nestlings and feather samples only from adults were 

collected to measure THg concentrations. Feathers samples were not taken from nestlings 

because most nestlings were still in the early stages of feather growth. I collected ≤500 

microliters (µl) of blood in heparinized capillary tubes by puncturing the brachial vein using a 

27-gauge needle (King et al. 2010). I encountered problems drawing enough blood before it 

clotted using this method, so I switched to using a 26-gauge needle and syringe to draw blood 

before injecting it into the capillary tubes.  Each capillary tube was sealed, placed in a labeled 
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plastic centrifuge tube, and stored in a freezer (-18° C) until analysis. Manual pressure was 

applied to the puncture site to stop bleeding. No more than 1% of the birds’ body weight in blood 

was collected during sampling (Fair et al. 2010). 1-3 whole feathers were collected from the 

breast and back (Pyle 2008). Secondary flight feather number 1 (s1) also was sampled by 

clipping the distal most 1.5-2.0 cm of the feather (Pyle 2008, Barnes and Gerstenberger 2015). 

Feather samples were stored in labeled paper envelopes at room temperature (20-22° C) until 

analysis. All samples were collected from individuals that appeared healthy at the time of 

sampling. 

Hg Analysis. Whole feathers and blood samples were analyzed for THg concentrations 

using thermal decomposition (US EPA 2007) using a Nippon MA-3000 Direct Mercury 

Analyzer (Nippon Instruments North America) in the Toxicology Lab at Biodiversity Research 

Institute (BRI) in Portland, Maine. THg was used as an index for MeHg concentrations because 

MeHg is the most common form on the metal found in birds (Hartman et al. 2017). Feathers 

were not washed prior to analysis but were weighed and wiped free of any visible debris. EPA 

7473 Quality Assurance/Quality Control (QA/QC) were used to ensure analytical precision and 

accuracy. QA/QC prior to sample analysis included running two method blanks, an empty 

sample boat, and one sample each of standard reference material (SRM) DOLT5 and CE464. 

After every 10th sample another sample of DOLT5 was run and after every 20th sample a 

duplicate sample was run. Average expected THg concentration in DOLT5 was 0.44 ± 0.044 

mg/g. Average observed THg concentration in DOLT5 was 0.449 mg/g, range (0.449-0.454 

mg/g). Average expected THg concentration for CE464 was 5.24 ± 0.524 mg/g. Average 

observed concentration in CE464 was 5.247 mg/g, range (5.264-5.361). Observed method blank 
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and blank boat were 0.0 ng. One duplicate blood sample was analyzed with a relative percent 

difference (RPD) of 2.74%.  

Statistical Analysis. Raw breast, back, and s1 feather concentrations were used to report 

average feather THg concentrations in adults, and raw blood concentrations were used to report 

blood concentrations in adults and nestlings. Prior to statistical analysis, all THg concentrations 

were Log10 transformed to improve normality of the data. Additionally, all replicate back and 

breast feathers from the same individual were averaged prior to analyses. To determine 

differences in THg concentrations between sexes and between study sites, I ran two-sample t-

tests for unequal variance (α=0.05) using breast feather THg concentrations. To compare inter- 

and intra-nest THg concentrations in nestlings, I created a distribution of average blood THg 

concentrations for each nest to show inter-nest variability with upper and lower 95% confidence 

intervals to show intra-nest variability.  

To determine intra-tract feather THg variability, I calculated the coefficient of variation 

(CV) (Fig. 3.2) or relative percent difference (RPD) (Fig. 3.3) for breast and back feathers for 

each adult hawk (Peterson et al. 2019). CV was calculated for tracts with three or more 

replicates, and RPD was calculated for tracts with two replicates.  

Inter-tract feather THg variability was calculated similar to intra-tract feather THg 

variability. I used the mean (µ) of breast, back, and s1 feather THg concentrations for each hawk 

to calculate the inter-tract feather CV.  

𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑉𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛 =  
𝑆

𝜇
× 100 

Figure 3.2. Equation for coefficient of variation, where S is standard deviation of sample 

replicates and µ is the mean of the sample replicates. 
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𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =  
(𝐴 − 𝐵)

(𝐴 + 𝐵)/2
× 100 

Figure 3.3. Equation for relative percent difference, where A is replicate 1 and B is replicate 2. 

 

RESULTS 

 

 All individuals appeared healthy and did not exhibit any visible physical signs of 

impairment. I collected feather samples from adults (n=10) in both study areas, but only 

collected blood samples from adults (n=4) and nestlings (n=21) in the central Wisconsin study 

area due to COVID-19 travel restrictions (Appendix D). Average (± SE) THg concentration for 

adults were 1.88 ± 0.21 µg/g (breast feathers, n=10), 2.21 ± 0.22 µg/g (back feathers, n=10), 3.81 

± 0.71 µg/g (secondary 1 feathers, n=8),  and 0.43 ± 0.05 µg/g (blood, n=4) (Table 3.1). Average 

THg concentration for nestlings was 0.02 ± 0.003 µg/g (blood, n=17) (Table 3.1). Four nestlings 

did not have sufficient blood samples to conduct Hg analysis due to difficulties drawing blood. 

Table 3.1. Descriptive statistics for feather and blood THg concentrations (µg/g) in adult and 

nestling Red-shouldered Hawks in Wisconsin, USA. Percent (%) variability shows the average 

amount of intra-tract variability across individuals. % variability included both Coefficient of 

Variation (CV) and Relative Percent Difference (RPD) calculations. Back feather sample size 

was n=8 for % variability calculation because only 8 individuals had samples with multiple 

feathers. 

 

Hg concentrations by sex and study site. I sampled breast feathers from 10 adult Red-

shouldered Hawks, four adults (three male, one female) from northeastern Wisconsin, and six 

adults (three male, three female) from central Wisconsin. Feather THg concentrations did not 
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differ significantly between sexes (t0.05(2), 8= 1.03, p = 0.34), or between study sites (t0.05(2), 8= -

0.32, p = 0.76).  

 

Inter- and Intra-nest THg ariability in nestlings. I sampled blood from 21 nestlings 

representing six different nests in central Wisconsin. Inter-nest THg concentrations ranged from 

0.003-0.042 µg/g (Fig. 3.4). The intra-nest variability was not consistent across all nests. The 

greatest variability was in the Yosemite nest (0.003-0.005 µg/g), and the smallest variability was 

in the Woodview nest (0.032-0.038 µg/g). The nest with the highest average THg concentration 

was the Partridge nest (0.042 µg/g), and the nest with the lowest average THg concentration was 

the Yosemite nest (0.003 µg/g). 

 

Figure 3.4. Inter- and intra-nest THg concentrations in blood of nestling Red-shouldered Hawks 

from six nests in central Wisconsin, USA. Dots represent average THg concentration (µg/g) in 

each nest. Error bars represent intra-nest variability. 

 Hg concentrations and variability in feather tracts. Figure 3.6 shows that there was 

greater intra-tract feather THg variability in back feathers for most individuals that were sampled 

and less variability in breast feathers. The average % variability in back feathers across all hawks 
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was 45%, whereas the average % variability in breast feathers across all hawks was only 20%. 

Inter-tract feather THg concentrations also were variable across individuals with CV ranging 

from 16 – 86% (Fig. 3.7); a greater coefficient of variation meant that there was higher 

variability in THg concentrations across feather tracts within an individual whereas a lower 

coefficient of variation meant that there was a lower amount of variability across feather tracts 

within an individual. 

 

 

Figure 3.5. Average feather (breast, back, s1) and blood THg concentrations for adult Red-

shouldered Hawks that bred in central and northeastern Wisconsin, USA. Error bars represent 

upper and lower 95% confidence intervals. 
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Figure 3.6. Intra-tract feather THg variability for breast and back feathers of adult Red-

shouldered Hawks that bred in central and northeastern Wisconsin, USA. Back feathers for two  

individuals (RSHA323, RHSA729) were not collected, therefore, only breast feather THg 

variability is represented. 

 

Figure 3.7. Inter-tract variability in THg concentrations across three feather tracts (breast, back, 

s1) in adult Red-shouldered Hawks in central and northeastern Wisconsin, USA. Coefficient of 

variation represents the percentage of variability in THg concentrations across feather tracts 

within an individual.  
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DISCUSSION 

 

 All hawks sampled from both study areas had detectable concentrations of THg, except 

for four nestlings with insufficient blood samples for analysis. Since I sampled adult individuals 

during late May and early June, it is likely that the feathers I sampled and their respective THg 

concentrations reflect Hg exposure from the previous summer. Conversely, the blood THg 

concentrations reflected concentrations at the time of sampling. Adult breast feather THg 

concentrations in this study (1.88 ± 0.21 µg/g) are similar to those reported by Bourbour et al. 

(2019) (1.94 ± 0.61 µg/g); however, the concentrations from that study are only representative of 

juvenile (< 1 year old) individuals (n=10) within the western population, whereas the THg 

concentrations in this study represents adult (> 1 year old) individuals from two study areas in 

Wisconsin. The western population is endemic to California and the Baja peninsula and is non-

migratory (Dkystra et al. 2020). The similarity in results from two geographically different 

studies suggests that these may be representative of averages across the species range.  

Hg concentrations by sex and study site. Previous studies suggest sex is not a reliable 

predictor of feather Hg concentrations in North American raptors (Lodenius and Solonen 2013) 

including Red-shouldered Hawks (Bourbour et al. 2019). However, information on Hg 

concentrations for Red-shouldered Hawks is extremely limited. Furthermore, Bourbour et al. 

(2019) only sampled juvenile Red-shouldered Hawks, and heavy metal concentrations tend to 

increase with age (Lodenius and Solonen 2013). Additionally, females of some species have 

been documented excreting heavy metals during egg-laying (Lewis et al. 1993). Therefore, based 

on previous study, I predicted that THg concentrations may differ between sexes. However, 

feather THg concentrations in my study were similar for males and females, but limited sample 
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sizes for both (six males, four females) may have affected that outcome. Study site also did not 

affect THg concentrations in sampled hawks, possibly due to nests residing in similar habitat in 

both areas, and both areas receiving similar depositions of Hg. Limited sample sizes in both 

areas, six in central Wisconsin and four in northeastern Wisconsin, may have contributed to this 

as well. Furthermore, differences in THg concentrations may be more nest site specific, with 

higher concentrations at nest sites near pollution sources (Burger and Gochfeld 2000). 

Inter- and Intra-nest THg variability in nestlings. Overall, nestling blood THg 

concentrations were much lower than adult blood THg concentrations. This difference in 

concentration and generally low blood THg levels in nestlings is possibly a result of THg 

transferring into growing feathers (Bearhop et al. 2000), and rapidly changing THg 

concentrations due to rapid nestling growth (Ackerman et al 2011). Furthermore, when a prey 

item is brought to the nest, typically only one nestling is fed (Dykstra et al. 2020), which would 

further limit exposure and increase variation in the nest. In a study of nestling Eastern Bluebirds 

(Sialia sialis), Condon and Cristol (2009) observed low blood Hg levels during feather growth 

that increased to adult concentrations once feather growth was complete. The nestlings I sampled 

were approximately 3 weeks old and were in the middle of feather growth. In my study, there 

was an order of magnitude difference between the nests with the lowest and highest average THg 

concentration. Inter-nest variation in Hg concentrations may be related to location and habitat 

characteristics. Keller et al. (2014) found that Hg concentrations in songbirds were highest at low 

elevations near water. In my study, habitat characteristics like distance to nearest water feature 

were not determined, but anecdotally, the nest with the highest average Hg concentration was < 

50m from a stream. However, nest site habitat characteristics and their relation to Hg 

concentrations needs further study in this species. 
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Hg concentrations and variability in feather tracts. THg concentrations in feathers 

reflect the blood THg concentrations at the time of feather molt because birds will typically 

excrete toxins, including heavy metals like Hg, into feathers during growth (Lodenius and 

Solonen 2013, Hartman et al. 2017); this leads to lower blood THg concentrations and higher 

feather THg concentrations during molt. Adult breeding Red-shouldered Hawks undergo a 

complete body molt each year and a nearly complete flight feather molt between May and 

October (Pyle 2008); they may suspend molt for some flight feathers (primaries, secondaries, 

rectrices) including primaries 2-5 and secondaries 2 and or 5 (Pyle 2008). There is currently no 

published data on the order of flight feather molt for Red-shouldered Hawks (Dykstra et al. 

2020). However, many hawks will begin flight feather molt at the inner-most primary (p1) and 

secondary (s1) and molt sequentially outwards (Bildstein et al. 2017). Therefore, this molt 

pattern would likely correspond with higher THg concentrations in flight feathers, and more 

specifically the inner-most flight feathers, than other feather tracts.  

Breast and back feathers were sampled for intra-tract feather THg variability. 

Concentrations were generally similar between the two tracts and may indicate that breast and 

back feathers are molted at similar times. However, there was greater intra-tract feather THg 

concentrations in back feathers than in breast feathers for six out of the eight hawks with samples 

from both feather tracts. Additionally, the average % variability in breast feathers was lower than 

in back feathers. Due to a limited sample size, it is difficult to determine why there was greater 

intra-tract variability in back feathers and lower intra-tract variability in breast feathers. 

Inter-tract feather THg concentrations were also variable. Across individuals, I observed 

the highest THg concentrations in s1 from sampled individuals compared to breast and back 

feathers; this is consistent with previous findings for other taxa around the world (Peterson et al. 
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2019) and supports the idea that the first molted feathers have the highest THg concentrations 

due to higher blood THg concentrations prior to molt. This also suggests that these hawks 

partition Hg differently throughout their body, and partitioning may be correlated with Hg intake 

from prey during feather growth (Bearhop et al. 2000). Inter-individual THg concentrations also 

were highly variable. This variation may reflect individual variation in diet or changes in prey 

items over time. However, food selection and variation for the species has not been analyzed at 

the individual level. Red-shouldered Hawks consume prey across multiple taxa that varies 

geographically (Strobel and Boal 2010). Greater percentages of amphibians and reptiles are 

consumed in the southern parts of their range, and greater percentages of small mammals are 

consumed in the northern parts of their range (Strobel and Boal 2010, Dkystra et al. 2020). Prey 

items also vary annually; different proportions of mammals and non-mammals were observed in 

consecutive years in Quebec (Penak 1982). In Wisconsin, small mammals, amphibians, and 

reptiles were consumed at all nests and were the major prey groups at all nests in the study 

(Welch 1987). Based on this variability, it is possible that individuals with a greater coefficient 

of variation may be consuming a more diverse assortment of prey than individuals with a lesser 

coefficient of variation. A greater coefficient of variation may also mean that prey items may be 

changing over time. 

Hg Effects. In a synthesis of the effects of Hg exposure in birds, Ackerman et al. (2016) 

determined benchmarks for blood-equivalent levels of Hg contamination and its associated 

effects. However, few raptors were included in this synthesis and most benchmarks were based 

on data from waterfowl, songbirds, and seabirds. Furthermore, effects related to specific blood-

equivalent Hg concentrations varied by species. The lowest benchmark and its associated effects 

observed in raptors was 1.3 µg/g. At this blood-equivalent concentration, Merlins (Falco 
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columbarius) suffered from decreased nest productivity (Newton and Haas 1988). The next 

benchmark observed in raptors was 4.8 µg/g. At this concentration in American Kestrels (Falco 

sparverius), there was a 24% decline in young that fledged the nests (Albers et al. 2007). The 

adult blood Hg concentrations I observed (0.43 ± 0.05 µg/g, n=4) were significantly less than 

these benchmarks, making it difficult to conclude what effects these concentrations may have on 

Red-shouldered Hawks. Nestling concentrations in my study were well below any benchmarks 

and I cannot conclude the effects that those concentrations may have.  

Management Implications. Adult Red-shouldered Hawks in central and northeastern 

Wisconsin displayed Hg concentrations consistent with previous studies and may not be 

experiencing adverse physical effects from these concentrations. However, effects related to 

behavior and reproduction were beyond the scope of this study but may contribute to declines. 

Furthermore, my study was limited to two study areas with similar habitat and encompassed five 

counties in Wisconsin. I also had very small sample sizes for adult hawks. The concentrations I 

reported may reflect average concentrations in Red-shouldered Hawks across the state, but 

further study and monitoring in other areas of the state is needed. Because Hg concentrations 

may be directly related to diet and proportions of prey items vary geographically (Strobel and 

Boal 2010, Bourbour et al. 2019), additional study is needed to understand Hg concentrations 

and related effects in other parts of their range. For example, Dykstra et al. (2020) generalized 

that individuals in the southern parts of their range consume more amphibians and reptiles. It 

would be reasonable to suggest that, if Hg concentrations are closely related to diet, then 

southern Red-shouldered Hawks may have higher Hg concentrations than individuals in the 

northern parts of their range and may suffer from more significant physical, behavioral, and 

reproductive effects.  
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The feather tract analysis showed variability within and among feather tracts with the 

highest variability in among s1 from sampled individuals. Breast and back feathers among 

individuals were similar, but still showed some degree of variation. Blood concentrations were 

lower than all feather tracts; this may be correlated with feather growth since these hawks were 

molting at the time of sampling. Study objectives, overall scope, and funding must be considered 

before determining how to sample for Hg. In general, I would suggest sampling multiple feathers 

from the same tract. I suggest using breast feathers because this is a widely accepted location on 

raptors for sampling, but sampling multiple (3-5) feathers in order to provide a more 

representative sample of the bird. 

 Nestling blood Hg concentrations were low and may be correlated with rapid feather 

growth. Differences in Hg concentrations among nests may be related to specific habitat 

characteristics like nearest water feature or developed area. These factors were not assessed in 

my study but should be research priorities in the future. 

Overall, Hg concentrations from Red-shouldered Hawks in my study area were similar to 

previous studies and are not likely affecting birds at the individual level. However, more subtle 

effects related to reproduction may still be a factor and should be a research priority for this 

species. 
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CHAPTER IV: CONCLUSION 

 

Red-shouldered Hawks are secretive, forest-dwelling raptors that are threatened in 

Wisconsin and a species of conservation concern throughout the Great Lakes region. In Chapter 

I, I determined that the bulk of our knowledge about the species is largely focused on the 

breeding season. I established the need to better understand their migration and winter ecology. I 

established that, as top predators associated with riparian areas, mercury (Hg) exposure may 

factor into regional population declines. Then I provided a literature review on habitat, diet, 

migration, and Hg contamination. Finally, I outlined my objected for the following chapters. 

In Chapter II, I tracked migratory and wintering movements of several adult Red-

shouldered Hawks from two study areas in Wisconsin. I also established the need to assess 

performance of solar-powered transmitters on a forest-dwelling raptor. I determined that Red-

shouldered Hawks remained within the Mississippi Flyway during migration and established 

wintering territories in Wisconsin, Illinois, Kentucky, Alabama, and Louisiana. I found that Red-

shouldered Hawks that bred in central and northeastern Wisconsin primarily used deciduous and 

mixed forest and woody wetlands during the breeding season, migration stopover events, and on 

wintering territories. I also determined that transmitter performance was highly variable, and 

most failures were directly related to battery charge. From my results, I suggested similar studies 

for other populations to better understand migration ecology for the species. I also suggested that 

transmitter limitations be considered when studying forest-dwelling raptors. 

In Chapter III, analyzed THg concentrations in blood and feathers of Red-shouldered 

Hawks at two study areas in Wisconsin. I reported THg concentrations in adults were similar to 

previous study in juvenile individuals from the western subpopulation. I found no difference in 

concentrations between sexes or study sites. Nestling concentrations were low which was likely 
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due to rapid feather growth and development and concentrations between nests were variable. 

Concentrations in feather tracts were variable with highest concentrations and variability among 

individuals in secondaries. From my results, I determined that Red-shouldered Hawks in my 

study areas were not being exposed to elevated Hg concentrations and that these concentrations 

were possibly representative of average levels across the state and in other parts of their range. I 

could not conclude that there was a difference in concentrations between nests. However, based 

on previous study on other species and from anecdotal evidence, I suggest that average nest 

concentrations and exposure may be linked to specific habitat characteristics and highlight the 

need for future study. I suggest that researchers sampling for Hg in Red-shouldered Hawks 

collect multiple breast feathers due to variability among individual feathers and for consistency 

with previous studies. 

I believe this work fills in or provides more evidence for several critical knowledge gaps 

related to this species. Understanding the migration ecology and wintering habitats provides a 

more complete picture of the species life-history and gives wildlife managers more information 

to make better management decisions in areas where they are of conservation concern. 

Understanding Hg concentrations in the species provides more information on the flow of the 

toxin from aquatic ecosystems through terrestrial food webs and provides additional reference 

for future study and monitoring. 
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APPENDICES 

 

APPENDIX A: RED-SHOULDERED HAWK MIGRATION ROUTES 

 

 
Figure A1. 2018-2019 migration routes of female Red-shouldered Hawk 003 that bred in 

northeastern Wisconsin, USA and wintered in central Wisconsin, USA. 
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Figure A2. 2018-2019 migration routes for male Red-shouldered Hawk 004 that bred in 

northeastern Wisconsin, USA and wintered in northwestern Alabama, USA. 
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Figure A3. 2019-2020 migration routes for male Red-shouldered Hawk 004 that bred in 

northeastern Wisconsin, USA and wintered in western Kentucky, USA. 
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Figure A4. 2018-2019 migration routes for female Red-shouldered Hawk 005 that bred in central 

Wisconsin, USA and wintered in southern Illinois, USA.  



77 

 

 

 

Figure A5. 2020-2021 migration routes for female Red-shouldered Hawk U03 that bred in 

central Wisconsin, USA and wintered west of Baton Rouge, Louisiana, USA. 
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APPENDIX B: BREEDING, STOPOVER, AND WINTERING HABITATS 

 

 
Figure B1. Percent of cover types used during 2018-2019 breeding, stopovers, and wintering by 

female Red-shouldered Hawk 003 that bred in northeastern Wisconsin, USA. 

 

 

Figure B2. Percent of cover types used during 2018-2019 breeding, stopovers, and wintering by 

male Red-shouldered Hawk 004 that bred in northeastern Wisconsin, USA. 
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Figure B3. Percent of cover types used during 2019-2020 breeding, stopovers, and wintering by 

male Red-shouldered Hawk 004 that bred in northeastern Wisconsin, USA. 

 

 

Figure B4. Percent of cover types used during 2018-2019 breeding, stopovers, and wintering by 

female Red-shouldered Hawk 005 that bred in central Wisconsin, USA. 
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Figure B5. Percent of cover types used during 2019-2020 breeding and nonbreeding by female 

Red-shouldered Hawk 012 that bred in northeastern Wisconsin, USA. 012 did not migrate. All 

her locations were classified as either breeding or nonbreeding. 

 

 

Figure B6. Percent of cover types used during 2020-2021 breeding, stopovers, and wintering by 

female Red-shouldered Hawk U03 that bred in central Wisconsin, USA. 
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APPENDIX C: χ2 RESULTS FOR HABITAT-SEASON RELATIONSHIPS 

 

 

Figure C1. χ2 results comparing expected and observed locations recorded in 2018-2019 to 

determine relationships between land-cover type and season for Red-shouldered Hawk 003 that 

bred in northeastern Wisconsin, USA. 

 

 

Figure C2. χ2 results comparing expected and observed locations recorded in 2018-2019 to 

determine relationships between land-cover type and season for Red-shouldered Hawk 004 that 

bred in northeastern Wisconsin, USA. 
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Figure C3. χ2 results comparing expected and observed locations recorded in 2019-2020 to 

determine relationships between land-cover type and season for Red-shouldered Hawk 004 that 

bred in northeastern Wisconsin, USA. 

 

 

Figure C4. χ2 results comparing expected and observed locations recorded in 2018-2019 to 

determine relationships between land-cover type and season for Red-shouldered Hawk 005 that 

bred in central Wisconsin, USA. 
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Figure C5. χ2 results comparing expected and observed locations recorded in 2020-2021 to 

determine relationships between land-cover type and season for Red-shouldered Hawk U03 that 

bred in central Wisconsin, USA. 

 

APPENDIX D: VOLTAGE FLUCTUATIONS OF SOLAR-POWERED TRANSMITTERS 

 

 

Figure D1. Voltage (v) fluctuations between June 2018 and March 2019 of a solar-powered GPS 

transmitter equipped to female Red-shouldered Hawk 003 that bred in northeastern Wisconsin, 

USA.  
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Figure D2. Voltage (v) fluctuations between June 2018 and April 2019 of a solar-powered GPS 

transmitter equipped to male Red-shouldered Hawk 004 that bred in northeastern Wisconsin, 

USA. 

 

 

 

Figure D3.Voltage (v) fluctuations between July 2019 and April 2020 of a solar-powered GPS 

transmitter equipped to male Red-shouldered Hawk 004 that bred in northeastern Wisconsin, 

USA. 
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Figure D4. Voltage (v) fluctuations between September 2018 and March 2019 of a solar-

powered GPS transmitter equipped to female Red-shouldered Hawk 005 that bred in central 

Wisconsin, USA. 

 

 

Figure D5. Voltage (v) fluctuations between July 2019 and April 2020 of a solar-powered GPS 

transmitter equipped to female Red-shouldered Hawk 012 that bred in northeastern Wisconsin, 

USA. 
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Figure D6. Voltage (v) fluctuations between June 2020 and March 2021 of a solar-powered GPS 

transmitter equipped to female Red-shouldered Hawk U03 that bred in central Wisconsin, USA. 

  



87 

 

 

APPENDIX E: BLOOD AND FEATHER TOTAL MERCURY (THG) CONCENTRATIONS 

 

Table E1. Blood total mercury (THg) concentrations for adult and nestling Red-shouldered 

Hawks in central Wisconsin, USA. Four nestlings did not have an adequate blood sample for 

analysis. 

AGE SEX NEST BLOOD THg (µg/g) 

Nestling U Yosemite 0.005 

Nestling U Yosemite 0.003 

Nestling U Yosemite - 

Nestling U Yosemite - 

Nestling U Biron East 0.011 

Nestling U Biron East 0.027 

Nestling U Biron East 0.028 

Nestling U Biron East 0.016 

Adult M Woodview 0.347 

Nestling U Woodview 0.032 

Nestling U Woodview 0.035 

Nestling U Woodview 0.038 

Adult F North Point 0.390 

Nestling U North Point 0.020 

Nestling U North Point 0.015 

Nestling U North Point 0.016 

Nestling U North Point - 

Adult M Peterson 0.407 

Nestling U Peterson 0.028 

Nestling U Peterson 0.033 

Adult F Partridge 0.569 

Nestling U Partridge 0.050 

Nestling U Partridge - 

Nestling U Partridge 0.035 

Nestling U Partridge 0.045 
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Table E2. Total mercury (THg) concentrations (µg/g) of feathers in different feather tracts in 

adult Red-shouldered Hawks that bred in central and northeastern Wisconsin, USA in May and 

June 2020. 

SEX AGE STUDY SITE NEST FEATHER TYPE THg (µg/g) 

F ATY central WI Partridge Back 3.298 
    Breast 2.546 
    Breast 1.941 

F ASY central WI Biron East Back 2.972 
    Back 1.833 
    Back 1.671 
    Breast 1.582 
    Breast 1.753 
    Breast 1.302 
    Secondary 4.097 

M ATY central WI Biron East Back 1.248 
    Breast 1.293 
    Breast 1.528 
    Breast 1.396 
    Secondary 5.313 

F ASY central WI North Point Back 1.204 
    Back 1.345 
    Breast 1.531 
    Breast 1.968 
    Crown 1.424 

M ATY central WI Woodview Back 3.496 
    Back 1.390 
    Breast 1.962 
    Breast 2.425 
    Secondary 1.570 
    Crown 1.742 

M ASY central WI Peterson Back 2.231 
    Back 1.423 
    Breast 1.330 
    Breast 1.382 
    Secondary 4.067 
    Crown 0.917 

 

 

 



89 

 

 

Table E2 Continued. 

SEX AGE STUDY SITE NEST FEATHER TYPE THg (µg/g) 

M ATY northeastern WI Waubee Back 2.388 
    Back 2.206 
    Breast 2.346 
    Breast 4.188 
    Breast 2.265 
    Secondary 7.486 

M ATY northeastern WI Reforestation #2 Back 2.116 
    Back 1.938 
    Back 5.367 
    Breast 2.359 
    Breast 2.214 
    Breast 4.078 
    Secondary 2.267 

M ATY northeastern WI NNF B Back 1.610 
    Back 3.647 
    Breast 1.300 
    Breast 1.430 
    Breast 2.068 
    Secondary 1.684 

F ATY northeastern WI Long Lake Back 0.920 
    Back 2.172 
    Back 2.154 
    Breast 0.914 
    Breast 0.976 
    Breast 0.875 
    Secondary 4.020 

 


