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autumn migration in the Central
Appalachians 1987–2022
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1Acopian Center for Conservation Learning, Hawk Mountain Sanctuary, Orwigsburg, PA, United
States, 2Universidad Veracruzana, Instituto de Biotecnologı́a y Ecologı́a Aplicada, Xalapa, Mexico
Migratory raptors can fuel their journeys by feeding along the way. To maximize

migration success, raptors are suspected to time their movements with the

availability of their prey. Feeding rates can vary among species depending on

migration distance (long vs. short distance), flight strategies (flapping vs. soaring),

and within species according to individual timing (early vs. late migrants). We

assessed the feeding rate of four eastern North American migratory raptors over

a period of 35 years. Using visual observations collected during autumnmigration

in the Central Appalachians, we assessed the presence/absence of distended

crops of migrants. We quantified the feeding rates of species with different

migration ecologies (migration distance, flight strategies), compared within-

season (timing) species, and assessed if feeding rates varied over the last 35

years. We found a higher feeding rate in short-distance than in long-distance

migrants and in power-flapping vs soaring migrants. We detected a long-term

significant increase in feeding rate for most species, more evident in early

migratory individuals coupled with a decrease in the feeding rate of late

migrants. Understanding how feeding rates vary according to migratory

behavior and how the migration ecology of raptors is changing under a

scenario of global environmental change is important for their conservation.

KEYWORDS
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Introduction

Migration is a crucial aspect of the life history of many species of raptors. A successful

journey relies critically on the interplay of various factors such as weather conditions,

habitat, and food availability encountered along the way. To face the challenge of migration

and the encountered conditions, raptors need to be in good body condition. Strategies that

would promote successful journeys can affect the overall fitness of individuals and has

consequences on the entire population dynamics (Bildstein, 2006).

Raptors can fuel their migratory movements in several ways: by building fat reserves

prior to migration and, subsequently, burning fat en route, by feeding regularly during
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fcosc.2023.1250142/full
https://www.frontiersin.org/articles/10.3389/fcosc.2023.1250142/full
https://www.frontiersin.org/articles/10.3389/fcosc.2023.1250142/full
https://www.frontiersin.org/journals/conservation-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fcosc.2023.1250142&domain=pdf&date_stamp=2023-11-24
mailto:marzia.verduci@hotmail.it
https://doi.org/10.3389/fcosc.2023.1250142
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/conservation-science#editorial-board
https://www.frontiersin.org/journals/conservation-science#editorial-board
https://doi.org/10.3389/fcosc.2023.1250142
https://www.frontiersin.org/journals/conservation-science


Verduci et al. 10.3389/fcosc.2023.1250142
migration, and/or by soaring on orographic updrafts (Bildstein,

2006; Goodrich and Smith, 2008). Feeding en route is a common

strategy used by several migratory raptor species (Rudebeck, 1950;

Rudebeck, 1951; Dekker, 1980; Newton, 2006). Prey availability

during migration is thus a key component of a successful migration

and in turn, for species conservation (Kerlinger, 1989). Raptors that

feed on migrating species are suspected to time their movements to

coincide with those of their prey (Kjellén et al., 2001; Bildstein,

2006). Some migrating raptors rely on aerial insects during

migration, such as dragonflies (Nicoletti, 1996). Indeed, insects

can play an important role in the ecology of migratory raptors, and

species that depend on them may travel long distances to find them

(Newton, 1998) or feed opportunistically during migration

(Nicoletti, 1996; Yosef, 1996).

Birds and especially raptors are excellent indicators of

environmental health and ecosystem integrity. Recent evidence of

population losses across much of the North American avifauna

showed an alarming loss approaching 3 billion birds (Rosenberg

et al., 2019). This might have consequences on the prey availability

and on the success of a migration journey for migrating raptors

(Moore and Kerlinger, 1987). Studying the strategies associated

with successful migratory journeys is thus of utmost importance for

species conservation.

In raptors, the effect of weather conditions and habitat

availability during migration has been studied more broadly than

feeding behavior and food availability (Niles et al., 1996; Sullivan

et al., 2016; Therrien et al., 2017). Feeding rates of raptors during

migration can vary both within and among species, with individuals

migrating longer distances more likely to feed en route than those

covering shorter distances (Candler and Kennedy, 1995). In

contrast, some long-distance migratory species are hypothesized

to feed less than short-distance migrants as they are assumed to

have built up fat reserves prior to departure (Smith et al., 1986).

Feeding rates may also differ between individuals migrating earlier

compared to those later in the season as weather, prey availability,

and other conditions can change by date. There are several

examples of raptors observed feeding during migration (Shelly

and Benz, 1985; Gorney and Yom-Tov, 1994; Nicoletti, 1996;

Yosef, 1996), but relatively few studies have evaluated the feeding

rates of migrating raptors throughout a migration season and across

many years, how the proportion of feeding vs. non-feeding

individuals varies between early vs. late migrants, and how these

proportions vary across years. It is thus increasingly interesting to

evaluate the feeding rates of migratory raptors in the current

context of global climate change (Lehikoinen, 2009) and other

widespread changes such as declines in songbird populations

(Rosenberg et al., 2019).

We studied the feeding rates of four migrating raptor species

over several periods that span 35 years. Our studied raptors include

one complete, long-distance migrant, the Broad-winged Hawk

(Buteo platypterus), and three partial, short-distance migrants:

Sharp-shinned Hawk (Accipiter striatus), Cooper’s Hawk

(Accipiter cooperii), and Red-tailed Hawk (Buteo jamaicensis).

During migration, Broad-winged Hawks have been observed to

feed on insects but during the nesting season, they also feed on small

mammals, birds, and reptiles (McCabe et al., 2019; Goodrich et al.,
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2020). In contrast, the diet of Sharp-shinned and Cooper’s hawks is

mainly composed of birds (Bildstein et al., 2020; Rosenfield et al.,

2020) but, depending on the geographic area and time of year, the

diet of the two Accipiter species could vary such that, and at least for

Cooper’s Hawk, there could be greater use of mammals (Rosenfield

et al., 2020; Rosenfield et al., 2022), whereas Red-tailed Hawks prey

mainly on small mammals but also take birds and reptiles (Preston,

2000). Our four focal species differ in their flight strategies, with

Broad-winged and Red-tailed hawks relying mostly on soaring

flight, taking advantage of thermal lift to migrate, while Sharp-

shinned and Cooper’s hawks more often use powered-flapping

flight and gliding on orographic lift with occasional soaring flight

(Bildstein, 2006; Duerr et al., 2012).

The four studied species are listed as Least Concern according

to the IUCN Criteria (IUCN, 2022). Even though this is not a

critical category, all these species need special attention, as they

exhibited a decline according to recent results from the Raptor

Population Index in North America (Oleyar et al., 2021). Most

importantly, knowledge gained on relatively common species can

be of great assistance when assessing limiting factors in threatened

species or to prevent further loss in the common ones.

In this study, we (1) compare the feeding rate of migrating

raptors using powered-flapping vs. soaring flight and the feeding

rate of complete, long-distance migrants vs. partial, short-distance

migrants, (2) examine differences in feeding rates between early and

late migrants among species, and (3) assess if feeding rates varied

over the last 35 years per species. Based on the assumption that

powered-flapping flight requires more energy than soaring, we

hypothesized that species using mainly powered-flapping flight

would be more likely to feed during migration than the primarily

soaring ones. We assumed that long-distance migrants would be

less likely to feed, as they are known to build up fat stores before

departure (Bildstein, 2006), compared to short-distance migrants.

We predicted that migrating raptors are more likely to feed during

the late portion of their migration, when conditions allowing

efficient soaring flight are much reduced and thus energy demand

for migration is higher, compared to early migrants (Maransky

et al., 1997; Bildstein, 2006). In addition, we predicted that the

proportion of individuals feeding during the early portion of their

migration will increase over years, based on the assumption that

avian prey species are generally advancing their migration

phenology in relation to climate change (Parmesan, 2006) and

this might involve changes in the timing in some key prey, such as

songbirds. Lastly, we predicted that there will be no significant

change in feeding rate for raptors feeding mainly on mammals (i.e.,

Red-tailed Hawk).
Methods

Study area and data collection

Our study took place at Hawk Mountain Sanctuary, a well-

known raptor migration watch site in the Central Appalachian

Mountains of Pennsylvania, United States (for a detailed

description of this site and raptor migration protocols see
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Bednarz et al., 1990, Bildstein, 2006; Therrien et al., 2012).

Observations were conducted at the North Lookout (40.641,

-75.991), located 464 m above sea level atop the Kittatinny Ridge,

a leading line concentrating raptors during migration.

Migrating raptors are often seen at eye level or just above eye level

at the site. Observers used binoculars to count migrating raptors

passing through and recorded migrating individual Broad-winged,

Red-tailed, Cooper’s, and Sharp-shinned hawks exhibiting a

distended crop (a proxy for recent feeding) during autumn

migration, i.e., between 15 August–15 December in 1987, 2002, from

2011–2019, and in 2022.

Observers focused on birds that were close enough to determine

the presence or absence of a distended crop. A crop was recorded as

“full” if there was a bulge in the ventral profile of the throat, which

was used as evidence of recent prey ingestion (Shelly and Benz,

1985), and “empty” if no distension was noted for the migrants

assessed. We recognize that crop assessment is limited by the height

of migrants; however, we assumed birds with crops are equally

likely to fly higher and lower above the lookout. Crop assessment

did not occur every day and not all migrants were assessed for crops.
Statistical analysis

To compare the feeding rate (proportion) of species relying on

powered-flapping vs. soaring flight, we divided the four species into

two groups (soaring vs. flapping) and compared them using a Chi-

square test. Similarly, to compare the feeding rate of short- vs. long-

distance migrants, we divided the four species into two groups (short-

vs. long-distance) and compared groups using a Chi-squared test. For

each year and for every studied species, we identified the median

migration passage date of all migrating individuals counted at the site.

The day identified as the median date was the one where half of the

total of the individuals had passed. We then assigned individual

observations to either early or late migrants according to whether

they passed before or after the median date. To assess if migrating

raptors had an increased frequency of feeding during the early vs the

late portion of their migration passage window, we used a Generalized

Linear Model (GLM) with a Bernoulli distribution (appropriate for

binary [presence/absence] data).

To assess if the propensity of feeding during the early (or late)

migration varied over time, we used a GLM with the response

variable, the probability of showing a distended crop during either

early or late migration, as a function of the years as the explanatory

variable. We used R and RStudio (4.2.0) software with packages

ddply and ggplot2, for statistical analyses R Core Team (2023).

RStudio: Integrated Development Environment for R. Posit

Software, PBC, Boston, MA. URL http://www.posit.co/). All

analyses were run for each species separately.
Results

We recorded an annual mean of 10 Broad-winged Hawks, 17

Cooper’s Hawks, 70 Red-tailed Hawks, and 116 Sharp-shinned

Hawks with distended crops (n=12 years; Appendix Table 1).
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We found a higher proportion of distended crops in species using

mainly powered-flapping flight: Cooper’s Hawk, 40% of the individuals

recorded (209/500 hawks), Sharp-shinned hawks, 28% of the

individuals recorded (1394/4896 hawks), than in species relying on

soaring flight: Broad-winged Hawk: 11% of the individuals recorded

(101/829 hawks) and Red-tailedHawk: 23% of the individuals recorded

(843/3657 hawks), with significant differences between these two

migratory strategies (c2 = 95.66, df =1, P < 0.01).

We found a higher proportion of distended crops in short-

distance migrants: Cooper’s Hawk, Sharp-shinned Hawk, and Red-

tailed Hawk (see values above), than in long-distance migrants

Broad-winged Hawk (values above), with significant differences

between species adopting these two migration strategies

(c2 = 86.595, df = 1, P < 0.01).

The within-season feeding rate of individuals for most of the

species was higher in early than late-season migrants: (Broad-winged

Hawk: slope = 469.8, Z = 3.04, P < 0.01, Figure 1; Red-tailed Hawk:

slope = 71.7, Z = 4.4, P < 0.01, Figure 1; and Sharp-shinned Hawk:

slope = 118.9, Z = 7.7, P < 0.01, Figure 1). Cooper’s Hawk showed a

higher feeding rate during the late season (slope = -0.9, Z = -4.7, P <

0.01; Figure 1).

From 1987–2022, however, we saw a significant decrease in

feeding rates in late migrants for most species (Broad-winged

Hawk: slope = - 0.2, Z = - 3.04, P = 0.002; Red-tailed Hawk:

slope = -0.03, Z = -4.4, P < 0.01; Sharp-shinned Hawk: slope = -0.05,

Z = -7.7, P < 0.01). A single species, the Cooper’s Hawk, didn’t show

a significant decrease in feeding rate over time (Figure 1).

We found a significant long-term increase in feeding rate for

three species from 1987–2022 (Broad-winged Hawk: slope = 0.1,

Z = 4.9, P < 0.01, Figure 2; Red-tailed Hawk: slope = 0.008, Z = 2.3; P

= 0.01, Figure 2; Cooper’s Hawk: slope: 0.06; Z = 3.5, P < 0.01,

Figure 2). The Sharp-shinned showed a significant decrease in

feeding rate over time (slope = -0.01, Z = -5.5, P < 0.01; Figure 2).

Discussion

Both short and long-distance migrants appear to regularly feed

during migration. This finding supports the fact that most

individuals need to replenish energy levels at some point during

migration and that this is done by both, soaring species (Broad-

winged and Red-tailed hawks) and short-distance migrants (Sharp-

shinned, Cooper’s, and Red-tailed hawks). Feeding by raptors

during migration has been reported in other studies using

telemetry on soaring raptors, such as Broad-winged and

Swainson’s hawks. Indeed, the studies revealed that they stop and

feed regularly during migration, especially during the early portion

of the journey (Kochert et al., 2011; McCabe et al., 2020).

Not surprisingly, the overall proportion of individuals feeding

during migration showed a higher percentage of individuals with

distended crops for species mainly using powered-flapping flight

compared to mostly soaring ones, most likely related to the higher

energy demand of this flying strategy (Bildstein, 2006). The overall

proportion of birds feeding during migration showed a higher

percentage of individuals with distended crops for the species with

short-distance migration strategies compared to the long-distance

migrants. This observation might be related to the fact that long-
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distance migrants may have built fat stores before the departure or that

traveling in large groups could prevent feeding opportunities. These

factors could explain why they could feed less frequently during

migration (Bildstein, 2006).

Three of the four studied species showed a significant decrease

in feeding rate during the late portion of their migration over the
Frontiers in Conservation Science 04
last two decades. This is in line with our prediction that raptors are

less likely to feed during the late portion of migration because

climate change is leading raptors’ songbird prey to migrate early,

but also includes the species feeding mainly on mammals (Red-

tailed Hawk). With ongoing global changes, many late migrating

raptors are likely facing the fact that potential prey may have
B

C D

A

FIGURE 2

Proportion of individual hawks (A): Broad-winged, (B): Red-tailed, (C): Sharp-shinned, (D): Cooper’s exhibiting a distended crop overall during
autumn migration at Hawk Mountain sanctuary over time (1987-2022).
B

C D

A

FIGURE 1

Proportion of individual hawks (A): Broad-winged, (B): Red-tailed, (C): Sharp-shinned, (D): Cooper’s exhibiting a distended crop during autumn
migration at Hawk Mountain Sanctuary between early vs late migrants over time from 1987 to 2022.
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already moved out or became less available within a given area

(Parmesan, 2006).

It is important to consider that the method used in this study is

based on visual observations of raptors, during migration, and the

assessment of the evidence of distended crop. According to the

raptor diet, we acknowledge that it might be difficult to assess the

presence of a distended crop in Broad-winged hawks, an insect-

eater, after recent ingestion of prey (i.e., a dragonfly), because this

might not exhibit an obvious distended crop (Shelly and Benz,

1985). Moreover, this study was conducted at a single site. To better

understand the feeding behavior of migratory raptors under a

scenario of global climate change, more studies scattered across a

broad geographical region and data collection with specific

attention on feeding behavior are encouraged.

Changes in climate are affecting species worldwide and they

could lead to negative implications for the ecosystems if the changes

in the life history traits of predators, such as migration timing, do

not synchronize to those of their prey (Parmesan, 2006). Assessing

feeding rate in migrating raptors and how this rate is changing over

time is crucial to understand how these global changes are affecting

the population of the raptor species. With food availability being an

aspect of primary concern, information regarding how species

adjust to varying conditions can play an important role in the

conservation of several raptor species.
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Appendix
TABLE 1 Median passage date and number of migrating individuals for which feeding rate was assessed for each species annually at Hawk Mountain, (USA).

Years Broad-winged Hawk Red-tailed Hawk Sharp-shinned Hawk Cooper’s Hawk

Median N Median N Median N Median N

1987 5 Nov. 973 1 Oct. 776

2002 20 Sep. 57 31 Oct. 1079 15 Oct. 368 14 Oct. 85

2011 31 Oct. 93 16 Oct. 383 6 Oct. 32

2012 15 Sep. 318 2 Nov. 616 11 Oct. 1294 9 Oct. 135

2013 18 Sep. 76 3 Nov. 209 18 Oct. 312 18 Oct. 53

2014 16 Sep. 86 1 Nov. 204 17 Oct. 439 17 Oct. 52

2015 19 Sep. 19 11 Nov. 61 16 Oct. 247 16 Oct. 17

2016 20 Sep. 21 31 Oct. 154 16 Oct. 151 11 Nov. 21

2017 17 Sep. 13 10 Nov. 62 16 Oct. 197 16 Oct. 27

2018 16 Sep. 9 30 Nov. 56 16 Oct. 292 16 Oct. 26

2019 16 Sep. 211 8 Nov. 103 4 Oct. 208 13 Oct. 20

2022 18 Sep. 19 27 Oct. 47 8 Oct. 229 27 Oct. 500

Average 18 Sep. 83 5 Nov. 305 11 Oct. 408 18 Oct. 88

SD 1.73 97.3 8.4 355.5 5.3 310.2 9.06 134.6
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